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Introduction

Global context in aircraft engineering

The aeronautical industry is marked by profound transformation due to global warm-
ing. Aerial transportation has to reduce its COy emissions. To do so, aircraft man-
ufacturers get a few leverages to play on:

o Adopting new kinds of power engines;
e Reducing the weight of structures significantly.

It involves a new design of the aircraft architecture with new component designs.
The development of high-performance materials such as composite materials has
enabled weight savings. Thus, composite materials are naturally an alternative to
metallic materials. For the next generation of civil aircraft (Falcon 10X for instance),
DASSAULT Aviation have introduced composite materials for the wings.

Laminated composite materials

Composite materials are heterogeneous materials composed of different constituents.
CFRP is a family of composite materials where carbon fibers are embedded together
using a resin to increase the stiffness and strength in one direction (| ).

Different carbon fibres exist depending on the desired mechanical performances.
For instance, if the need is stiffness, there are different categories of fibres (from
low elastic modulus "LM" to ultra-high elastic modulus "UHM"). Moreover, the
mass per unit area (g/m?) and the strand size (10K for 10000 fibres in one strand)
determine the thickness of the ply (the higher the strand and mass per unit area,
the thicker the carbon fibre ply).

The resin is chosen to obtain a solid chemico-physical adhesion with fibres. There
are actually two families of resins (thermoplastic and thermoset). Today in aeronau-
tics, the most used are thermoset epoxy resins, especially a toughened epoxy resin
reinforced with thermoplastic particles to increase the damage resistance. Never-
theless, the trend is shifting toward thermoplastic resins (PEEK, PEKK...) thanks
to numerous advantages (recycling possibility, structural repairs, better impact re-
sistance. . . ).

A UD prepreg is a ply constituted by fibres oriented in the same direction and
impregnated by a resin (ready to be cured). In the following, we will consider only
UD plies with the material frame (1, 2, 3), where 1 is the longitudinal direction
parallel to the fibres, 2 is the transverse direction perpendicular to the fibres, and 3
is the normal direction perpendicular to the plane 1-2. FIGURE 1 presents the UD
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ply with its material frame. A global frame (x, y, z) is defined for the composite
laminate, by stacking in the z-axis UD plies of different orientations, a laminate can
be obtained. Composite laminates are designed according to the loading directions.
For example, if the loading direction is parallel to the x-axis, fibres are oriented in
that direction to sustain load, the resin ensures the loading transfer between fibres.

—

Stacking

Unidirectional ply Composite laminate

Figure 1: UD ply and composite laminate

Certification of a composite structure

To certificate primary structures in aeronautics, the aircraft manufacturers have to
demonstrate that the structure is compliant and can sustain Ultimate loading (UL)
(UL is the limit load multiplied by a safety factor of 1.5. Damage is allowed and any
component of the structure must withstand the UL without a catastrophic failure).
This is currently a technological challenge as the mechanical behavior of composite
materials is quite different from metallic materials, resulting in different certification
rules for composite structures. As a matter of fact, with the advent of composite
fuselage structure, the approach used to design with conventional approaches, such
as aluminum aircraft structures, may no longer be sufficient to substantiate the
same level of safety for the passengers. According to the FAA "The structural static
strength substantiation of a composite design should consider all critical load cases
and associated failure modes'| ].

Actual limitations encountered for primary structure sub-
stantiation

The strength of the composite structures is demonstrated using important exper-
imental campaigns occurring at different scales, starting from simple coupons to
sub-structures or even primary structures. It requires performing numerous and
expensive tests as composite structures are strongly dependent on structural de-
sign parameters (stacking sequence, laminate thickness, the geometry of the compo-
nents. .. ). This methodology is called the "building block approach" by industrials
and is presented in FIGURE 2. At the coupon scales, numerous tests are performed
to understand the material behavior. The structural effect and response are stud-
ied and analyzed when the scale is larger. Larger scales imply costly experimental
testing.
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Figure 2: Building block approach for composite structures

MARCOS project

Industrial context

The failure of composite structures is preceded by complex mechanical degrada-
tion occurring in the material. The degradation of composite structures is highly
dependent on the design parameters. Therefore, lengthy and costly experimental
campaigns are performed by aircraft manufacturers to establish the sizing criteria
based on the different design parameters. Moreover, these sizing criteria are avail-
able for a designated configuration; therefore, no extrapolation could be performed.
Thus, the sizing criteria of composite structures introduce important safety margins
that reduce the high-performance potential of such material.

For all these reasons, DASSAULT Aviation has wanted to collaborate with aca-
demic laboratories to evaluate more academic methodologies and compare them
with industrial approaches. Thus, DASSAULT Aviation is associated with ONERA
and ENPC in a 36-monthly project called MARCOS (Advanced failure of the failure
of laminated composites).
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Project challenges

The main challenge is to model the damage mechanisms in the sizing of the com-
posite structures. Consequently, the introduction of numerical modeling will allow:

o The extrapolation of the untested configurations using simulations;

o To optimize the experimental test campaigns needed for the development of
sizing criteria;

o To evaluate the design parameters, the uncertainties, and the effect of damages
on composite structures.

Industrial and scientific objectives of the MARCOS project

Two objectives are defined:

o The first one is the simulation of the failure of laminated composite materials
by modeling the damage initiation and propagation induced by an out-of-plane
static or dynamic load;

o The second one is to enhance the CAI criterion using advanced modeling of
the behavior of composite structures.

The first objective is linked to a scientific thematic, where an experimental study of
the failure of composite laminates under out-of-plane load is performed. The second
objective is the application of the academic analysis regarding the industrial need
for composite structural sizing.

Thesis framework

The thesis is centered around an experimental and numerical study of impact dam-
ages. Four main parts have been defined to support the reader toward the actual
problems of impact damages in composite laminates.

State-of-the-art of impact damages induced by low-energy /low-
velocity on laminated composite materials

This chapter introduces the methodologies used by industrials and academics to
deal with impact damages. Four sections have been defined. The first one brings
forward the industrial procedure for the damage tolerance certification. The second
and the third sections describe the experimental and numerical studies performed
by academics to investigate the impact damages. The last section briefly provides
information on the CAI residual strength estimation using experimental and numer-
ical studies. The objective of this chapter is to establish the current limitations for
impact damage predictions.




Introduction

Investigation of impact damages using classical inspection
methods

The experimental characterization of impact damages induced by a low-energy /low-
velocity impact is performed on last-generation composite laminates reinforced with
particles to improve the delamination resistance. Impact tests have been carried out
for two stacking sequences and different impact energies (6.5-35 J) to investigate this
specific material in the context of a tool drop. Different post mortem investigations
have been considered to identify the mechanisms encountered in such material.

Experimental configuration for in situ monitoring of a LE/LV
impact on composite material

This chapter aims to complete the previously established damage assessment and
determine the chronology of the different damage mechanisms. Impact tests have
been carried out with in situ damage monitoring. The instrumentation of the ex-
perimental setup has been enriched using high-speed infrared and visible cameras.
Additionally, a comparison between quasi-static indentations and impacts has been
performed to evaluate the sensitivity to strain rate effect and to reconstruct the
damage scenario using quasi-static indentation.

Material degradation modeling and FE simulation of impact
damages

This chapter is dedicated to the modeling of each damage mechanism based on
the experimental investigations. Besides, two damage models with two different
philosophies are presented (ONERA Progressive Failure Model) and DPM (Discrete
ply models). Simulations of LE/LV impacts are carried out using FEA to evaluate
the predictive capabilities of both models.




Introduction




Chapter 1

State of the art of low velocity
impact damages on laminated
composite materials

Contents

1.1 Certification of a composite aircraft structure . ... . . 8
1.1.1 Damage tolerance of composite structures . . . . . . . .. 8

1.1.2  Substantiation of category 1 impact damage for composite
laminate structures . . . . . . . .. ... ... 8

1.2 Academic experimental methodology for impact dam-
age investigation induced by a LE/LV impact in com-
posite laminates . . . ... ... ... .. . 000000, 15

1.2.1 Experimental setup and inspection methodologies for im-

pact damages characterization . . . .. ... ... .. .. 15

1.2.2  Damage mechanisms in composite laminates induced by a
LE/LV impact for composite laminates . . .. ... ... 28

1.2.3 Summary of the academic experimental characterization
of impact damages induced by a LE/LV impact . . . . . . 32

1.3 Damage modeling and simulation of a LE/LV impact

using FEA . . . . . . . 0 i e e e e e e e e e e 34
1.3.1 Finite element model of a LE/LV impact . .. ... ... 34
1.3.2 Damage modeling . . . .. ... ... ... ... ... .. 38
1.3.3 Simulation of LE/LV impact using FEA . . . . ... ... 56
1.4 Behavior of composite laminates subjected to CAI ... 57

1.5 Conclusion on the state of the art about impact on
composite laminates . . . . . ... 0000000000 61




Chapter 1 State of the art of low-velocity impact damages on laminated composite
materials

1.1 Certification of a composite aircraft structure

1.1.1 Damage tolerance of composite structures

During the life cycle of an aircraft, impact threats are likely to occur, as shown
in FIGURE 1.1. These threats can happen on the ground (runway debris, tool
drop during maintenance operations) or during the flight (hail strike, bird strike
..) and can lead to a loss of functionality of the composite structure. While
composite laminates are highly sensitive to impact, establishing general standards
for damage tolerance evaluation is still challenging for composite structures, "there
are currently very few industry standards that outline the critical damage threats
for particular composite structural applications with enough detail to establish the
necessary design criteria or test and analysis protocol for complete damage tolerance
evaluation" | ].

Therefore, regulation authorities rely on industrial expertise to bring substantia-
tion. Aircraft manufacturers perform important experimental campaigns to demon-
strate safety to regulation authorities as presented in FIGURE 1.2. Different impact
tests on representative structures from coupons to large structures are carried out.
The impact tests must consider different impact energies and impactor shapes (blunt
or sharp) in order to "cause the most critical and least detectable damage, accord-
ing to the load condition (compression, shear ...)". All of these impacts should be
representative of impact threats occurring in service (vehicle collision, tool drops,
ground debris. .. ). It allows development of design criteria, inspection methods, and
time intervals for maintenance inspections.

Regulation authorities have released five categories of damage as shown in F1G-
URE 1.3. These categories help aircraft manufacturers classify damages as a function
of their severity. In this work, we will focus only on damage mechanisms caused by
LE/LV impact. These impacts may occur during manufacturing or inspection with
a dropped tool on the composite structure for instance. The impact damages gen-
erated at the outcome of a LE/LV impact are included in the category 1. It is
interesting to notice that the category 1 excludes the need for repair when the dam-
age remains under the Barely visible impact damage (BVID), which is the minimum
impact damage surely detectable by scheduled inspection.

Indeed, after a LE/LV impact, the residual strength may not compromise the UL.
The manufacturers have to prove that the residual strength of composite structures
after a LE/LV impact may not affect the UL using a dedicated substantiation for
this category.

1.1.2 Substantiation of category 1 impact damage for com-
posite laminate structures

Two standards are currently available for composite coupons of 150 x 100 mm in

order to measure the damage resistance after a drop-weight impact | | and
to measure the compressive residual strength | | of composite laminates.
Impact damages resistance In the standard | ], a tool drop impact

machine must be considered. A 16 mm diameter impactor is advised with a dropped
mass of 5.5 kg. Concerning the boundary conditions, a composite plate of 150 x 100
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LE/LV impact -

Tool drop +

General service vehicle impact
Runway debris impact Q

Hail strike +

Bird strike -

HE/HV impact V

Figure 1.1: Impact threats occurring in aeronautics

mm is supported on an impact window of 125 x 75 mm. Four clamps restrain the
plate during the impact. It is mentioned that "the clamps shall have a minimum

9
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Impact testing Impactor geometry Impact location
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Boundary conditions Impact velocity Blunt impactor Edge impact
— TFixed Sharp impactor Impact on stringer
— Supported
L)
-
drop weight gas gun

Impact survey l

Damage tolerance substantiation

BFEASA

European Aviation Safety Agency

Figure 1.2: Variety of impact experimental configurations for impact survey estab-
lishment

holding capacity of 1100 N, and the clamp tips shall be made of neoprene rubber".
The experimental setup is shown in FIGURE 1.4. Very few interests regarding the in-
strumentation are considered in the standard. Indeed, only two sensors are required,
a cell load to measure the impact load during the impact event and a photo-diode
sensor to measure the impact velocity. The information provided by these two sen-
sors allows the computation of the impactor displacement and the dissipated energy
due to impact in the composite plate.

The displacement §(t) is calculated thanks to EQUATION (1.1)

5(t):60+v0t+gt2—/0t</0tF(t)dt> dt (1.1)

2 m

where §y is the displacement of the impactor at time ¢ = 0 in mm, F(¢) is the
measured impactor contact force at time t in N, m is the mass of the impactor in
kg, g is the acceleration due to gravity (9.81 ms=2) and vy is the velocity calculated
just before impact in ms™!.

The impact energy is calculated according to EQUATION (1.2):
E =mgH (1.2)

where H is the height. The energy dissipated by the composite material due to dam-
age and due to dissipative mechanisms such as friction is calculated using EQUA-

TION (1.3)

Sled = o(t) + mgd() (13)

where v(t) is the velocity calculated using the integral of the acceleration in ms~
After the impact event, the physical response of the material can be determined
using the load-displacement curve or load-time curves. These curves can provide

Edissipated =

1

10
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Figure 1.3: Classification of the different damage categories

Impactor —
Composite laminate sample

Clamps
| N\ < 100mm
150 :V

< Impact window

Y

Instron.com

Figure 1.4: Impact configuration according to the standard

global information such as the energy dissipated by the material after the impact
(damages and residual elastic energy stored in the laminate), the maximal load peak,
the contact duration, and the out-of-plane displacement, as shown in FIGURE 1.5.
This information is not enough from design criteria. Indeed, more data is needed
concerning the state of damages in the laminate (type of damage mechanisms, dam-
age projected area, distribution through the thickness).
Therefore, industrials perform the inspection using non-destructive solutions such
as Ul. As it can be observed in FIGURE 1.6, Ul are classically performed using a
5 MHz mono-element probe. The probe and the damaged plate are immersed in
water. After inspection, the potential damaged area is highlighted, and the pro-
jected damaged area is determined. This damaged area is then used to build design
criteria. The criteria are defined using large experimental data results with charts,
where each projected damaged area gets its residual strength in compression.
Another useful measured quantity considered in the impact test is the residual

11
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Figure 1.5: Physical response of a carbon/epoxy laminate after a 35J impact

Impacted panel
L]

f

Axis displacement

Mono element probe

4 DASSAULT  Projected damaged area obtained from C-scan

AV I AT/ ONW

Figure 1.6: Ultrasonic inspection performed on an impacted panel at DASSAULT
Aviation. The measurement of the projected damaged area is shown in red

dent measurement. Indeed, as shown in FIGURE 1.3, impact damages with a residual
dent lower than BVID are considered category 1. It is therefore important to not
bypass the measurement of the residual dent. As illustrated in FIGURE 1.7, the
mechanism responsible for a residual dent is the presence of debris inside cracks
which prevent them from closure after impact. This residual dent could be measured
using a simple mechanical comparator or using an optical profilometer.

Compressive residual strength Once impact tests and inspections are per-
formed, CAI test is carried out to determine the residual compressive strength

12
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Q Indented zone

Upper ply cracks

Impact
point

Debris responsible of unclosed cracks

Figure 1.7: Damages responsible for the residual dent | ]

according to the standard | ]. Before performing the test, dimensional
checks are performed on edges in order to make sure that the edges are parallel. It
will guarantee that the compressive load will be carried uniformly through the width
and the thickness of the laminate. As shown in FIGURE 1.8, the sample is guided
thanks to four grooves that prevent the sample from buckling. Moreover, to accom-
modate small variations in the specimen thickness, retention plates are adjustable
using fixture screws. These screws have to be torqued at 7Nm. A pre-load has to be
carried until 10% of the estimated maximum load, this pre-load removes parasitic
displacement due to mechanism slack. Two strain gauges (one at each side) can be
fixed on the sample to ensure that the load is carried uniformly through the width
and therefore avoiding any spurious bending. The compression load is carried along
the top edge, as shown in green in FIGURE 1.8. Once the sample is broken, the
maximum compressive stress is calculated by dividing the maximum load at failure
by the section where the load is transferred.

Damage tolerance law establishment for category 1 Results obtained from
the impact test, and CAI can be crossed to evaluate the impact severity’s influence
on the residual compressive strength. After that, industrials can establish an abacus,
as shown in FIGURE 1.9. The compressive residual strength is plotted as a function
of the permanent dent or the projected damaged area obtained in US. This abacus
supplies the impact survey needed for the certification phase.

Limitation of standards approach for category 1 damage tolerance One
of the advantages of the standard is to allow the repeatability of tests wherever
performed. However, the diversity of geometries for composite structures in air-
craft engineering with stringers, stiffened panels and open-hole panels imposed on
manufacturers to get out the standard. Indeed, the framework defined by the stan-
dards is too restrictive for an aircraft manufacturer, especially when the material
is a composite laminate where results will highly depend also on stacking sequence,
ply thickness. ..

For impact tests, the standard requires a 125 x 75mm impact window. This

13
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X Z

Figure 1.8: Experimental setup for CAI test standard at ONERA

window size could not represent all impact energies and plate thicknesses occurring
during operation. Therefore, manufacturers have developed other impact windows
(90 x 90 mm, 230 x 140 mm). Besides, the standard requires a 16 mm blunt impact
that still cannot represent all impacts occurring in reality. Authority regulation re-
quired to take into account all impact scenarios that may happen; therefore indus-
trials have to use other impactor geometries in order to define the most detrimental
configuration. It leads to lengthy and costly experimental campaigns, especially for
composite materials.

Concerning the CAI, the standard presents limitations with the imposed 150 x
100 mm size of the sample, which is still not representative of all configurations
encountered in composite aircraft structures. Moreover, one of the restrictions of
this test is the boundary conditions. They are not perfectly mastered as the plate
has to be tightened to the fixture, the tightening relies on the operator performing
the task, and therefore, it will influence the results. Another point is the lack of
instrumentation during the CAI test. The residual strength at failure is the only
data used.

Furthermore, the robust approach used by industrial is mainly experimental (a
residual compression strength is associated with a permanent dent or a projected
damaged area), design criteria are established by crossing results obtained from
impact with compression after impact test. An investigation of impact damage
mechanisms cannot be performed due to the most significant scale of components.
Impact on composite structures has been studied for decades by academics in order
to bring new solutions to industries. Experimental testing with more instrumenta-
tion and damage characterization using non-destructive and destructive testing has
enabled the comprehension of impact damages and their interactions. Understand-
ing the behavior of composite structures subjected to impact will enhance the use
of composite materials in aircraft engineering, enrich the methodology of sizing for
composite structures and minimize the conservatism introduced in the sizing.

14
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Figure 1.9: Evolution of the residual strength as a function of the damage severity

1.2 Academic experimental methodology for im-
pact damage investigation induced by a LE/LV
impact in composite laminates

1.2.1 Experimental setup and inspection methodologies for
impact damages characterization

1.2.1.1 Impact experimental setup

In |, the author has defined three categories of impact responses as a
function of the impact velocity. For very short impact times, the response is domi-
nated by the wave propagation, typically ballistic impact such as in FIGURE 1.10.a
The response is initially governed by flexural waves and shear waves for short impact
times (FIGURE 1.10.b). The response is influenced by the lowest vibration mode of
the impactor-plate for impact times longer than the times required for waves to reach
the boundary condition (FIGURE 1.10.c). The impact response induced by a LE/LV
impact belongs to the third category. Therefore, the impact damage is highly influ-
enced by the boundary condition. Consequently, many impact configurations have
been studied in the literature (experimental configuration close to the standard as
in | |, Charpy pendulum impact as studied in |

|, circularly clamped or even supported on roller in | ] and |

]). FIGURE 1.11 resumes some impact experimental testing encountered in the
literature.

Impact damages are highly influenced by boundary conditions. For a stiffer
configuration, damage mechanisms occur near the top due to higher contact forces
(compression-shear matrix damages, fibre damages). In contrast, for a flexible con-
figuration, damages occur near the non-impacted face due to high bending stresses.
It is necessary to master the boundary conditions in a LE/LV impact test, especially
if the impact test will be modeled using Finite element analysis (FEA).
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Response dominated Response dominated Quasi-static response
by dilatational waves by flexural waves
(a) Very short impact times (b) Short impact times (c¢) Long impact times

Figure 1.10: Effect of the impact velocity on the physical response of a plate |

]

X X

Supported on rollers Circularly clamped

Charpy pendulum Simply supported

Figure 1.11: Experimental impact setup encountered in literature

The impact damage assessment is usually performed using Non-destructive in-
spection (NDI) and Destructive inspection (DI) as the experimental results provided
by the impact machine are not enough to analyze and understand the mechanical
behavior of composite laminates subjected to LE/LV impact.

1.2.1.2 Damage assessment using NDI and DI

Different techniques exist which give the overall damage extent (3D) or local dam-
age zone (2D). These techniques could be non-destructive or destructive and are
described hereafter.

Micrograph observations Using a microscope with different magnifications al-
lows the observation of the damage topology with a high resolution. In the litera-
ture, micrograph observations have revealed the well-known conical shape of impact
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damages. FIGURE 1.12 highlights the matrix cracking, the delamination and their
interactions. In order to visualize more precisely the damage and their interactions

Impact location

. '
45°
90°
-45°

0°
45°
90° L
-45°
-45°
90°
45°

0°
-45°
90°
45°

0° ROI for SEM]

1mm _O(;
Figure 1.12: Micrograph observation of a T700/M21 composite laminate impacted
at 20J

with a very high resolution, a SEM could be an alternative to an optical microscope.
For instance, FIGURE 1.13 shows the Region of interest (ROI) highlighted in blue
in FIGURE 1.12. The different damages are observed with a high resolution. How-
ever, it requires sample preparation with a carbon deposit on the face wanted to be
observed. This deposit allows conduction of the electrons as the epoxy matrix is an
electrical insulator. Local information (fibre scale, ply scale) are provided. For a
larger scale, it is better to use conventional optical micrographs.

These two means of control can provide good knowledge on local damages occur-
ring on a face. However, they cannot give an overview of impact damages. Besides,
it is a destructive means of control, as the specimen is cut and polished to get a
ROI for observation.

Active Infrared thermography The inspection of defects or damages in the
composites can be performed using AIRT. FIGURE 1.14 presents a classical exper-
imental setup for the inspection. A signal generator defines thermal excitation. A
high thermal flux is produced from the heater during a defined time. An IR camera
records the thermal evolution of the sample during the test. As the thermal diffusion
is modified within the material in the presence of damage or defect, it enables to
capture the damaged zone. In [ , |, NDI using
Infrared thermography (IRT) has been used for impact damages characterization.
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Figure 1.13: Micrographs using SEM of the ROI highlighted in blue in FIGURE 1.12

In [Maierhofer et al., 2014], impact damages have been characterized using AIRT
with flash excitation. The authors have tested different configurations in reflection
or transmission, as shown in FIGURE 1.14. The authors have excited the impacted
sample for a short time using two flash lights. As the thermal flux is intense, the
heated time was short to avoid high temperatures which could degrade the mate-
rial. Thermograms of a composite sample impacted at 14.4J in transmission and
reflection configurations are presented in FIGURE 1.15. The thermal signature is
similar for both configurations. It can be noticed that the thermal signature of the
damages is well captured for both configurations when the IR camera is placed on
the rear face (TB, RB). This technique can quantify the projected damaged area for
thin composite laminates moreover, AIRT can enable the inspection of wide areas
in a relatively short time. However, AIRT does not provide a faithful value of the
damaged extent as it cannot inspect thicker parts due to the thermal dissipation.
Therefore, standardized techniques such as UT are for now preferred in aeronautics.

Controller

(—7 IR Camera_/

Heater Heater

A

Pulsed thermography
Sample

Material Damage

Image processing unit
Signal generator

Figure 1.14: Experimental setup for AIRT [Ciampa et al., 2018]

Ultrasonic testing Inspection performed using US has become one of the most
used NDT to inspect composite structures. It can allow the detection of defects
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Figure 1.15: Thermograms obtained in reflection and transmission configuration for
a composite laminate impacted at 14.4J | ]

or damages and evaluate their positions in depth. The reflection configuration is
presented in FIGURE 1.16. A signal is emitted from an ultrasonic probe. Usually, a
5MHz US probe is used for laminated composite materials to study damage after
impact. Once the signal reaches the plate surface, a part of the signal is reflected
due to the water and composite material interface. The probe receives the reflected
signal and allows the detection of the "gate entrance' in the material. For the signal
that has not been reflected at the interface entrance, the wave crosses the laminate
thickness and is reflected when exiting the material due to the material/water in-
terface. It defines the way-out gate. However, if damage is present through the
thickness, the wave will be reflected toward the probe. The obtained output is an
array of ultrasonic wave attenuations in dB. Different treatments of the signal data
can be performed. In FIGURE 1.17, the projected damages are observed using a
C-scan view, and the signal signatures with A-scan view. The A-scan is shown for
two points (one located in the sound material and the other in the damaged zone).
It can be seen that for the undamaged point, two peaks are detected, representing
the entrance echo and the way-out echo in the composite. Nevertheless, other peak
echoes are located between the entrance and way-out signal for the damaged point,
which corresponds to the presence of damage. One of the limitations of UT scans is
that the signal incidence influences damage detectability. Indeed, only delamination
is captured in C-scan as they are perpendicular to the signal propagation direction.
Some works, such as | |, studied the signal incidence to
detect matrix cracking. Another point is that UT cannot provide a complete 3D
damage assessment. Indeed, as presented in FIGURE 1.18, deep delamination cracks
are shadowed by shallow delamination cracks. Thus, all the delaminated interfaces
are not captured using C-scan. Studies have been performed by the authors, and
also in | |, to reconstruct the shadowed damages,
but it introduces guesses concerning the shadowed damage shapes.

UT scans can provide a good projected damaged area. However, if the aim is
to investigate impact damages in each ply/interface with the dissociation of each
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damage mechanism, X-ray using p-computed tomography is preferred.

<ew Non reflected wave due
to high level of damages

Focal distance - /\

Scanning displacement

A

5 MHz ultrasonic probe

Impacted sample

Figure 1.16: UT configuration in a water cistern

X-ray Computed tomography (CT) X-ray has been introduced for impact
damage assessment using radiography, as shown in FIGURE 1.19. Each damage is
distinguished easily, and the damaged area can be quantified. However, it provides
a 2D damage assessment such as C-scan. The pu-CT gives a 3D characterization of
impact damages thanks to the scanning configuration. A schematic representation
of the inspection using a u-C'T is presented in FIGURE 1.20. An X-ray beam crosses
the composite sample lying on a rotating support. The table is gradually rotated
step-by-step during the acquisition, and several X-ray 2D radiographs are taken.
As the material absorbs X-ray radiation, the presence of damage results in voids
inside the laminate. The voids do not absorb the X-ray radiation. Therefore, the X-
ray detector capture the X-ray radiation escaped from the material due to damage.
Many studies are found on the investigation of impact damage using u-CT. In |

], u-CT has been used to characterize the overall damage footprint and
the internal damage topology (FIGURE 1.21). In | Nl

] 1 ] methodologies have been performed to segment im-
pact damages using a ply detection method. The matrix cracking and delamination
segmentation for the whole volume has been performed (FIGURE 1.22.1). In |

], the authors have performed X-ray inspection using a synchrotron fa-
cility. Thereby, in FIGURE 1.22, the same sample has been scanned using classical
p-CT (FIGURE 1.22.2a) and synchrotron CT (SRCT) (FIGURE 1.22.2b). The au-
thors have shown that more damages are captured using SRCT due to a better
resolution.

The limiting factor in X-rays is that resolution depends on the sample size. The
closer the sample to the beam source, the higher the resolution. Nevertheless, the
size of the coupon is defined in order to avoid the collision with the X-ray source
when the sample is rotated. Therefore, X-ray CT is destructive as larger samples
have to be cut before the inspection. Besides, if the coupon is warped or non-planar,
investigating damages or defects can be more difficult.
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Figure 1.17: UT scan performed on an impacted sample showing the C-scan and
A-scan treatments [

]

TABLE 1.1 summarizes the different methods for the presented NDI and DI.
No specific technique is preferred for impact damage assessment, as each gets its
advantages and limitations. Consequently, it is suitable to combine these different

techniques to obtain the maximum information on damage topology and perform a
complete investigation of impact damages.
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Potential delamination highlighted in dark
and hidden by shallowed delamination

Figure 1.18: 3D rendering of impact damages observed using C-scan and highliting
the shadowing effect [Ellison. 2020]

(2) 10mm () 3 mm

Figure 1.19: X-ray radiographs of impact damages in [Aymerich and Priolo, 2008]
(a) and [Hawyes et al., 2001](b)
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Figure 1.20: X-ray u-CT testing configuration
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Figure 1.21: Impact damages observed on a u-CT slice (a) and in different positions
in depth (b-d) [ ]

1.
Impact Impact
Impact
< Q-Cp
vy
“, “y,

2.a 2.b
Figure 1.22: Impact damages segmentation performed in | | (1.) and in

[ ] (2.a using p-CT, 2.b using SRCT)
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Inspection methods DT NDT

Micrographs 2D
AIRT 2D
uT 2.5D
X-ray CT 3D 3D

Table 1.1: Sum-up of the presented inspection methods

1.2.1.3 Comprehension of the mechanical degradation using a damage
monitoring

In LE/LV impact as mentioned in Section 1.1, very little interest regarding the
instrumentation is considered in the standards:

e A cell load contained in the impactor in order to measure the impact force
during the impact test;

« A photocell sensor to measure the initial impact velocity of the striker;

The data acquired during the test allow calculating the impactor displacement and
the dissipated energy as explained in Section 1.1. The load-displacement and load-
time responses are then plotted to investigate the physical response of the material
during the impact event. The damage mechanisms observed using NDT and DT
are responsible for the nonlinearity appearing in the global responses (load drop,
softening, oscillations). However, it is impossible to link the mechanisms to their
designated effects on the global response. Consequently, the temporality of degra-
dation is unknown, and the interactions between damage mechanisms could not be
established rigorously.

For damage scenario establishment, two solutions can be found in the literature:

o Damage monitoring during the impact event using adapted instrumentations
(fast measurement methods);

o Quasi-static indentation, the test could be interrupted to realize a back and
forth between NDI and testing. It allows evaluating the damage extent after
each increment loading. It should be highlighted that this method is available
only if the loading rate effects are negligible for the studied material;

These two methodologies performed in the literature will be discussed in the fol-
lowing to bring a comprehension of damage mechanisms occurring in composite
laminates when subjected to a LE/LV impact.

1.2.1.4 Quasi-static indentation as a substitution of LE/LV impact

A better understanding of the damage appearance is obtained using quasi-static
indentation. Indeed, as the test is piloted with the applied displacement, it is pos-
sible to interrupt the test, realize NDI and then load again (FIGURE 1.23). This
back and forth between test and NDI allows the control of the damage onset |
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: . In | ], the authors have per-
formed several indentation tests on a carbon-epoxy laminate with NDI. Four stages
have been defined, each stage was associated with the appearance of one damage
mechanism.

Figure 1.23: Load-displacement response for a QSI test with the different inspections
performed using US | ]

Before investigating the damages subjected to indentation, it must be verified
that the material behavior is insensitive to the loading rate. Many studies have com-
pared LE/LV impact and quasi-static loading, such as in | ,

, . In | ] QSI and LE/LV impact have
been compared on a carbon/epoxy and an E-glass/polyamide-6 laminates for two
different stacking sequences. The authors have shown that similar global responses
(load-displacement curves) are obtained for carbon/epoxy laminates. However, the
E-glass/polyamide-6 was more sensitive to loading rate effects resulting in different
behaviors for the QSI and LE/LV impact. NDI were performed on those laminates.
Similar damage mechanisms were observed for the carbon/epoxy laminates with
greater damage extent for QSI.

In | | carbon/epoxy laminates have been tested under QSI and
LE/LV impact. The specificity of this study was to understand if carbon/epoxy lam-
inate with a reinforced interface using thermoplastic particles is sensitive to strain
rate effect. The authors have shown that the projected damaged area obtained from
C-scan or X-ray follows a similar linear trend for both QSI and LE/LV impact. The
authors concluded that some laminates with different particle sizes had a strain rate
effect. Therefore, the equivalence of LE/LV impact and QSI is material-dependent.
On the other hand, it is observed that the residual dent is more pronounced for QSI.
A possible explanation is a longer contact time between the impactor and the plate.
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1.2.1.5 Experimental damage monitoring during a LE/LV impact

An impact is a very short event requiring specific instrumentation with a high-
frequency acquisition. In these last decades, technological developments such as the
digital image correlation method DIC with high-speed cameras have changed the
experimental testing in transient dynamics | ]

High speed DIC performed in impact The impact monitoring using high
speed visible cameras has been successfully introduced to measure the evolu-
tion of the impact damage within a triaxial braided composite material in
[ . In | |, the authors have monitored a
LE/LV impact using two 1-megapixel Photron FASTCAM to perform DIC with
the acquisition of 20,000 frames per second. The experimental setup is detailed in
FIGURE 1.24. A mirror inclined at 45° has been required to capture the images on
the rear face. The mirror has been placed below the impact window due to a con-
gestion problem in the experimental device. DIC has provided information such as
displacement and deformation fields, and damage events (FIGURE 1.25). Moreover,
in | ], the authors have compared the out-of-plane (OOP) displace-
ment from DIC, the displacement calculated from the machine, and the maximum
height provided by an optical profilometer. They have concluded that the measure
provided by DIC was in agreement with the other data.

Figure 1.24: Experimental impact setup with high speed cameras |

]

High-speed thermography performed during impact As cracks generate a
thermal dissipation, it is possible to capture their thermal signature in the infrared
range. This heating can be captured using IR thermal cameras. It is another IRT
technique called passive IR thermal monitoring. This method has been used in |

| to measure the temperature variation on the rear face of triaxially
braided composites subjected to ballistic impact. In | ], an IR
camera has been used to monitor impact damages in glass/epoxy and carbon/epoxy
laminates. The authors have carried out several impacts. The IR cameras have been
placed in two positions, at the top and at the bottom. The thermal signatures have
been captured with an acquisition frequency of 800 Hz. The cameras have captured
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Figure 1.25: Transverse displacement field obtained from DIC before the damage
appearance (a) and after the damage outcome (b) | ]

thermal signatures related to the different mechanisms. However, the critical limit of
the study was that the experimental setup was not containing a load cell. Therefore,
the thermal events have not been linked to the nonlinearities occurring in the global
response. In | ], a different experimental setup has been
considered using a modified Charpy test shown in FIGURE 1.11. An IR FLIR camera
with 83 Hz acquisition frequency was used and placed on the rear face. FIGURE 1.26
presents the thermal signatures captured from the IR camera during the impact on
a CFRP sample impacted at 18 J. This work focused on developing a methodology
to estimate the damaged area by considering the heated area as an input. It can
be highlighted that from these two experimental studies classical IR cameras have
been used with poor frequency acquisitions (< 800Hz). Moreover, no links have
been established between the thermal signatures and the global responses. A more

advanced analysis as performed in | ] has not been found on
LE/LV.

Figure 1.26: Thermal signature of impact damages occurring on a CFRP sample
impacted at 18 J | ]

27



Chapter 1 State of the art of low-velocity impact damages on laminated composite
materials

1.2.2 Damage mechanisms in composite laminates induced
by a LE/LV impact for composite laminates

This subsection presents an overview of the classical damage mechanisms encoun-
tered in composite laminates made of Unidirectional laminate UD plies. The speci-
ficity of impact damages is then treated. Finally, the latest advancement in compos-
ite materials strengthening and how the composite laminates can be more damage
tolerant are presented.

1.2.2.1 Classical damage mechanisms occurring in composite laminates

Damage mechanisms in composite laminates can be divided into two families (in-
traply and interply damages). These damages are presented in FIGURE 1.27.

Figure 1.27: Damages mechanisms occurring in UD composite laminates

Matrix cracking Matrix cracking is a mesoscopic intraply damage. It is induced
by the coalescence of fibre-matrix debonding at the microscopic scale (FIGURE 1.28.a).
In [ ], the authors have shown that the fracture plane an-
gle depends on the loading axes.

For a positive transversal loading (in direction 2 or 3) or an in-plane shearing
(plane 1-2), the fracture plane is perpendicular to direction 2 (6 = 90°).

For combined compressive transverse loading (in directions 2 or 3) and in-plane
or out-of-plane shearing, the fracture plane angle is higher than 0°. The higher the
transverse compressive loading, the higher #° with a maximum angle of 53°. Matrix
cracking is highly influenced by the ply thickness, as discussed in |

]. For thicker plies, the matrix cracking appears earlier and has an important
effect on the delamination (FIGURE 1.28.a).

Delamination The interface localized between two adjacent plies is characterized
by its adhesion. The adhesion can be weakened during the life cycle of the lami-
nate due to the presence of defects (void, resin river) or due to high out-of-plane
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Figure 1.28: SEM micrographs showing the three different damage mechanisms
encountered in composite laminates [ONERA]

loading. The delamination is initiated once the interface fails (FIGURE 1.28.b). The
mechanical loading does not impose the delamination orientation. In the presence
of no fibre breaks, the delamination is clustered between the matrix cracking from
the upper and lower plies.

The delamination cracks can induce a catastrophic failure of the laminate when
subjected to bending or in-plane compression. Indeed, the laminate will be sub-
divided into sublaminates resulting in the drop of the inertia moment Iy3, and
therefore, a decrease of the buckling strength onset.

Fibre breaks The fibre breaks are a highly energetic degradation mechanism.
They occur when fibres have reached their maximum bearing capability. When fi-
bres break, the loading is transferred violently to the neighborhood. This induces
a succession of failures leading to an unstable phenomenon. The fibre failure dissi-
pates 10-100x more energy than delamination. Therefore, it represents the critical
dissipative mechanism. The mechanism responsible for the failure in a UD ply sub-
jected to longitudinal tension or compression is different. In tension, the maximum
deformation of fibres induces ply failure in fibre mode. However, in compression,
the mechanisms are more complex. Indeed, the failure depends on the local state
of the neighboring matrix but also on how the fibres undergo the local buckling
(F1IGURE 1.28.¢).
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1.2.2.2 Interaction of damages occurring in impact

During an impact event, the kinetic energy is converted to internal energy. An
amount of this energy is stored as elastic energy, and another part is dissipated by
the creation of damage. Three stages are usually encountered in impact damages,
as shown in FIGURE 1.29. The first one is the coalescence of matrix cracking within
the ply. These cracks are induced by high transverse and shear out-of-plane stresses.
The second stage is the initiation of the delamination due to high shear stresses at
the interface. The delamination can also be triggered when the matrix cracks reach
the interface. Indeed, in the literature several authors have studied the interaction
between matrix cracking and delamination | |. The third stage is
the apparition of fibre breaks when fibres reach their maximum bearing capabilities.
At this stage, it is pretty challenging to establish in a precise manner the damage
scenario as the damages interact together. In FIGURE 1.29, the well-known "pine
tree" shape of impact damage is shown. An undamaged zone under the impact is
highlighted in yellow. The material exhibits a shear reinforcement preventing matrix
cracking and delamination under the impactor. Therefore, no damage is observed
below the impact zone, explaining the damage’s conical shape. The introduction of
Zinc iodure penetrant in FIGURE 1.29 highlights the damage connectivity, especially
for matrix cracking/delamination.

First stage Second stage Third stage
40 mm - N 40 mm - N 40 mm -
40 mm
<« >

/N

Pine tree shape of impact

Undamaged zone due to high out-of-plane compressive stress

Figure 1.29: Impact damages observed in a p-CT slices | ]

1.2.2.3 How to increase the impact resistance in composite laminates ?

Designing differently with unconventional rules Infinite possibilities of de-
signing composite laminates exist, and different leverages have been introduced :
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o In | ], the authors have compared three different laminates
with different mismatch angles under quasi-static indentation. They have
shown that the higher the mismatch angle, the higher the damage resistance.
Nevertheless, the higher the mismatch angle, the lower the maximum load
capability;

e In| |, the authors have compared ultra thin-ply (UTP) (80
gsm, 0.08 mm thick) and thin-ply (TP) laminates (160 gsm, 0.16 mm thick)
under quasi-static indentation. The authors have shown that UTP enhances
the damage resistance. However, this laminate exhibits a brittle failure. Using
TP, laminates have shown a better maximum load capability;

e In | |, the authors have used unconventional laminates
with unsymmetrical stacking sequences and ply clustering. The authors have
shown that clustering the plies near the impacted side have enhanced the
damage resistance and have reduced the delamination at low impact energy;

All of these parameters have an effect on either damage resistance or the load ca-
pacity. The potential of composite laminates can be improved using new design
thinking.

During LE/LV impact, the interfacial toughness in mode II (Gy) is a mate-
rial parameter of concern. Indeed, the delamination propagates mainly in mode II.
Therefore, material manufacturers and scientists have studied new material archi-
tectures to improve the interfacial toughness and reduce the delaminated area after
impact. Two research studies on damage resistances using interleaved composite
laminates or thermoplastic resins are discussed below.

Interleaving composite laminates In the literature, several researchers have
studied the toughening of epoxy resins. The fracture and toughening mechanisms
have been studied when a different phase is introduced into the epoxy (silica nanopar-
ticle or rubber particle). In | ], the authors have introduced different
volume fractions of silica nanoparticles. They have observed that the fracture tough-
ness increases with the volume fraction of silica nanoparticle. Interleaving composite
laminates with thermoplastic particles has also been studied in | ,

, |. Thermoplastic particles are located at the interface be-
tween plies, and different sizes of particles are possible. The higher the size, the
thicker the interface. Thus, the microstructure of the laminate is no more conven-
tional. The interface thickness is equivalent to 1/5 of the ply thickness, while for
classical material, the interface thickness is 1/10 of the ply thickness. In |

|, the authors have studied the toughening effect on the interface toughness
in mode II Gy using quasi-static indentation. By comparing the studied material
to a conventional carbon-epoxy laminate, interleaving allows better performance by
delaying damage onset, and increasing the peak load. The same conclusions have
been dressed in | |. Moreover, the two studies have highlighted the
toughening mechanisms responsible for better performance. In FIGURE 1.30, the
toughening mechanisms are presented in the absence of particles, the crack prop-
agation is straight. However, when the crack tip faces a particle, either enough
energy is available and the crack breaks the particle or, the crack skirts the particle.
Another phenomenon, such as crack bridging, allows carrying the load through the
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ligament and reduces stress concentrations in the crack tip. Consequently, more
energy is required to propagate a crack resulting in less delamination.

Particles
45° ply

Interface I:I

Particle failure  Crack propagation in the absence of particles

Crack deflection

0° ply

Figure 1.30: Toughening mechanisms responsible for Gy, enhancement [ONERA]

Thermoplastic based composite laminates Some thermoplastic resins have
a better fracture toughness than thermoset resins. As delamination can lead to
catastrophic failure of composite structures. Using carbon/thermoplastic materials
may enhance the damage resistance of composite laminates. In | ],
the authors have compared two cross-ply laminates made of UD plies. The first
cross-ply was made of carbon-thermoplastic and the second one with carbon-epoxy
toughened UD ply. The experiment reveals that carbon-thermoplastic shows bet-
ter impact response than carbon-epoxy toughened with a higher damage resistance.
However, a limiting factor highlighted in | | is the sensitivity to
strain rate effect in carbon-thermoplastic materials. The authors have developed
a measurement methodology based on IR to measure the Gy during an unstable
propagation (FIGURE 1.31). The experiment reveals that Gy drops during unsta-
ble crack propagation. The actual comprehension of the damage mechanisms of
carbon-thermoplastic is currently at an early stage, and more studies are needed to
understand clearly the damage mechanisms of those alternative materials.

1.2.3 Summary of the academic experimental characteriza-
tion of impact damages induced by a LE/LV impact

This section presents an overview of the work performed by academics on LE/LV
on composites. In these last decades, researchers have enabled the understanding of
physical phenomena occurring after an impact and the damage assessment within
composites. The overview has presented the testing procedure, inspection methods,
and damage mechanisms for composite laminates. It has revealed a lack in damage
scenario establishment as inspection means are mainly performed after the impact.

Some academics have proposed solutions using in situ damage monitoring. Those
studies show the high potential of damage assessment thanks to the real-time infor-
mation provided during the test. Unfortunately, as the impact is a short event (a
few milliseconds), it requires specific instrumentation dealing with high-frequency
acquisition, and, therefore, costly means. Another solution is the quasi-static inden-
tation, which allows a step-by-step understanding of damage mechanisms occurring
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Figure 1.31: Experimental procedure performed in | | for R curve
reconstruction using IR thermography during an unstable crack propagation

in composite laminates, as it is possible to interrupt the test and perform inspec-
tions. Nevertheless, lots of care should be used by approximating an impact as a
quasi-static indentation since materials could be sensitive to the loading rate effect.

Another solution to determine the damage scenario is the resort to numerical
models using FEA. Indeed, these last decades several damage models have been
developed by academics in order to predict the impact damages within a composite
structure subjected to a LE/LV. Moreover, some models are capable of evaluating
the residual strength by simulating a CAI test. Thus, in the next sections, an
overview of the different damage modeling strategies and the simulation of LE/LV
and CAI using FEA is presented.
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1.3 Damage modeling and simulation of a LE/LV
impact using FEA

1.3.1 Finite element model of a LE/LV impact

The modeling of a LE/LV test is usually performed using a FEM as shown in
FIGURE 1.32. The components of the experimental setup (impactor, impact window
and eventually rigid clamps or fixture) are modeled using rigid elements as they
are supposed to be undeformable regarding the composite plate. Concerning the
laminate, two strategies are feasible. The first one is a full 3D constitutive behavior
with a solid element (C3D8) and the second solution is the use of conventional shell
elements (S4).

Experimental setup

instron.com

Finite element model

Composite laminate

50 mm

#—

) 150 mm
¢ =16 mm rigid impactor

~

Figure 1.32: Classical FEM of a LE/LV impact test

\

25 x 75 mm rigid impact window
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1.3.1.1 Impact model using solid element

Using a 3D formulation for the element (with 3 degrees of freedom per node) al-
lows the computation of all stress components, which is essential to model the matrix
damage as in impact, the stress o9z is mainly responsible for matrix damage. Impact
damages are located near the impact zone. Mesh strategies are therefore adopted in
the literature to save computational time. In | ], refinement near the
damaged zone has been performed using regular and unstructured mesh. In |

|, oriented mesh has been used to represent matrix cracking occurring
in the laminate. As the plate undergoes bending during the impact loading, small
mesh size is required to describe the deflection and avoid shear locking. Moreover,
simulating laminates with numerous plies can lead to a costly computational prob-
lem. Consequently, a trade-off between the computational times and the modeling
strategies is considered. Mesoscopic approach is commonly adopted in LE/LV sim-
ulations where each ply is meshed using one element in the thickness. However, it
can require significant computational resources as the size of the FEM is large and
the simulations are highly nonlinear. A solution adopted in some studies consists
in using reduced integration | , |. How-
ever, care must be taken when using reduced integration as high stress gradients are
encountered in the thickness.

Regular mesh Unstructured mesh
900[
15 0° —45°~

1 element per ply in the thickness

Oriented mesh

Figure 1.33: FEM strategies used in the literature for impact simulations, regular
and unstructured mesh used in | |, oriented mesh used in DPM

[ ]
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1.3.1.2 Impact model using shell element

Although 3D FEM predicts a good impact response and damage shapes, it re-
quires important computational means to simulate laminates with numerous plies
or large panels. Thus, as industrials demonstrate an interest in having predictive
tools to simulate damages within composite structures, in reasonable calculation
times, authors have taken the plunge to simulate LE/LV impact using shell ele-
ments | , , ,

. In | |, the authors have proposed a modeling strategy
to simulate impact damages in thin plies using shell elements (S4R) in Abaqus.
The authors have shown that the model captured the initial elastic stiffness; more-
over, the peak load for each configuration was reproduced accurately. However,
the model underestimated the prediction of damages (delamination). In |

|, the authors have chosen continuum shell elements
(SC8R) in Abaqus These elements are similar to 3D elements but with a shell for-
mulation. They are more suitable for contact as they have eight nodes and defined
top/bottom surfaces. In | ], despite an underestimated dissi-
pated energy, the peak load was remarkably predicted. The authors have compared
the out-of-plane displacement profile of the rear face at different times during the
loading; they have shown that the simulated deformed shape was in good agreement
with the experiment. The authors concluded with a comparison using inspection
means and shown that the damaged shapes captured by the model were consistent
with the information provided by inspections.

Thus, the main advantages of the shell are enriched kinematics which describes
rotations ©,, and the computational time saving regarding a 3D FEM. However,
classical shell elements in commercial codes do not compute the out-of-plane stresses
(Kirchoff-Love theory). However in impact, out-of-plane stresses (normal and shears)
are responsible for the matrix and interlaminar damages. To overcome this issue,
some authors have developed shell formulations with enriched kinematic assump-
tions (higher-order shear formulations) [ | or a stress-based
formulation | | but are not currently available in commercial codes.

1.3.1.3 Temporal discretization algorithm

During a dynamic analysis, the inertial effect is no longer neglected, the resolution
of the hyperbolic problem is performed using the semi-discretized equation shown
in EQUATION (1.4).

Md + Cd + Kd = F(¢) (1.4)
where M is the mass matrix, C is the viscous damping matrix, K is the stiffness
matrix, F is the applied forces vector and d, d and d are respectively the displace-

ment, velocity, and acceleration vectors. EQUATION (1.5) gives the initial conditions
that have to be satisfied.

d(to) = do
{d(to) = dy (15)

Newmark family scheme The resolution of the dynamic problem is performed
using a numerical scheme called time integration. It requires to discretize the
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time (t,—1,tn, tnt1,...). In a Newmark scheme EQUATION (1.4) is discretized using
EQUATION (1.6).

MCLn+1 -+ C’l)n+1 + Kdn+1 == Fn+1 (16)

Using the finite difference the displacement and velocity fields are calculated accord-
ing to Equations (1.7) to (1.8)

5t?
dns1 = dy, + 6tv, + 7[(1 —28)an + 2Ban 1] (1.7)

U1 = Up + 6t[(1 = 7)an + Yani1] (1.8)

where dy,, v, and a, are the approximations of d(t,), d(,), and d(t,). The param-
eters (0, v) determine the stability and accuracy properties of the algorithm under
consideration. Different algorithms are possible as a function of the parameters (3,

) J

Parameter choices Unconditional stability is obtained when + is chosen accord-
ing EQUATION (1.9). It leads to an implicit resolution requiring a Newton-Raphson
algorithm to obtain the solution. Convergence is ensured for linear problem. How-
ever, for highly nonlinear problems, especially if the problem is rough (contacts,
damage mechanics), numerous iterations are required to obtain a possible conver-
gence.

25272; (1.9)

One of the limitation of such algorithms is that high-frequency dissipation is intro-
duced for v # % However, a loss of first-order accuracy is obtained for v # % High
frequencies can make parasitic artifacts undesirable; damping in this bandwidth can
alleviate the problem.

The central difference scheme (Explicit dynamics) The well known explicit
solver is a special case of the Newmark method. This time integration is classi-
cally used for short-time events such as crashes and high-velocity impact due to the
rough nature of the problem. Therefore, by choosing in the Newmark framework
(B,2) = (0, 3) and using a diagonalized mass matrix it allows an explicit resolution.
The drawback is that the problem becomes conditionally stable, and there is no con-
firmation that the dynamic equilibrium path is computed accurately. The stability
is ensured by satisfying the Courant—Friedrichs—Lewy (CFL) criterion as shown in
the EQuATION (1.10)

2

Werit

ot = (1.10)
where 0t is the time step, wey is the maximal natural frequency of the FEM. we,; is
expensive to compute. It can be proved that we, > w¢;, where wg;, is the maximal
natural frequency of the critical element. In practice, it is preferred to use wgy.
This condition introduces a dependency of the time step to the element size. The
smaller the element size, the lower the time step and the higher the computational

cost of the finite element problem.
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a-Method (Hilber-Hugues-Taylor Method) As highlighted for Newmark
schemes, a trade-off between second order accuracy and high-frequency dissipations
is needed. The o method allows conserving the second order accuracy while intro-
ducing damping for high-frequency. The EQUATION (1.6) is modified by introducing
a parameter « as shown in the EQUATION (1.11).

May, 11+ (1 4+ @)Cvpy1 — aCuv, + (1 + )Kd,, 11 — aKd,, = F(t,+1 + adt) (1.11)

By choosing a = 0 the classical Newmark scheme is found. An unconditionally stable
and second-order accurate is found using the parameter in EQUATIONS (1.12-1.14).
Moreover, high frequency dissipation is introduced (y > 1) for a < 0.

e {—;,o} (1.12)
V= ;(1—200 (1.13)
B = i(l —a)? (1.14)

1.3.2 Damage modeling

The modeling of each damage mechanism (matrix cracking, delamination, fibre
breaks) is implemented using damage laws. These damage laws are first estab-
lished at the Gauss point scale before being implemented in a finite element code.
The first step ensures that :

o The thermodynamical framework is fulfilled (irreversible nature of the dam-
age);

o The different stages of the law are respected (elastic phase before the onset of
damage, post-peak softening stage);

Two sorts of formalism can be found. The first one is continuum damage mechan-
ics (which does not introduce any discontinuity in the mesh). The second one is
discrete damage modeling (failure creates a discontinuity in the mesh). The Fia-
URE 1.34 presents the two different frameworks for discrete and continuum damage.
An overview of the different damage modelings encountered in composite laminates
is presented in the following.

1.3.2.1 Delamination modeling

As explained in the previous part, the delamination is a crucial damage mechanism;
it characterizes the damage of the interface that bonds two plies. Thus, the fracture
path is commonly known. Two modeling strategies exist, The first one is based on
fracture mechanics and the second is based on damage mechanics.

Fracture mechanics approach For instance, the Virtual Crack Closure Tech-
nique (VCCT) allows calculating the energy release rate. It has been used in |

| to determine the critical energy release rate for a double cantilever
beam test (DCB). However, as far as we know, this method has not been extended
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Finite element modeling Experiment

Impact dynamic

QP Continuum damage
Damaged Gauss point

B Discrete damage

Non-linear geometric formulation Contact mechanics

Figure 1.34: Modeling strategies for the different damages and nonlinearities occur-
ring in LE/LV impact

to LE/LV impact simulations. Indeed, the first drawback is that a crack has to be
inserted for this methodology. In impact, not all the interfaces are delaminated;
therefore, it is impossible to guess where cracks must be positioned. Besides, oscil-
latory singularity exists for a crack located at the interface between two different
materials. The calculated strain energy release rate in modes I and IT depend on the
mesh size near the crack tip. [[Krueger et al., 2013] have proposed some practical
rules to overcome this problem by restricting the element size in front of the crack
tip regarding the thickness. The authors have shown that minimal variation of the
mode mixity is observed by respecting the criterion presented in EQUATION (1.15).
Nevertheless, it introduces a mesh size condition:

1 oa

where da is the element size ahead from the crack tip, h is the thickness of the ply.

Damage mechanics approach The other delamination modeling strategy is
based on damage mechanics using CZM. Cohesive elements of a defined thickness
are inserted at the interface between two plies, as shown in FIGURE 1.35. Usually,
the element uses zero thickness. The element technology is eight nodes with four
integration points. CZM allows the onset and the propagation of the delamination
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e Nodes of bottom element ® Undamaged cohesive element (COH3DS)
» Nodes of top element B Fully damaged cohesive element
3D element (C3D8) m Overprinted nodes of top and bottom
No damage Mode I Mode II Mode IIT

‘172

Figure 1.35: Cohesive element schematization and failure modes encountered in
CZM

to be modelled. A traction separation law [Hillerborg et al., 1976] is used with two
criteria, one defining the damage onset at 0., and one governing the energetic dissi-
pation G during the post-peak softening stage, as illustrated in FIGURE 1.36. The
formulation is different from classical damage mechanics laws [Hou et al., 2001] as it
is expressed in stress-displacement jumps (0 — Au). Consequently, the integration
of this law provides a surface energy density (Jmm™2), which allows the clinging to
fracture mechanics with the concept of energy release rate G.. A damage variable d
characterizes the interface state. The damage variable affects the numerical stiffness
K°% linearly. When d=0 the interface is sound, d = 1, the interface is fully damaged,
and a surface energy equal to G. has been dissipated. FIGURE 1.35 presents the
different modes. When the modes are combined (mixed-mode loading), the CZM
shows its powerful interest as the mixed-mode law parameter (0., G.) shown in gray
in FIGURE 1.36 are computed using mixed-mode initiation and propagation criteria
[Camanho and Davila, 2002] [Turon et al., 2010].

Single-mode loading Mixed-mode loading

A TA
g

Figure 1.36: Traction-separation law defined for single and mixed-mode loadings
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Drawback of the CZM The first disadvantageous factor of CZM is the mesh
requirement. A process zone is required to capture the softening ahead of the crack
tip accurately. The process zone corresponds to the area where d € [0, 1]. The dam-
age gradient in the process zone is characterized by a cohesive zone length [., where
le. < G./c%. The process zone needs a sufficient number of elements to capture the
gradient accurately. In | ], empirical rules have been established

l
to estimate accurately the process zone with an element size h < —. It leads to a

dependence of the process zone on the interfacial properties. The second drawback
of the CZM is the numerical convergence difficulties encountered with this model.
In | |, the author has studied the convergence rate for classical DCB
and mixed-mode bending tests (MMB) simulated in an in-house FE code. It has
been shown that a high amount of iterations is required to obtain the convergence
of the increment using a Newton-Raphson algorithm. Indeed, by analyzing the con-
vergence rate at each iteration, the author concluded that the delamination progress
bounds the convergence. In other words, the delamination cannot propagate more
than one element between two iterations. Besides, he proposed a practical recom-
mendation to deal with unstable delamination propagation using an implicit solver.
Classical snap-backs are shown when delamination becomes unstable, making the
convergence unlikely. Thus, inertial effects are introduced by switching the analysis
from static to dynamic, reducing the instability’s roughness at the cost of very low
time increments.

Another possibility consists in introducing viscosity in the traction-separation
law; the problem becomes rate-dependent by bounding the damage variable
[ |. The critical limits of this method are that viscosity in-
duces energy dissipation, and the mechanical solution must not be degraded when
a viscous parameter is introduced.

1.3.2.2 Matrix cracking modeling

The modeling strategy of intraply matrix cracking is more divided within the sci-
entific community than the delamination modeling. Two methodologies exist, the
first is discrete damage modeling, and the second uses continuum damage mechan-
ics. Hereafter, we will discuss the capabilities of these models to predict matrix
damages in composite laminates.

Discrete damage approach One of the specificities of UD composite laminates
is that the topology of the matrix cracks is parallel to the fibres. Thus, it is an
advantage to model this damage using discrete cracks. In |

|, an oriented mesh parallel to the fibre direction in each ply has been devel-
oped. Cohesive elements parallel to the element longitudinal 1-direction are then
inserted between the elements. A schematic of the strategy adopted is presented in
F1GURE 1.37. The cohesive element integrity is verified thanks to a failure criterion
applied on the integration point of the volume element neighboring the cohesive
element. The failure criterion is a classical Hashin criterion presented in EQUA-
TION (1.16). By satisfying this criterion, it leads to the brittle failure of the cohesive
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element leading to the matrix crack.

ne () () + () 110

where (), is the Macaulay brackets. In [Sun et al., 2016], quasi-static indentations

45° cohesive element for matrix cracking
0° cohesive element for matrix cracking

45° volume element

0° volume element

Figure 1.37: Matrix cracking modeling in DPM

interface [0/-45]
] Matrix splitting & delamination
0° ply

Figure 1.38: Interaction between matrix splitting occurring on the lower 0° ply with
the delamination of the 0°/45° interface above. Image generated using DPM

have been simulated with different models. The models have been defined in func-
tion of the number of intralaminar cohesive elements inserted to model the matrix
splitting occurring (from 0 to 6-splits). In this study, the authors used a traction-
separation law presented previously with a mixed-mode quadratic criterion for the
onset of damage and a mixed-mode power-law criterion for the damage propagation.
The authors have shown that the model using 6-splits obtained the best results; it
allows capturing accurately the delamination induced by matrix cracks. In impact
or QSI, there is a strong coupling between matrix cracking and delamination. In
F1GURE 1.38, matrix splitting occurring in the lower ply of a laminate is modeled us-
ing discrete elements. The delamination follows the matrix splitting by superposing
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the upper cohesive interface [0°/45°], the delamination follows the matrix splitting.
Indeed, the use of discrete damage for matrix cracking modeling with CZM allows
representing the strong coupling between the two mechanisms.

Another method to simulate matrix cracking while guaranteeing the mesh con-
tinuity is X-FEM family. The latest improvement of X-FEM method (RX-FEM)
developed in | ] has been used in | |. The au-
thors have simulated Compact tension (CT) test with an arbitrary mesh, RX-FEM
modeled the matrix cracking. The authors have considered the LaRC04 failure cri-
terion for matrix cracking onset; once satisfied, a crack is inserted while conserving
the mesh continuity. This method is based on an enrichment of the degrees of free-
dom of the displacement node. A gradient zone replaces the surface of each crack;
the fracture surface energy is computed using cohesive energy in the gradient zone.
The propagation is controlled by a traction-separation law using node displacement
jumps. The authors have shown a striking correlation with the u-CT as shown in
FIGURE 1.39.

Figure 1.39: Comparison of damages obtained using RX-FEM on the left and X-ray
on the right | ]

To summarize, discrete matrix cracking represents the topology of a matrix crack
very well. However, it has a cost, heavy computational times are required as the ma-
trix crack strips are inserted between two neighboring volume elements, and nodes
are doubled. Another drawback is a strong hypothesis on the crack fracture plane.
In the literature the angle of the crack plane depends on the loading state, as shown
in [ |. The cohesive elements are inserted parallel to the
longitudinal direction of the element with presupposed 90° fracture crack plane,
which allows for making a not complex meshing. Of course, RX-FEM solves the two
previously exposed problems with the use of LaRC04 criterion, enabling to deter-
mine the crack angle plane and mesh continuity without nodes doubling. However,
its implementation in commercial codes is not available. The continuum damage
framework provides the flexibility of damage laws without shape’s restriction. At
the same time, it is more suitable for diffuse damages as no guess on the crack
location is needed.

Continuum damage approach By conserving the mesh continuity, Continuum
damage model (CDM) is used to predict the failure and the post-peak softening due
to a crack. The damage model is composed of a failure criterion as presented for
the discrete model. Once the criterion is fulfilled, the failure is initiated, and the
softening is obtained using a damage law evolution; this law controls the growth
of the damage variable. Then, the damage variable affects the stiffness/compliance
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components to express the damaging effect. Different scales for CDM exist (micro-
scopic, mesoscopic, and macroscopic scale). The better compromise found in the
literature is CDM using the mesoscopic scale, as it describes the damage mecha-
nisms accurately at the ply scale. Therefore, two frameworks will be discussed. The
first is a mesoscopic framework (at the ply scale), and the second is a multiscale
framework.

Mesoscopic CDM In the mesoscopic damage model, the ply is homogenized.
A failure criterion at the ply scale is considered. Several failure criteria have been
developed to predict the transverse cracking for combined loadings |
) ’ ] In [ ]7
the authors have used two different transverse cracking criteria depending on the
sign of the transverse stress. They used a modified formulation from |
| ¢o— for combined shear and transverse compressive stresses. In-
deed, rather than using the strength measured in the UD test (S, Sr), they have
adopted the in situ strengths (Y., Sr), which depend on the ply thickness and are
calculated numerically. For combined shear and transverse tensile stresses, the cri-
terion proposed in [ | has been adopted ¢o . In |
], the LaRC04 criterion has been considered for the prevision of the failure and
the fracture ply angle. The damage model finds its foundation in the irreversible
thermodynamics framework. The positiveness of the damage rate d > 0 ensures
the thermodynamic framework (damage could only grow). Two different fracture
plane angles are considered (0° for transverse tensile stress or shear stress combined
with minor transverse compressive stress and 53° for uniaxial transverse compressive
stress). For the softening regime, the author used an exponential damage law with a
crack band formulation to ensure the correct energy dissipation within the element.

Multiscale CDM Multiscale approaches represent the behavior of composite
materials at the scales where the damage mechanisms are observed |
, ]. Tt links the damaged behavior at mesoscopic (transverse
crack) and microscopic (fibre/matrix debonding) scales. In [ ],
the mesoscopic damage model is formulated using the free energy per unit volume
FE4. Two mechanisms, diffuse damage and transverse cracking damage, are modeled.
Their driving forces are calculated by deriving the free energy according to their
damage variables, as shown in EQUATION (1.17). Diffuse damage represents the
failure occurring at microscale in the matrix. Three damage variables define this
mechanism (d for in-plane transverse shear, d’ for transverse tensile stress, and da3
for out-of-plane shear). The damage variables are calculated using an evolution law,
as presented in EQUATION (1.18), where Yj, Y. are material parameters. Moreover,
inelastic strain is modeled using a plasticity model with isotropic hardening.

_0E,

Y, (1.17)

ad
d — M (1.18)

VY~ VY
Multiscale modeling takes part in transverse cracking damage. Indeed, the au-
thors have developed a micro-meso bridge to represents the mechanical degrada-
tions occurring at the microscale in the mesoscale modeling. The idea is reported

44



Chapter 1 State of the art of low-velocity impact damages on laminated composite
materials

in FIGURE 1.40. Two cells are considered. Discrete cracks (transverse cracking and
delamination) are considered on the left. A mesoscopic approach is considered (ho-
mogenization at the ply scale) on the right. The same loading is applied for both
cells. The goal is to establish the equivalence between these two modeling by moving-
up damage effects occurring with the discrete vision toward the mesoscopic diffuse
one. Three additional mesodamage variables are introduced for the degradation due
to transverse cracking occurring at the microscopic cell. These three damage vari-
ables (czlg, doo, Jgg) depend on functions defining the microcracking rate p. These
functions are obtained numerically thanks to the micro/meso bridge. This micro-
meso bridge introduces a physical meaning by introducing the transverse cracking

rate. An opening of this model has been performed toward quasi-static indentation
in | ] and | ]-

Micro Meso

Equivalence of the two approaches

Figure 1.40: Two different scales presented for the micro-meso bridge establishment

[ ]

Another multiscale model developed at ONERA within World Wide Failure Ex-
ercise I[II (WWFE) | | is presented. The proposed approach defined
by the authors considers a 3D progressive damage model based on observable phys-
ical variables. These two variables are the normalized crack density p and the local
delamination induced by matrix crack p. The authors have considered a nonlinear
visco-elastic model to simulate the viscous behavior of UD ply during off-axis load-
ing occurring before damage. The nonlinear nature of the law is explained firstly
by the inherent behavior of the matrix. The second source of nonlinearity describes
the effect on the viscous compliance tensor of the micro-damage occurring at the
microscale (fibre-matrix debonding, matrix cracks). Moreover, a permanent strain
is introduced in the model to express the residual strain induced by that micro-
damage. The damage model considers four inter-fibre failure (IFF) modes. There
are characterized by their failure criteria (f5, fi, f3, fof). The criterion f; for
transverse tensile strength, or combined low compressive and high shear stresses,
involve the use of p and p, which are represented in FIGURE 1.41. These two dam-
age variables are strongly connected. The local delamination is initiated only at
the tips of transverse cracks. Besides, local delamination tends to slow down the
evolution of the transverse matrix crack density. The authors have considered three
thermodynamic forces (yr, yrr, yrrr), which depend respectively on the transverse
stress g9, the in-plane shear stress 012, and the out-of-plane shear stress o93. The
damage is onset if the thermodynamical forces exceed the thermodynamical force
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thresholds. The threshold depends on the ply thickness h as mentioned previously.
Once the failure criterion is fulfilled, p and i are calculated using an implicit for-
mulation. Then, the softening is performed by increasing the compliance tensor
components. The damage effect on the compliance components is quantified using
a Finite element (FE) numerical approach. A representative periodic cell is defined
for a given crack density and the associated local delamination rate.

14

-
-

™

Transverse cracking

Y

micro-delamination

80 um

Figure 1.41: Matrix cracking density and micro-delamination described in a micro-
graph observation using a SEM [ONERA]

Reflection on the different matrix cracking modeling approaches Two
damage modeling approaches have been presented for matrix cracking, showing their
strength and limitation. Discrete damage allows capturing with high fidelity the
matrix cracking. Moreover, the discontinuity created after the failure reproduces
the load transfer observed experimentally. However, it requires critical algorithmic
means as cohesive elements are inserted between two neighboring elements.

The CDM allows freedom in defining the architecture of the damage model. The
continuum mechanics framework is available as no discontinuity is introduced in
the mesh. For diffusive damage, the CDM shows a particular interest, no guess on
the damage location is needed. However, CDM faces some issues. The first is the
localization problem during strain-softening. Indeed, if the damage model consid-
ers strain-softening constitutive behavior, it will lead to damage localization in an
element strip. The problem introduces a spurious mesh-size dependence which can
lead to null dissipated energy if the element size tends to zero. In the next section,
more details will be given on this pathology and how to overcome this issue. The
second drawback of CDM is the material parameters identification. The higher the
number of parameters, the more complex the identification, and the farthest the
implementation in commercial codes and its utility for industrials. A primary focus
in damage models establishment with a reasonable complexity is necessary. Finally,
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for complex loading, where interactions between damages will occur as for impact,
CDM suffers from a lack of information exchanges between the different damages.
Indeed, the interaction observed experimentally between matrix cracking and de-
lamination is not reproduced when intraply damage mechanisms are modeled using
CDM and delamination with discrete damage (cohesive element). Strategies exist to
overcome this situation, such as those developed in | | and ap-
plied in | ]. The authors have performed a methodology mixing CDM
and discrete damage to predict the failure of a composite plate with a geometrical
accident (open hole plate or double-edge notched laminates). Large splittings occur
around the critical zone, and CDM cannot capture the discrete crack due to split-
ting resulting in no accurate interaction with delamination. Therefore, the authors
have used a criterion to identify each point where transverse microcracking density
is due to shear. Once the points are determined, the simulation is restarted with
discrete cohesive cracks inserted at the location where the criterion was fulfilled.
The drawback of that methodology is that possible re-meshing is required to be
compatible with the split growth. Another possibility that will be discussed later is
to use an artificial coupling between intraply CDM and CZM by reducing the me-
chanical interface property when the volume element above or under the interface
is damaged.

1.3.2.3 Fibre breaks modeling

The fibre breaks are a considerable dissipative mechanism. The non-inclusion of
their modeling in simulations will lead to incorrect failure scenario establishment.
As failure mechanisms differ in traction and compression, academics use different
laws to describe the behavior.

Fibre breaks in traction Different approaches exist to treat the fibre failure, in
[ | the authors have used a Weibull statistical framework. The
theory proposed by Weibull supposed that statistically distributed flaws govern the
strength of fibres. The failure criterion is expressed according to a probability density
law where the assumption of equal probability of survival at ogjue is assumed. The
criterion is evaluated at post-processing at the centroid of each element. Another
approach is based on CDM | , ,
: | for instance. In | |, the authors have

considered a simple maximum stress criterion for the onset, whereas in |

, |, a maximum strain criterion was considered for
the onset. The approach adopted in | | is more enriched, a strain
criterion is considered, and microdamages occurring in the matrix are degrading the
failure strain. Concerning the softening part of the model, crack band theory governs
the softening, which allows dissipating the right amount of energy in |

) ’ ] In [ ]7
a damage variable is calculated using a damage kinetic function. The softening is
taken into account by increasing the compliance component tensor in direction 1.

Fibre breaks in compression The approach used for longitudinal compressive
failure is more complicated. The neighboring state of the matrix strongly influences
fibre behavior. Moreover, fibre is susceptible to buckle in the plane 1-2 (red) or 1-3
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(yellow) as illustrated in FIGURE 1.42. In | ], the failure criterion
fi— determines the failure plane using the EQUATION (1.19).

2

1 Kinking fracture plane

Figure 1.42: Possible fracture planes occurring during fibre kinking

max (\/9711(011 —03i)? + 9131_7—121') (1.19)
The originality of this criterion is the awareness of transverse compressive normal
stresses which prevent fibre from buckling using the material parameter g}~ g/~ is
a material parameter expressing the influence of shear on the kinking.
The presence of debris after failure has conducted some authors to introduce a
residual strain to underline the inelastic character of the fibre kinking. In |
], the damage law is illustrated in FIGURE 1.43. Once the strain reaches
el the softening is initiated. The residual strain €, starts to increase. When the
stress reaches the critical crushing stress o, the residual deformation is increased
at each increment by d(¢)_. The residual strain accounts for the debris induced by

the fibre kinking.

1.3.2.4 Regularization in presence of material instability

As presented previously, one of the main drawbacks of CDM is the damage local-
ization which results in spurious mesh dependency when the mechanical problem
is discretized using FEM. Before introducing the regularization methods to over-
come this material instability, a first focus on how the mechanical problem becomes
ill-posed is discussed.

The linear rate boundary value problem The mechanical problem formulated
in velocity is presented in EQUATIONS (1.20-1.22).

.1 T
=3 (Vv+V'v) (1.20)
o= V(&) + of (1.21)
o=C:¢ (1.22)
where [] = %, ¢ is the strain, o is the stress, p is the density, f is the volume force

and C is the fourth-order stiffness tensor. The stability of the problem is guaranteed
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Figure 1.43: Damage law for fibre breaks in traction and compression in DPM

by the HILL local condition defined in EQUATION (1.23)
&:é>0. (1.23)

Using EQUATION (1.22), it leads to EQUATION (1.24) which ensures the uniqueness
of the solution if and only if for whatever values of &, the positive-definiteness of the
material stiffness tensor is fulfilled:

el :C:¢>0. (1.24)

In general, EQUATION (1.24) is satisfied for a linear elastic problem, the uniqueness
of the solution is ensured. However, the uniqueness is not guaranteed when the
problem includes strain-softening or a material constitutive model leading to a non-
symmetric stiffness tensor. EQUATION (1.24) is violated, which leads to material
instability with bifurcation modes.

The nonlinear rate boundary value problem The framework of CDM with a
damage variable d which affects the stiffness tensor components is now considered.
Let’s call H the damaged stiffness tensor for now with H = C(d).

c=H:é (1.25)

Let’s consider a plate in traction at ¢, with a homogeneous state (og, €, do, €9) as
shown in FIGURE 1.44. At time t; a bifurcation occurs, resulting in the creation
of a discontinuity band characterized by the state (og, €, 01, ;) and its normal
n. At the two interfaces I'1(¢) and I'y(t), the continuity has to be controlled using
EqQuATION (1.26). Hadamard’s conditions which define the conditions for jumping
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across a discontinuity surface, are used for 7, € and ¢ in EQUATION 1.27. Then, by
linking the two last EQUATIONS of 1.27, it leads to EQUATION (1.28).

om=0omn < [on]=0 (1.26)

[€i;] = 5(gin; + gins)

%ZH;]] _:Cijnj (1.27)
[o4] = —coy;
oV - (6)] = —[6n] (1.28)

where [-] = (*)iefs — (*)right is the jump of the quantity under the bracket, g is a vector
defining the bifurcation mode, ¢ is a scalar parameter, and « is a tensor composed
of constants.

EQUATION (1.29) is then obtained using EQUATION (1.28), and the two first
EqQuaTIONS of (1.27) in EQUATION (1.29), the volume force is omitted. Assum-
ing the mass conservation across the discontinuity surface using [pc] = 0 leads to
EQUATION (1.30) which its solutions are given by solving EQUATION (1.31). It
defines the localization condition, where the bifurcation modes g are found when
the tensor [n - H - n] is singular. This condition is called loss of the ellipticity of
the equilibrium equation in velocity. Physically, it corresponds to the presence of
stationary acceleration waves. The tensor n - H - n is called acoustic tensor as pc?
corresponds to the eigenvalue of the acoustic tensor in the direction n.

n-H-n-g=pc’g (1.29)
n-H-nj-g=0 (1.30)
detin-H-n] =0 (1.31)

EQUATION (1.31) characterizes the presence of instability. The discontinuous band
localization occurs when EQUATION (1.31) becomes negative. When the problem
is discretized using finite elements, the damage will localize in a strip band of one
element width. It leads to incorrect energy dissipation as the smaller the element
size, the smaller the dissipated energy. Indeed, the dissipated energy depends on
the element volume (€4 = f(Veem))-
The analysis leading to material instability has shown that the positive definiteness
of the material stiffness is violated in the presence of strain-softening constitutive
behavior. Two criteria have been established in | ,

, ], which define the localization conditions.
These criteria allow identifying the critical requirements of localization occurrence.
To overcome this difficulty and keep the well-posed mathematical problem, different
methods can be found in the literature.

1.3.2.5 Damage regularization in presence of strain-softening constitu-
tive behavior

In this subsection, we will review the different regularization methods in order to
avoid material instability and recover the uniqueness of the solution. Two families
exist, considering either a temporal or a spatial regularization of the damage.
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Figure 1.44: Band discontinuity occurring during the softening. Loss of uniqueness
of the solution after strain-softening onset

Viscous characteristic time In a damaged material, the propagation of the
elastic waves slows down in the presence of flaws or cracks. Thus, it has motivated
[Ladeveze, 1992] to limit the damage rate evolution using a delay effect on the dam-
age variable. In [Deii, 1997], the author has shown the limits of the damage rate
evolution shape proposed in [Ladeveze, 1992]. Indeed, if a sudden failure occurs, the
damage rate will be increased without limitation due to the increase of the driving
force, which will lead to damage localization. Thus, in [Allix, 2013], the authors pro-
posed limiting the damage rate using a new law, as presented in EQUATION (1.32).
It can be seen that if the driving force grows suddenly, the evolution of the damage
rate will be bounded by a characteristic time 7, '. The advantage of this method
is that even in the presence of sudden failure, ellipticity or hyperbolicity problem is
recovered, avoiding these bifurcation modes and damage localization.

d= (1~ expl(—ald, — d),) (1.32)

where 7, is a characteristic time, a is a material parameter to identify, ds is the
computed damage variable for a designated driving force Yy, and d is the damage
variable. The disadvantages of using viscous regularization are:

o The viscous parameter bounds the damage evolution resulting in a rate-dependent
mechanical problem;

e The parameter 7. has to be as small as possible to not distort the solution
while regularizing the problem (additional viscous energy);
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o The validity framework is more arguable in quasi-static loading, resulting in
important characteristic time;

An alternative to maintaining the problem rate-independent while regularizing
the solution consists of using internal spatial lengths. Two different methods used
in the literature will be presented. The first one is based on crack band theory, and
the second corresponds to introducing gradient damage models.

Crack band theory The first solution is the resort of crack band theory de-
veloped in | ]. This method does not allow for retrieving the
ellipticity /hyperbolicity of the mechanical problem. On the contrary, it uses the fact
that damage is localized on an element strip to link the fracture toughness G. to
the energy density stored in the Gauss point W, by introducing an internal length
L.. By choosing the internal length to be equal to the element size related to the
fracture width L. (FIGURE 1.45), the damaged stiffness slope has to be adjusted to
ensure that the dissipated energy equals G.. The authors have shown that simu-
lations performed with different mesh sizes (therefore different values of L) yield
to identical results. This method was introduced in | ,

, | to predict the fibre failure of composite laminates
subjected to impact.

The disadvantages of using crack band method are :

e The crack band does not solve the material instability due to strain-softening,
it deals with it. Therefore, care must be taken with the choice of the internal
length to dissipate the right amount of energy;

e The theory proposed by Bazant has been established with structured mesh
without bias. If oriented mesh will is used, it will localize the damage into a
strip of element-oriented by the mesh;

o The internal length choice have to be perpendicular to the fracture plane.
In composites, thanks to the anisotropy of the material, the fracture path is
supposed to be known;

o« When cracks are oriented at 6° according to the mesh line, the crack shape
will follow a zig-zag path. It can therefore be difficult to guess the internal
length that has to be chosen. Moreover, the damage tends to be trapped by
the local orientation;

Gradient damage models An internal spatial length is introduced into the gra-
dient damage model. However, unlike the crack band, this internal length restores
the well-posed mathematical framework. Damage is smoothed around a zone con-
trolled by the internal length, which avoids a sharp gradient. Two different gradient
damage models are prevalent in the literature, the non-local damage model and the
phase-field approach. These two methods will be exposed in the following.
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Figure 1.45: Internal length chosen to link the fracture toughness with the elastic
energy density

Non-local damage Different formulations of non-local damage have been pro-
posed in the literature. This theory aims to smooth the sharp gradient of a localized
quantity thanks to an internal length. This internal length allows an averaging over
a volume of the localized quantity. In | ,

| the authors have proposed to delocalize the variables
responsible for strain-softening while keeping the local character of the constitutive
behavior (Hooke’s law). In other words, the damage variable responsible for the
softening is averaged in a volume defined by the internal length. EQUATION (1.33)
defines the averaged quantity:

- 1
a=1r /V a(s — x)d(s) AV (s) (1.33)

where d is the localized damage variable, V, defines the volume of material in-
homogeneities. The variable d will be spread only within the boundary of V..
The spatial averaging operator « characterizes this spreading. An adaptation of
EqQuATION (1.33) performed in | ] makes the concept of delo-
calization more understandable and more suitable for FE. Indeed, as proposed in
EQUATION (1.34), ¢ defines the internal length squared. The higher ¢, the more
the quantity X is spread out. This formulation allows a simpler discretization in
FE since it involves only gradients that can be held by FE, whereas the initial
formulation requires a convolution operation.

X =X +cV?X (1.34)

The internal length squared ¢ finds its justification as a material property. It defines
the surrounding zone where material inhomogeneities such as micro-cracks are found.
In | |, the author tried identifying this material parameter for 3D woven
composites using compact tension tests. The advantage of non-local damage is that
its combination with a CDM is straightforward. However, the main drawbacks of
non-local damage are :
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e No control on the damage spreading is performed, resulting in an oversized
damaged zone; thus, describing sharp cracks as fibre failures remains very
difficult;

o As the damage extends, the value of the damage variable increases with diffi-
culty and does not reach its maximum value. It results in high residual stresses
after failure that inaccurately describes the failure of some mechanisms;

e The control of the dissipated energy is difficult as CDM provides a volume
energy density which is not correlated to the fracture toughness G.;

o The choice of the variable to be delocalized can influence the damage threshold.
Indeed, if the driving force is delocalized, the driving force will reach the
damage threshold more lately. Thus, we must reflect on what variable we
should have to delocalize;

In order to limit the damage spreading, some authors have studied the possibility
of introducing a decreasing internal length | , ,

|. For quasi-brittle material, diffuse damages precede the
localized macro-failure such as fibre or matrix failure. It justifies the approach
used in | |, where the internal length is weighted by an interaction
function. This interaction function decreases when the damage variable increases. In
[ ], EQUATION (4.2) has been modified by replacing the parameter c
with a variable & which defines the gradient activity. The finite element formulation
has been enriched by one degree of freedom which describes the state of £&. The
evolution of the variable ¢ is a function of a strain threshold. £ evolves until the
strain reaches the strain threshold. Once reached, £ is fixed.

Phase-field damage gradient Another gradient damage family introduced
by | , | is based on the variational
approach of the fracture mechanics theory introduced by Griffith and presented in
EQUATION (1.35). The total energy &(u,¢) takes the contribution of the elastic
bulk energy €, the fracture energy g, and the external potential energy P(u).

@bulk Gfrac

e(u.0) = | g(@)o(cw)aV + [ Go(o, Vo)V —Pw)  (135)

where g(¢) is the degradation function, 1y is the elastic potential energy density,
u is the displacement and ¢ the damage variable. A sharp crack defined by a
crack surface I' is approximated by a regularized crack surface I';, using a diffuse
damage variable ¢. ¢ is diffused in the neighborhood thanks to an internal length
ly. FIGURE 1.46 illustrates the concept. The phase-field attenuates the strong
gradient by stretching the Dirac-like discontinuity into a bell characterized by an
inner length. This approximation is performed using EQUATION (1.36).

W.(T) = /F G.dS ~ /Q Cory(6, V) dV (1.36)

The fracture energy W.(I') defined by a surface integral is approximated using a
volume integral. A function + is introduced depending on the damage ¢ and its
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Discrete crack Phase Field

Figure 1.46: Solid body 2 subjected to a discrete sharp crack on the left and a
diffuse crack using the phase-field framework on the right

gradient. Different choices of the gamma function exist (AT1, AT2) as presented
in EQUATION (1.37). These formulations are presented in [Wu and Nguyen, 2018]
and satisfy the I'-convergence (the regularized crack surface I'y converges to a sharp
crack when £y — 0)

{v(qﬁ,W) =0+ (V6 V9)) for ATI (.37
2

Y(p, Vo) =1(¢? +2(Vp-Ve)) for AT2

The internal length ¢y, governs the width of the diffuse crack by controlling the
spatial operator. Thus, the higher ¢y, the more important the spatial operator V¢
acts.

The formulation is sophisticated as the fracture toughness G, is introduced. It
links the damages occurring in the volume with G, thanks to the internal length
ly. As the formulation was developed for isotropic material, g(¢) degrades all the
stiffness tensor components. More recently, the phase-field has been used to model
the failure for composite materials [Bleyer and Alessi, 2018, Quintanas-Corominas
et al, 2019]. In [Bleyer and Alessi, 2018], the authors developed an anisotropic
phase-field formulation. Different damage mechanisms such as fibre failure and
matrix cracking are modeled with two phase-field damage variables.

The disadvantage of the phase-field is the strong interdependence between the
peak stress 0., G. and . The choice of two parameters affects the third one. In [Wu
and Nguyen, 2018], a modification of the degradation function g(¢) has revealed an
insensitivity to the length scale. However, the resolution of the phase-field problem
becomes nonlinear.

Which regularization method should be chosen ? The different presented
methods have shown their strengths and their weaknesses. Implementing a regu-
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larization method in a finite element code must be the least intrusive for easier
implementation in commercial codes. Viscous damage and the crack band are good
candidates for efficient implementation in commercial FE codes. Non-local damage
and phase-field have shown strength in avoiding material instabilities while stay-
ing rate independent. Non-local damage allows freedom in the local damage law
establishment; however, the local damage kinetics is no more ensured due to the de-
localization. The phase-field uses a variational approach to the brittle failure, which
is not a damage law, the framework is therefore imposed. The implementation
of the gradient damage is performed using two algorithm resolution strategies. In
[ ], the author has shown that solving the global problem by minimizing
the functional energy for the couple (u, ¢) is difficult using a monolithic resolution.
The author has used another resolution method called the alternate scheme. This
resolution method has revealed robustness, a key parameter for use in the industrial
context. However, it is intrusive and difficult to implement in a commercial code.

To conclude, using the crack band and viscous damage are not intrusive and
allow a fast implementation with freedom in stress-strain behavior law. The gradient
damage models are perfect candidates for regularizing the solution. However, their
implementations in commercial codes are "pretty heavy".

1.3.3 Simulation of LE/LV impact using FEA

The previous sections have described the FEM and the damage laws used to model
each damage mechanism. The simulations using FEA of a LE/LV impact will be
presented now. Several studies can be found in the literature. Almost all of the
works are considering an explicit solver | ,

, , |. However, in | ],
impact simulations using an implicit solver have been performed. It is interesting
to notice that implicit solvers avoid using significant loading rate or mass scaling to
perform compression after impact simulations as required in an explicit framework.
The predictive capabilities of the different models are evaluated by comparing the
numerical macroscopic responses (load-displacement, load-contact time, dissipated
energy) with the experiment results. The projected damaged area obtained from
simulations is usually compared with a classical C-scan image (FIGURE 1.48). How-
ever, in some studies | , , ],
advanced comparisons with CT images have been performed. Indeed, in |

| the simulated interface damages have been compared with CT-scan
slices for a 16 plies laminated composite impacted at 10 J.

To conclude this part, advanced comparison with X-ray and other experimental
data (advanced instrumentation) are needed to evaluate the predictive capabilities
of impact models. Few studies have shown deep comparisons where the interply and
intraply damages are confronted with the experimental results. Moreover, |

| have shown that simulations using implicit solvers can be carried out
despite the rough impact problem. Studies need to be continued on the simula-
tion using implicit dynamics, which guarantees the reliability of the results as the
convergence is fulfilled.
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Figure 1.47: Comparison of the projected delamination area between C-scan image
and FE simulation on a 24 plies laminated composite material impacted at 55J

[ ]

1.4 Behavior of composite laminates subjected to
CAIl

As detailed previously, LE/LV impact induces different damages presenting a strong
coupling between intra and inter-ply mechanisms. The multi-delamination occurring
in wide interfaces is the most critical damage resulting in the drop of the flexural
modulus. If an impacted sample is loaded in compression for composite laminate,
catastrophic failure may occur as the laminate is subdivided into sublaminates which
favors the local buckling possibility. Therefore, compression after impact is the crit-
ical reference test to estimate the residual performance of composite laminates after
impact. In the literature, authors classically use the | ] to evaluate the
residual strength of composite laminates with a more or less enriched instrumenta-
tion (fibre failure tracking using IRT or detection of buckling initiation using DIC).
Once performed, academics model the CAI test using FEA to estimate the sim-
ulated residual strength. The following sections will discuss the experimental and
numerical academic methodology to evaluate the residual compressive strength after
impact.

1.4.0.1 Experimental analysis of CAI performed by academics

As the residual compression strength is the most concerning data for category 1
substantiation, the comprehension of the damage mechanisms occurring during a
CALI test is essential for designing criteria from an industrial point of view. In the
literature, many studies have considered CAI tests using the classical experimental
setup | , , ,

, , ]. Numerous additional tools can be added
to the experimental setup to prevent buckling, these tools could generate additional
compliance and parasitic displacements. To ensure that the loading is well dis-
tributed along the plate, strain gauges can be used during the test as in |
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Figure 1.48: Comparison of the delamination between CT-scan images and FE
predictions on a 16 plies laminated composite material impacted at 10J |

]
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][ ]. As shown in FIGURE 1.8, the sample is guided with
anti-buckling rails and clamped using the retention plate. This arrangement allows
a large free area where instrumentations such as DIC and IRT can be used. Thus,
in | , , ], the authors have
placed cameras on both sides to perform DIC enabling to provide precious infor-
mation such as the knee-point where the local buckling is triggered. Three stages
shown in FIGURE 1.49 occur during a CAI test. The first one is a linear loading
until local buckling occur(A), then the local buckling is more pronounced (B-C).
Finally, the fibre break in compression is triggered until it reaches the plate’s edges
(D). The higher the impact energy, the earlier the buckling stress threshold. To
minimize the coupling between compression and buckling failure, it can be interest-
ing to investigate the CAI with more realistic structures such as aircraft stiffened
panels | | or wide panels | ]. In|

|, another experimental setting device was presented to estimate
the residual compression strength of 330 x 280 mm panels. A compression fixture
blocking the out-of-plane displacement while allowing a free window to perform DIC
has been considered. This method allows controlling boundary conditions while in-
strumenting the experimental test. It is interesting to notice that the plate was not
undergoing buckling thanks to its considerable thickness and wide dimensions. From
an industrial point of view, it is essential to separate a pure compression material
failure mode from a combined compression-buckling failure as the failure mecha-
nisms are different. The failure induced by a combined compressive and buckling
loading will occur prematurely to a pure compression failure. That is why industri-
als treat these two problems in two different manners (for a pure compression failure
mode, anti-buckling tools are introduced in the two different faces).

Figure 1.49: Out-of-plane displacement field on the impacted face obtained from
DIC, and showing the local buckling occurring during the loading |

]
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1.4.0.2 Simulation of the residual compression strength using FEA

The comprehension of damage mechanisms occurring during CAI is hardly under-
standable as sudden failure occurs. One solution consists of performing simulations
of CAI to understand the damage mechanisms occurring during the test. Simulating
CALI test involves already a robust simulation of impact damages which is challeng-
ing to achieve. Thus, few damage models can perform impact and compression
after impact [ ,

). The CAI step is performed
after the LE /LV impact, the boundary conditions are shown in FIGURE 1.50, the
rigid surface in green defines the anti-buckling system, a straight contact with the
plate is defined. A compressive displacement is applied at the top of the plate while
the bottom remains fixed. The residual compression strength test is quasi-static.
Performing such simulation in an explicit framework needs some strategies such as,
mass scaling or high loading rate to save computational times. If the material is
sensitive to the rate effect, leverage on the loading rate is impossible. Another solu-
tion using implicit dynamics as performed in | | is possible. In |

|, the authors have performed a sensitivity analysis on material param-
eters during the CAI test. It has shown that Gy has a considerable influence on
the buckling onset, the higher the delamination fracture toughness Gy, the lower
the delamination, and the later buckling occur. Besides the authors have shown
that the higher the material parameters describing the fibre break in compression
(the fibre fracture toughness Gy, and the compressive strength X.), the higher the
residual strength. It underlines the necessity to identify carefully these material pa-
rameters, which can play an essential role in the results. In | ]
the CAI simulation was performed using an explicit solver, the authors have shown
interesting results capturing the correct damage shape at impact and CAI. During
the loading, the compressive stress increases linearly with the strain. At a certain
point, the laminates buckle, which triggers fibre breaks in compression. Sudden fail-
ure occurs when the damages (delamination and fibre breaks) reach the plate edges
(F1GURE 1.50). The numerical simulations allow understanding that the failure is
explained by these two mechanisms (delamination and fibre breaks).
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Figure 1.50: CAI simulation performed using DPM, fibre damages growth during
the compression loading

1.5 Conclusion on the state of the art about im-
pact on composite laminates

In this chapter, an overview on impact damages in laminated composite materials
has been presented. Four foundations in the field of impact damage tolerance have
been presented. The first corresponds to the industrial approach which must meet
safety requirements defined by regulation authorities. It has been shown how diffi-
cult the substantiation is with lengthy and expensive experimental campaigns. The
approach defined by the standard is suitable for coupons. However, in aeronautics,
the scale is not limited to coupons. Substantiation must be proved that compo-
nents, structures have to be damage tolerant. Thus, aircraft manufacturers use a
pragmatic approach where the studying of impact damage at the mesoscopic scale
is not possible.

The second foundation is how the impact on composite structures has been placed
in the heart of concerns these last decades. Indeed, several experimental setup are
found in the literature with different means to inspect the structure and investigate
impact damages. Lastly, the progress on high-frequency monitoring with IR and
DIC has shown its strength in comprehension of impact physics on composite struc-
tures. The awareness of the different types of damage and the interactions between
the different damage mechanisms have enabled enhancing the damage resistance of
composite laminates with new material architectures.

The third foundation is numerical modeling. Numerical simulations can enable a
complementary with experimental testing with simulating configurations that have
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not been tested. Moreover, numerical models will allow understanding the dam-
age scenario occurring during impact tests. Several models exist, but few of them
simulate the impact damages with a good accuracy. Indeed, the complexity of im-
pact damages induces an inherent difficulty in modeling the damage mechanisms
accurately.

The last foundation, which is the main concern for the industrial, is the residual
compression strength of composite laminates. To substantiate category 1 impact
damage the residual strength must not be lower than the UL. Few numerical models
are simulating the CAI, as the accurate prevision of impact damages is a necessary
step. The prevision of residual strength will establish the entire virtual testing
process for damage tolerance evaluation.

Based on the analysis of the literature, the proposed work will characterize in
chapter 2 the behavior of recent generation of carbon-epoxy toughened composite
laminates after a LE/LV impact. In chapter 3, real-time damage monitoring has
been performed using high-speed cameras (IR and visible cameras) besides, a study
of loading rate effect will be presented for this material with QSI test. Then in
chapter 4, the FEM and the damage models developed at ONERA and ICA will be
presented for the prediction of impact damages.
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Investigation of impact damages
using classical inspection methods
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2.1 Physical responses of last generation compos-
ite laminates under low energy/low velocity
impact

2.1.1 Studied laminated composite material

Dassault Aviation has provided the composite material. Composite laminates with
"industrial" stacking sequences are considered in this work. Due to the material’s
confidential character, the datasheet will not be shared in the present manuscript.
The material is a carbon/epoxy UD ply proposed by HEXCEL. A ply weight of
200 gsm and a 0.192 mm ply cured thickness are considered. The prepreg is composed
of ultra-high modulus and strength carbon fibres and a very tough epoxy resin for
aerospace structural applications. According to conventional composite laminates,
the specificity of this material is that interfaces are thicker as they are charged
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with particles. Indeed, the interface thickness is 1/5 of the ply thickness, whereas
usually, it is 1/20 of the ply thickness. This material is called in this study last
generation composite laminate. FIGURE 2.1 illustrates the microstructure of the
material. This material has been already characterized for in-plane loadings in
[ , |, showing a diminution of delamination as the interface
toughness has been increased. For impact loading, an experimental study has been
carried out in | ] for similar material. The authors have concluded
that delamination is reduced due to toughening mechanisms.

I UD ply

(C = Rich resin region
g ¥ Interface

20_/ml

200 pm -\E>Sh

Figure 2.1: Microstructure of the Q16 laminate made of carbon/epoxy UD plies

At the beginning of the work, this material was not characterized under out-
of-plane loadings, especially for impact cases. Therefore, the scope of this work is
the material characterization under LE/LV impact loading (drop tools case). Two
industrial composite laminates have been investigated.

« A 3.07mm-thick quasi-isotropic laminate made of 16 plies, called Q16 [(0/45/90/-
45)9]s

o A 3.84mm-thick highly oriented laminate made of 20 plies, called C20 [0/-
45/0/45/0/90 /450 /-45 /0],

2.1.2 Impact testing experimental configuration

Experimental configuration LE/LV impacts were performed at ONERA using
an 8250 Dynatup impact machine. FIGURE 2.2 presents the experimental setup.
Drop height imposes the impact velocity. Once fallen, the impactor is guided toward
the plate. Standard guidelines have been used for the experiments with a 150 x
100 mm sample size supported on a 125 X 75mm impact window and impacted
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with a 16 mm diameter impactor. However, it has been chosen to impact with a
heavier mass than recommended by the standard | | (13.01kg than 5kg).
No rubber clamp has been used to maintain the sample in order to control the
boundary conditions in the FEM. The impact machine is instrumented with a load
cell in the impactor and a photodiode sensor. The impact velocity is calculated when
the metal stripe crosses the sensor’s split (in green). The impact table is supported
on four blue steel beams, which transmit the loading to the ground. It can be shown
that the impact window is not directly embedded in the impact table; many tools
are used that are likely to introduce clearance and flexibility during impact. An
anti-rebound system is used with a pneumatic system to avoid multi-impact on the
sample. The cylinder rod automatically goes up during the rebound phase. When
the impactor goes down a second time; it crushes the cylinder rod, which prevents
double impacts on the plate.

Samples preparation Dassault Aviation has provided 2 different material batches.
For the first batch (Batch A), a cutting plane has been defined to obtain the
150 x 100 mm samples for Q16 and C20. The cuts have been performed at ON-
ERA using a diamond saw machine with a 2.5mm blade thickness. The second
batch (Batch B) provides 150 x 100 mm machined specimens using water jet cut-
ting performed by Dassault Aviation. Scattering between the two batches has been
evaluated. Due to similar results, it has been decided to not distinguish the results
between these two batches.

Experimental campaign The impact tests have been performed on the two lam-
inate stacking sequences with different impact energies levels. Several impact energy
levels have been considered to identify each damage mechanism occurrence. Indeed,
the damage mechanisms encountered in composite laminates are generated as a
function of the amount of energy stored in the composite plate. For lower energy
impact levels, classical matrix cracking and delamination occur. For higher energy
impact levels, fibre breaks will appear. The defined range for the impact energy
levels evolves from 6.5J to 35J, which will allow crossing the apparition of each
kind of damage. The experimental campaign is summarized in TABLE 2.1.

Impact energy

Laminate

6.5J 11J 20J 25.9J 31.15J 35J
Q16 1 1 2 1 1 3
C20 1 1 1 2

Table 2.1: Sum-up of the experimental impact tests performed during the MARCOS
IT project

For each energy level and stacking sequence, the number of tests is mentioned.
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Figure 2.2: ONERA’s drop weight impact machine
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2.1.3 Analysis of the Q16 & C20 physical responses under
LE/LV impact

In this subsection, a first analysis will be performed based on the experimental data
obtained from the machine acquisition during the LE/LV impacts.

2.1.3.1 Quasi-isotropic laminate Q16 results

Load-displacement responses The load-displacement curves are presented for
the Q16 in FIGURE 2.3. First of all, it can be shown in FIGURE 2.3 that :

o For each impact energy, low scattering is observed during the loading stage;

e The higher the energy, the higher the hysteresis. The occurrence of impact
damages induces the presence of hysteresis;

o At almost 4mm, the knee point marks the stiffness shifting. The structure
seems stiffer. The knee point appears after 4mm of deflection for a plate
thickness of 3.07mm. The geometrical non-linearity could explain the stiffen-
ing;

» Strong oscillations are observed for higher impact energies. An energetic phe-
nomenon such as fibre failures can explain the instability observed;

1.0
— 6517
117 .
20
087 20 J g
0.6 1 g
3 It =
= Knee point—* =
5 0.4 5
Z Z
0.2 1
0.0 #= :
0 2 1 6 8 8
Displacement (mm) Displacement (mm)

Figure 2.3: Load-displacement curves for the quasi-isotropic laminate Q16 at differ-
ent impact energy levels

If we analyze the responses for each energy level as proposed in FIGURE 2.4:

o Lower impact energies (6.5J, 11J) show few energy dissipation;
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Figure 2.4: Load-displacement curves for the quasi-isotropic laminate Q16 at differ-
ent impact energy levels
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o At 20J, load drops with oscillations occur. Severe damages may occur, showing
that the laminate’s bearing capability has been affected. It is interesting to
notice that this phenomenon arises around 5.5 mm;

o At 25.9J, a load drop occurs around 6.2 mm, which is later than observed at
20 J;

o At 31.15J, after the first impact load drop, the load is increased again, showing
that the laminate presents a residual stiffness;

o At 35J, low scattering is shown. As observed at 31.15J, even after the load
drop, the laminate is able to reload;

Energetic assessment FIGURE 2.5 presents the kinetic energy evolution and the
energetic assessment. The impactor impacts the plate with the defined kinetic energy
at time ¢ = Oms. During the impact, the kinetic energy is converted into internal
energy. This internal energy is composed of elastic deformation energy recovered
integrally after the impact, dissipative energy due to impact damages, and residual
kinetic energy stored in the material after the impact event.

The impactor’s kinetic energy decreases during the impact event as it is converted
into the plate’s internal energy. Once the kinetic energy is null, the impactor velocity
equals zero, and the rebound phase is initiated. The plate starts to recover its
initial shape by converting its internal energy into the impactor’s kinetic energy.
The impactor moves back up. In the end, the initial kinetic energy will not be
integrally recovered since damage mechanisms have dissipated an amount. Indeed,
from FIGURE 2.5, it is observed that the higher the impact energy, the lower the
kinetic energy recovery. It should be noted, that an amount of the unrecovered
kinetic energy have been dissipated due to friction during the contact and the stored
residual kinetic energy within the plate.

An energy assessment has been performed in FIGURE 2.5. The dissipated energy
has been calculated numerically by integrating the area under the load-displacement
curve. Once computed, the dissipated energy, the recovered kinetic energy, and the
total energy have been plotted. The total energy was obtained by summing the
recovered kinetic and dissipated energy. It can be noted, as expected, that around
100% of the energy is obtained after summation.

2.1.3.2 Physical responses for the highly oriented laminate C20

Load-displacement responses The load-displacement curves for the C20 lami-
nate are presented on the left of FIGURE 2.6. The same assessment can be dressed
for this laminate:

» Monotonous loading is observed from 6.5-20J with low scattering during the
loading stage;

o The hysteresis is increased with impact energy, especially for the highest im-
pact energy level 35 J;

o The highest impact energy shows that a threshold is reached after 80 % of the
maximum load where two load drops of the same magnitude have occurred
(around 20% of the maximum load), resulting in strong oscillations;
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Figure 2.5: Emergy assessment for the quasi-isotropic laminate Q16 for different

energy levels

Energetic

assessment The energetic assessment for the C20 laminate is per-

formed on the right of FIGURE 2.7. Similar trends are observed for the C20 lami-
nate as for Q16 laminate. The higher the impact energy, the higher the dissipated

energy, and

the lower the recovered kinetic energy. It is also observed that the total

energy varies around 100% showing that the critical dissipative mechanism respon-

sible for the
laminate.

non-full recovery of the kinetic energy is due to damage creations in the
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Figure 2.6: Load-displacement responses presented for the highly oriented laminate
C20
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Figure 2.7: Energetic curves presented for the highly oriented laminate C20

2.1.3.3 Influence of the stacking sequence on macroscopic behavior and
impact damage resistance

The two laminates are compared firstly using the load-displacement response on the
top of FIGURE 2.8. All results that have been doubled or tripled have been averaged.
As C20 laminates are stiffer than Q16, the global responses present a higher tangent
modulus. The maximum load reached is 20% higher for the C20 laminate. The
Q16 laminate is more compliant and the out-of-plane displacement is almost 20%
greater than for C20 laminate. For lower impact energy, similar hystereses are found
for Q16 and C20 laminates. However, after 20 J, dissipation increases for the Q16
laminates as the hysteresis is more important than that observed on C20 laminates.

At the bottom of FIGURE 2.8, the kinetic energy evolutions have been compared
on the left. Firstly, the contact times are different between the two laminates.
Indeed, the contact time is a function of y/m/k, where m is the mass of the impactor
and k is the stiffness of the plate and impactor. Thus, the stiffer the plate, the shorter
the contact time.

For the C20 laminates, the kinetic energy is rapidly converted to strain energy.
After impact, a similar amount of kinetic energy is recovered from 6.5-20 J for both
laminates. Nevertheless, at 35J, the Q16 dissipates 20% more than C20 laminates.
On the right, the energetic assessment is presented for both laminates. The dis-
sipated energy increases linearly for the C20. For the Q16, the dissipated energy
increases linearly until 20J. A significant hike is shown after 25.9J for the Q16,
highlighting an important dissipation due to additional failure mechanisms.
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Figure 2.8: Comparison of the global responses between Q16 & C20 laminates

2.1.3.4 First understanding of the degradation induced by a low-velocity
impact

A first analysis has been conducted based on the results obtained for LE/LV impact
tests performed on the last generation of composite laminates. The analysis has
given essential information on the different studied laminates (Q16 and C20). It has
also highlighted the different behaviors of the two laminates. Several non-linearities
have been observed during the loading stage. For the quasi-isotropic laminate Q16, a
knee point marking a stiffness shifting has been observed. Indeed, the structure un-
dergoes stiffening for displacement higher than that value (about 4 mm), which could
be explained by non-linear geometrics. At a certain point, load drops with successive
oscillations occur, since 20J for the Q16 laminate and 35J for the C20 laminate.
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The presence of oscillations is caused by a high amount of energy release induced
by damage, which is responsible for structural instability. The damage mechanism
responsible for this severe non-linearity or its location through the thickness is un-
known for now. After the unloading, load-displacement curves present hystereses,
highlighting that irreversible phenomena (impact damages) occurred during the im-
pact test. An indicator of the damage severity is the calculated dissipated energy.
However, it does not provide further information about the nature of the damage
mechanisms responsible for this total dissipation.

Thus, it is essential to introduce the NDT and the DT methods to inspect and
control the damage state in the two different laminates. The following section will
detail the investigation of impact damages using classical inspection means.

2.2 Investigation of impact damages using NDT
and DT methods

Once the impact has been performed, NDI and DI have been carried out with two
objectives. The first consists of visualizing the different damage patterns for this
specific material and bringing qualitative comprehension of the damage mechanisms.
The second objective analyzes the damage quantitatively (calculating the damaged
area and measuring the residual dent). Different means have been selected to fulfill
these objectives and allow a clear damage assessment for this specific material. The
tables 2.2 and 2.3 summarize the techniques used for impact damage investigation.

Impact ener
NDI & DI P &Y

6.5J 11J 20J 259J 31.15J 35J

Dent measurement

UT
Micrographs X X X X X
CT 11X X 12X

Table 2.2: Sum-up of the controls performed on the Q16 laminate

NDI are firstly carried out :

o The residual dent has been measured using a mechanical comparator, which
evaluates the dent depth as a function of the impact energy;

o UT provides information about the projected damaged area and the location
through the thickness of the damage (mainly delamination);

Once these inspections are carried out, DI takes place. The sample is cut and
prepared for :

o Micrograph observations to evaluate qualitatively the damage shapes and the
different kinds of damage encountered in this specific material;
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Impact ener
NDI & DI P &Y

6.5J 11J 20J 35J

Dent measurement

uT

Micrographs X X X

CT 1A V1A X

Table 2.3: Sum-up of the controls performed on the C20 laminate

o X-ray CT to provide a deep understanding of the damage mechanisms through
the laminate thanks to 3D volume information;

All of these controls are complementary for a full assessment of impact damages
and will provide answering tools on the mechanical behavior of this material when
subjected to impact loading.

2.2.1 Presentation of the different NDT and DT methods
associated to the experimental campaign

2.2.1.1 Residual dent measurement

Once impact tests were performed, the residual dent was measured 24 hours after
the impact. A Mitutoyo mechanical comparator has been used for the measurement,
as shown in FIGURE 2.9. The sample is supported on the impact window, and the
comparator is calibrated to zero on edge. The measurement precision is equal to
1/100 mm.

Figure 2.9: Mechanical comparator used for the measurement of the residual dent
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2.2.1.2 Ultrasonic inspection

Two different systems have been considered, as shown in FIGURE 2.10. The first
one uses a mono-element ultrasonic probe with a Sofranel signal generation and a
Picoscope device for data acquisition. High resolutions are obtained using this probe.
However, it requires long-time acquisitions. The second system recently acquired
is a complete system provided by TPAC. The Pioneer line comprises phased array
hardware, a 5 MHz multi-element probe with 128 cells, and in-house software for
data acquisition. Fast controls are obtained using multi-element cells. Nevertheless,
the main drawback is a lower resolution than obtained with mono-element cells.
Different scan techniques are allowable for the multi-element probe. A focalization
of the signal toward the sample with a 25 mm focal distance has been chosen.

The sample is immersed in a water tank. The sample is fixed to a motorized arm
with 2 degrees of freedom. The arm is piloted using a Newport controller. Different
possibilities can be used to define the scan trajectory, an automated zig-zag path, or
a displacement controlled by the operator. Once the acquisition is finished, the data

JItrasonic \]"llcll ”(ll(l(l or

A(qmsl(l(m system
for the multi-element probe

L

Ultrasonic probe

Motor axis command

Acquisition system for the
mono-element probe

Mono-element ultrasonic probe

Multi-element ultrasonic probe

Figure 2.10: Ultrasonic devices at ONERA

is loaded into a non-destructive evaluation software CIVA provided by EXTENDE.
First, the data is processed by creating gates to remove all the parasitic signals
reflected between the water and the material at the interface entrance. Then, the
echo for each point is recalled toward the entrance gate. Finally, the data are
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analyzed (A-scan, C-scan) as shown in FIGURE 2.11. Importance is given to the C-
scan in-depth as it provides the projected damaged area, which is crucial information
for industrials. Moreover, the C-scan in-depth determines the delamination location
through the thickness.

Figure 2.11: Signal outputs obtained after the UI for A-scan and C-scan

2.2.1.3 Micrograph observations

Observations of the impact damages have been carried out using optical microscopes
and SEM at ONERA, as presented in FIGURE 2.12. Before observations, samples
were cut using a diamond saw at 0° and 90° to visualize in these two planes the
damaged topology, as reported in FIGURE 2.13. Once cut, the samples have been
polished before observations using different Silicon carbide (SiC) sanding papers
until (0.25 gm). The finish has been performed with a diamond-coated suspension.

Optical observations Two different microscopes have been used in the presented
work (An Olympus and a Zeiss) with different magnifications to observe the damages
(x5, x10).

SEM In order to study more locally the damage topology with higher resolution
and depth of field, SEM observations have also been carried out on the samples
already cut for optical observations. The observation was performed using a ZEISS
Merlin with a field emission gun. A tension of 5kV and an amperage of 5nA were
applied to the sample. Different visualizations were performed:

o A topography contrast to visualize the depth;

o A chemical contrast to distinguish the different materials within the composite
material;
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Optical microscopes SEM

Figure 2.12: ONERA’s microscopes for the inspection of impacted samples

Figure 2.13: Cutting plane showing the cut path orientation at 0° and 90° for the
micrograph observations

2.2.1.4 CT tomography

CT scans have been performed to obtain a deep understanding of impact damages
thanks to the volume character of the inspection. It allows recognition of the differ-
ent damages and their location through the thickness of the sample.

Sample preparations As exposed in chapter 1, the higher the distance from the
X-ray beam, the lower the resolution. Thus, in order to obtain good resolution
for CT scans, it is necessary to avoid wide samples. Thanks to the previous Ul
(especially C-scan), the boundaries of the damaged zone have been determined to
remove the undamaged material from the samples. Samples have then been cut, as
reported in FIGURE 2.14. Finally, the impacted samples have been split into five
bundles as a function of the damage width. A damage width defines each bundle.
The resolution obtained for each bundle is presented in TABLE 2.4. As the ply is
0.192mm thick, the number of slices through the thickness evolves from 10 slices
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(18 pm resolution) to 14 slices (13 pm resolution) for each ply.

Damaged zone

Figure 2.14: Cutting plane for CT control

Bundle (damage width) <25mm <30mm <35mm < 38mm < 45mm
Resolution (um) 13 14 16 16 18

Table 2.4: Resolution obtained for each bundle after CT scans

CT scans The inspection by CT scans has been realized at LMPS (FIGURE 2.15)
using a North Star Imaging (NSI) X50 250 kV computed tomography device. The
system is equipped with a detector of 3072 x 3888 pixels, 14 bits with a cesium scin-
tillator. X-rays were generated using a high-power focal spot (120kV and 150 pA).
The data acquisition was carried out with a time exposure of 500 ms, a number of
projections of about 2000, and the number of frames per projection was 20. Finally,
the acquisition time for each sample was about 105 minutes. The reconstruction of
the 3D volume has been performed by LMPS using the NSI software.

Image processing After reconstruction, image processing has been performed:
» Rotation in the three axes performed with ImagelJ | l;

« Contrast enhancement using the Scikit-image library in python [
|. Contrast Limited Adaptive Histogram Equalization (CLAHE)
algorithm has been used to stretch the histogram of each slice, as shown in
FIGURE 2.16;

o Substantial brightness variation through the thickness has been observed for
some CT scans. Histogram matching has been performed on each slice to get
the same histogram repartition through the width. Consequently, brightness
gradients are minimized in width;

All of these treatments make damage segmentation easier.

Impact damage segmentation using deep learning Once image processing is
completed, impact damage segmentations are performed. A first attempt has been
used in this work using the Otsu threshold (] ]). Interesting results were
obtained, but damaged pixels greater than the Otsu threshold value were not cap-
tured. Moreover, as the external environment pixel value is similar to the damaged
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Figure 2.15: X-ray tomograph device at LMPS laboratory
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Figure 2.16: Influence of contrast enhancement on through the thickness impact

damage observation

pixels, the segmentation also captured the pixels belonging to the external envi-
ronment. In [Ellison, 2020], a strategy based on detecting the laminate boundaries
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allows for removing the exterior air. However, based on the excellent results obtained

in [ ] for the segmentation of cracks in ceramic composites using
deep learning, it has been chosen to investigate this segmentation methodology.
Thus, the segmentation has been performed in Dragonfly | ], a

free-of-charge software for non-commercial research use. The Deep-learning toolbox
integrates the TensorFlow and Keras libraries from Google. The training and in-
ference data are performed using the deep-learning toolbox. A conventional neural
networks (CNNs) U-NET algorithm has been chosen for performing the damage
segmentation. Indeed, this algorithm has been suitable for performing reliable seg-
mentation for medical images ([ ). The neural network
architecture has obtained relevant results with three hidden layers. Several param-
eters were needed to be defined for the model training :

o Patch size defines the size of 2D square patches. The image is subdivided into
patches that contain local image information;

o Stride-to-input ratio defines the location of the nearby patch. A stride-to-input
ratio of 0.5 will overlap half of the two adjacent patches;

o Batch size contains several patches. The neural network weights are updated
between two training batches;

o Epochs correspond to the number of iterations during the training. An epoch
involves the training of all batches in one iteration;

Training data The objective is to segment the different impact damage mech-
anisms. The main issue is that the impact damage pixel gray value is similar to the
exterior environment. Therefore, as shown in FIGURE 2.17, three labels have been
defined. The first label in green is for the external environment, the second in red
for the sound material, and the last in purple for the impact damages. The training
data has been performed on 2D slices containing the entire thickness. It has been
motivated to distinguish the three different labels easily.

For lower impact energy, the impact damages were contained within the laminate.
However, for higher impact energy levels, a network between the impact damages
and the external environment was observed on the top and bottom surfaces, which
has made the training more complex. In consequence, 10-15 transverse images
were needed to train the samples impacted at lower energies. For higher energies,
the training data need 15-20 transverse images. 80% of the patches were used for
training, and 20% were used to evaluate the predictive capability of the trained
model. After a few epochs (typically between 40 and 50), the trained model reaches
fast convergence with a 98-99 % accurate score.

Several trials have been performed to obtain the optimal training parameters.
Based on the final inference quality performed on untrained data, it has been decided
to select a patch size of (32 x 32 pixels), a stride-to-input ratio of 50%, and a batch
size of (64 x 64 pixels), 2x the patch-size. The loss and the validation loss functions
are plotted for each iteration during the training, as presented in FIGURE 2.18. The
lower these functions are, the higher the model’s accuracy. 28 iterations have been
performed (epochs) in a total of one hour and a half for this model. It can be
shown that fast convergence is obtained for the two functions highlighting a suitable
model architecture (hidden layers, cost functions) for this segmentation problem.
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X-ray through the thickess slice
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B Sound material Bl Impact damage Bl External environment

Figure 2.17: Labelling process for deep learning training

Moreover, it can be noted that the two functions are almost overlapping, resulting
in a quasi-perfect fitting. In other words, the model fits the training data very nicely.
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Figure 2.18: Convergence analysis of the trained U-net algorithm

Segmentation results Once the model is trained, the segmentation has been
performed on the untrained CT images of the composite plate. Complete segmenta-
tion of the impact damages for the entire X-ray tomography volume was performed
in 90 minutes. Visual inspection confirmed the result’s reliability. The prediction
results are presented for three slices in different planes for the specimen impacted at
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31.15J in FIGURE 2.19. It can be observed that the segmentation of the three labels
was performed accurately. Despite the similar grayscale levels, the impact damage
is dissociated from the external environment, confirming the algorithm’s reliability.
The complex damage pattern was straightforwardly captured.

It should be noted that the segmentation performed for higher impact energy
levels was quite challenging as the material no more bounds impact damages. In
some regions, no explicit boundaries are present between the impact damage and
the exterior air. Thus, the U-net algorithm makes it difficult to predict the accurate
label in these regions. Nevertheless, it can be shown that excellent results are
obtained using DL U-net. The overall damage (especially delamination) is captured
accurately through the thickness.

Impact damage segmentation rendering The visualization of damages has
been performed using Paraview, an open-source software (] ]). The
segmentation of impact damages is presented in FIGURE 2.19 for a Q16 laminate
impacted at 31.15J. A color-coding has been used to visualize the damage within
the thickness. It can be seen that a clear visualization of impact damages is obtained
with very few noises thanks to deep learning.

2.2.2 Analysis of impact damages

In this subsection, the investigation of impact damages for this specific material is
carried out. Firstly, an introduction to the different damages encountered in this
material is presented. Then, the damage state as a function of the impact energy is
studied.

2.2.2.1 Qualitative understanding of impact damages

Delamination The delamination is first introduced as it represents critical dam-
age that can lead to the catastrophic failure of the composite plate. The delamina-
tion extends is easily detectable using Ul or CT. FIGURE 2.20 shows the damage
extent obtained from the X-ray in a shaded 3D and coded color through the thick-
ness (top right image). The delamination extent is easily observed for each interface,
thanks to the high resolution of X-ray CT scans. If we study more locally the dam-
age using X-ray (Plane 3), the delamination extent is observed for the third interface
[0/-45] starting from the bottom. It can be observed that the delamination is classi-
cally clustered between the 0° bottom ply matrix crack and the 45° upper ply matrix
crack. Planes 1 and 2 show the delamination cracks through the thickness, which
highlights the strong connection between the delamination and matrix cracking with
delamination migration phenomenon as studied in | ].

Matrix cracking Two kinds of matrix cracking are observed for this material,
as presented in FIGURE 2.21. The first one is matrix cracking due to high out-of-
plane stresses (093 and o13) highlighted in orange squares. These cracks are mainly
oriented at 45°. The second is matrix cracking induced by high bending stresses a9
for the bottom plies (near the non-impacted face) highlighted in blue squares. As
shown from the plane 2 in FIGURE 2.20, no matrix cracking are observed directly
under the impact.
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Figure 2.19: Segmentation results obtained using the U-net trained algorithm for
the Q16 laminate impacted at 31.15J
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Figure 2.20: Delamination highlighted in X-ray according to the different planes for
the C20 laminate impacted at 20 J

Fibre breaks in compression One of the specificities of this composite material
is the strong presence of fibre breaks in compression for the top plies. The fibre
breaks in compression arise early (since 6.5J) for both laminates. The higher the
impact energy, the deeper the fibre breaks in compression occur. In FIGURE 2.22,
the fibre kinking mechanism is presented. Micrographs obtained from SEM show
the failure of 0° plies in FIGURE 2.22.a and (b), the kink band is straightforwardly
observable. It can be noted that the fibre kinking induces the failure of the interface.
In FIGURE 2.22.c and (d), the fibre kinking for the second ply from the impact
surface using X-ray CT is presented. The fibre kinking illustrated in FIGURE 2.22.c
is characterized by a sharp crack oriented at -45° and perpendicular to the ply
orientation (45°). No fibre break is observed below the impact zone. Indeed, the
material undergoes reinforcement thanks to the local hydrostatic pressure. In other
words, the principal stresses are all negative which prevent failure. In FIGURE 2.22.d,
the slice highlighted in red is shown, it can be observed a 45° oriented kink-band
regarding the normal of the slice.

Fibre breaks in tension The fibre breaks in tension occur for higher energy
impact levels for the lower plies. Besides, it has been observed that the fibre breaks
depend on the laminate stacking sequence. Indeed, for the Q16 it appears at 20 J,
whereas for C20 laminates, fibre breaks in tension occur at 35J. FIGURE 2.23
illustrates the fibre breaks observed using SEM and X-ray. On the left, fibre breaks
in the 45° ply are observed using a SEM. X-ray slice shows the sharp crack induced
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Figure 2.21: Matrix cracking observed using micrograph observations for two differ-
ent cuts of the C20 laminate impacted at 20 J
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Figure 2.22: Fibre breaks in compression occurring in a [03] laminate during an
ILSS test (SEM) and in the Q16 laminate impacted at 20 J (CT scans)

by fibre failure on the right. Once fibre breaks occur, the laminate stiffness is highly
affected and the sample is warped. Thus, the X-ray slice contains multiple pieces
of information, making the understanding difficult for correct damage assessment.
For instance the X-ray slice in FIGURE 2.23 contains the matrix cracking occurring
in the 45 ply, the delamination located at the interface [45/90] and the fibre breaks
occurring in the 90° ply.

Intraply macroscopic cracks It has been observed for this specific material that
the fibre failure triggers intraply delamination. Usually, for conventional laminates,
the fibre failure triggers the delamination at the interface. Nevertheless, more en-
ergy is required for this material to propagate within the interface due to the specific
interlaminar toughening. Thus, the crack tends to propagate within the ply, requir-
ing less propagation energy. FIGURE 2.24 shows the intraply delamination observed
using SEM and X-ray. As observed on the left, this mechanism subdivides the ply
into two parts. From the CT scan, it can be observed that the intraply delamination
is triggered at the edge of fibre breaks in compression.
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Figure 2.23: Fibre breaks in tension occurring on the 45° ply of the Q16 laminate
impacted at 20J

2.2.2.2 Damage state evaluation

This section is dedicated firstly to the evaluation of impact damage severity. F1G-
URE 2.25 and FIGURE 2.26 show that similar results are obtained between C-scan
and X-ray for the two stacking sequences. However, the damaged area obtained
from X-ray is systematically lower than obtained with C-scan. Same observations
have been found in | ]. It can be explained that damages, mainly de-
lamination will be detected using U'T due to the acoustic impedance created by the
damage. For X-ray, damage sizes below the resolution will not be captured. Two
remarks can be established based on the projected damaged surfaces obtained from
the X-ray:

« Firstly, many damages occur near the impacted side (in blue) for both lam-
inates. For the Q16 laminate, these damages are mainly oriented at -45°,
whereas for C20 laminate the damages are oriented at 45°. This orientation is
defined by the second ply below the impacted face. Indeed, as illustrated in
FIGURE 2.27, the fracture orientation of the second ply below the impacted
face (in cerulean) imposes the top ply 0° fracture orientation (in red). More-
over, FIGURE 2.27 shows that the intraply delamination is triggered at the
edge of fibre kinking, highlighting the strong coupling between these two mech-
anisms. As fibre breaks in compression occur since 6.5 J (very soon compared
to other materials), it explains the high amount of damage near the impacted
face;

o Secondly, analyzing the different energy levels, it can be noted that the delam-
ination cracks propagate firstly at the lower interfaces (near the rear face) for
both laminates. This is explained by the high amount of matrix cracks at the
rear face, which triggers the delamination. Besides, for lower impact energy
levels, a non-damaged zone is observed. This non-damaged zone vanishes once
fibre failures in tension occur (20J for the Q16 laminate and at 35J for the
C20 laminate), it causes the failure of interfaces and thus delamination;
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Figure 2.24: Intraply delamination mechanisms

In FIGURE 2.28, the evolution of the projected damaged area and the dent depth
is presented for the two laminates. Similar results between C-scan and X-ray for
the lower impact energies are observed for both laminates. However, for the higher
impact energy levels, the difference is higher. At 20J, the damaged area is more
significant for the Q16 laminate. Concerning the dent depth, the mechanical com-
parator measurements show a linear trend for the Q16 laminate until 25.9J and a
significant increase in dent depth after 30 J. For the C20 laminate, a linear trend is
also observed but for all impact energy levels. For the highest energy level, the Q16
laminate shows a residual dent equivalent to the thickness of three plies, whereas,
for the C20 laminate, the residual dent depth is slightly more significant than the
ply thickness. From these curves, it can be dressed that the damage is more pro-
nounced for the Q16 laminate than the C20 laminate after 20J. Based on the
analysis obtained from controls, four stages can be defined:

o The first stage corresponds to the presence of fibre breaks in compression and
matrix cracking through the laminate. The LE/LV impact performed at 6.5 J
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Figure 2.25: Projected damaged area obtained from C-scan and X-ray for the C20
laminate at different energy levels
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Figure 2.26: Projected damaged area obtained from C-scan and X-ray for the Q16
laminate
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Figure 2.27: Projected damage for the top two plies in the Q16 and C20 laminates
impacted at 20J
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Figure 2.28: Evolution of the damaged area and dent depth as a function of the
impact energy for the Q16 and C20 laminates

for the laminate C20 belongs to this category;

o The second stage is the presence of fibre breaks in compression, matrix crack-
ing, and delamination for the lower interfaces. The laminate Q16 impacted at

6.5 J belongs to this category where the delamination is occurring in the lower
interfaces;

o The third stage is multi-delamination occurring in several interfaces from the
bottom to the top. It concerns the Q16 laminate and C20 laminate at 11J
and the C20 laminate at 20 J;

o The fourth stage indicates the presence of fibre breaks in tension. It occurs
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for higher impact energy. It can be noted that for the C20 laminate, it occurs
at 35J whereas, for the Q16 laminate, it arises at 20J. At this stage, it is
challenging to analyze the X-ray tomography slices as the sample is highly
warped due to fibre breaks in tension;

2.2.3 Lack of temporal events for damage scenario estab-
lishment

The analysis presented in this chapter has enabled understanding the mechanical
behavior of a new generation of composite material with charged interfaces when
subjected to impact loadings. The investigation of impact damages has shown clas-
sical impact damages such as matrix cracks, delamination, and fibre breaks (in
compression and tension for high energy levels). However, it has highlighted differ-
ent damage mechanisms than those observed on classical carbon/epoxy laminated
composite materials. Indeed, intraply delamination and significant fibre failure in
compression are observed. Moreover, strong interaction between the different kinds
of damage has been observed. Similar damage mechanisms have been retrieved for
two different laminate stacking sequences. However, the analysis shows that damage
mechanisms are not arising simultaneously, especially for fibre breaks in tension that
occur earlier for Q16 laminate.

One drawback of such analysis, highlighted in the previous chapter, is the non-
confrontation of the macroscopic results obtained with the analysis of impact dam-
ages. No link could be established on which kind of damages have caused the differ-
ent load drops or stiffness shifts. The damage occurrences need to be related to the
time to identify each damage mechanism’s effect on the global response analysis. It
would enable the damage scenario reconstitution. The current post mortem analysis
has to be enriched with time events providing information about the evolution of
damages and their interactions during the impact event. Thus, in the next chapter,
an in-situ damage monitoring methodology is presented to enrich the comprehension
of the damage mechanisms in such material.
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Impact damage assessment using
damage monitoring
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This chapter aims to complete the understanding of the damage mechanisms
occurring in the material under study. Firstly, the enriched experimental setup
using high-speed Infrared cameras (IRC) and Visible cameras (VC) is presented.
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Secondly, QSI is performed to evaluate the strain-rate effect compared to impact
and to establish the damage chronology. Finally, the advantages and limitations of
these two methods (impact vs indentation) are discussed and evaluated.

3.1 Experimental configuration for in situ moni-
toring of LE/LV impact on composite mate-
rial

3.1.1 Modification of the actual impact machine

In situ monitoring was impossible due to a very crowded and confined space to
monitor the rear side. Therefore, as presented in FIGURE 3.1, the impact machine
has been lifted to allow positioning instrumentation to monitor the rear side.

Machine impact
Machine Impact

——3797-4000 |A

Figure 3.1: Impact machine modification

3.1.2 Presentation of the cameras for impact test monitor-
ing

The experimental setup presented in the previous chapter is still considered. Never-

theless, four high-speed cameras have been introduced to complete the instrumen-

tation of the impact test. FIGURE 3.2 presents the experimental setup considered
in this study.

Two FASTCAM SA-X2 high-speed cameras are positioned under the sample

to perform stereo DIC on the sample’s rear face. The highest spatial resolution
captured by the cameras is defined by the Frame size (F'S). For a F'S of 1024 x 1024
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pixels, the Frequency (FQ) and the Shutter speed (SS) are limited to 12500 Hz
and 1ms. The frame rate of the camera (FQ) can be increased up to 900 000 fps
by reducing the spatial resolution. A black and white speckle pattern was applied
on the rear face of the specimen. The rear face is lightened with two high power
LED projectors (150 W). A special care on the selection of LED projector has been
considered to reduce the exposure time in order to limit blurred area in the images,
while ensuring that the thermal field measurement is not disturbed.

Two different IRC have been considered to capture the occurrence and evolution
of the damage mechanisms likely to occur near the impacted and rear faces. The
first one is a CEDIP JADE III LWIR camera oriented at 60° from the impact surface
because of the experimental device and the presence of the impactor. This camera
can capture 320 x 254 pixels images at 300 Hz. As the emissivity is a function of the
angle of observation, the temperature could not be calculated because of the angle of
observation introduced. This camera is therefore used for damage observation and
the results will be presented on the mean measurement from the camera expressed
in digital levels. The objective of this camera is to monitor the damage mechanisms
(especially fibre kinking occurring close to the impactor).

The second one is a TELOPS FAST M3k MWIR camera. This camera can cap-
ture 320 x 254 pixels images at 3000 Hz. As presented in the previous chapter, matrix
cracking and delamination initiates first for the bottom plies/interfaces. Thus, nu-
merous events are likely to occur near the rear face, and it requires higher frequency
acquisition to capture it. Thanks to the modification of the impact machine, the
TELOPS camera has been placed perpendicularly to the rear face. As no angle of
observation is introduced between the sample and the camera, and by considering
the composite plate as a gray body with a high value of emissivity (> 0.95), the
temperature fields are obtained using the manufacturer’s integrated calibration for
the different lens and parameters of the camera.

TABLE 3.1 summarises the different parameters chosen for the different cameras.
These parameters choices allow the best compromise between the spatial and tem-
poral resolution with the highest noise to signal ratio that can be achieved for this
impact configuration. A DEWESOFT acquisition system was used to synchronize
the time between the recorded data from the impact machine (load, displacement)
and the images captured by the IR and visible cameras.

3.2 Kinematic fields obtained from DIC

3.2.1 Transverse in-plane displacement analysis

The two PHOTRON cameras have been used to perform DIC using ARAMIS soft-
ware provided by GOM. As the upper ply is oriented according to the longitudinal
x direction (0°), the transverse field u, provide information about the damage state
due to matrix failure. Thus, the transverse in-plane displacement u, is presented in
FI1GURE 3.3. A virtual extensometer of 6 mm has been used to calculate the strain
€99 plotted in sky blue. Four different times (2, 3.8, 4.72 and 5.12ms) for the Q16
laminate impacted at 20J have been chosen according to the discontinuities high-
lighted by the strain plot (e92 in sky blue). For the first times (2ms, 3.8 ms), the
field is continuous with smooth gradients. However, at 4.72ms, after the first dis-
continuity, the displacement field is marked by a sharp gradient. This sharp gradient
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Figure 3.2: Experimental setup showing the different cameras

Cameras 6.5J 11J 20J 35J

oC FS 896 x 520 896 x 520 896 x 520 896 x 520
FASTCAM FQ 25000Hz 25000Hz 25000Hz 25000 Hz
SS 12.5ps 12.5ps 12.5ps 12.5ps

IRC FS 80 x 59 80 x 59 80 x 60 80 x 59
CEDIP  FQ 3050Hz 3050 Hz 3050 Hz 3050 Hz
IT 701s 701ps 701ps 701ps

IRC FS 128 x 100 128 x 100 128 x 100 128 x 100
TELOPS FQ 12500Hz 12500Hz 12500Hz 12500 Hz
IT 9.96 ps 9.96 ps 9.96 ps 9.96 ps

Table 3.1: Specifications of the different cameras

can be associated to matrix splitting in the lower ply. At 5.12ms, the displacement
gradient has increased with an unloaded zone bounded by the two lobes (in red and
blue). It is interesting to highlight that the discontinuities occurring in the strain
curve (in sky blue) are appearing after the significant load drops. Thus, the load
drops may have intensified the matrix splitting.

3.2.2 Out-of-plane displacement analysis

As presented in | ], the out-of-plane displacement
cartography is presented in FIGURE 3.4 at 2, 4, 6 and 8ms for the Q16 laminate
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Figure 3.3: Transverse displacement u, cartography at different times highlighting
matrix damage on the rear face for the Q16 laminate impacted at 20 J
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impacted at 20J. The impactor load and displacement are plotted over the contact
time. Moreover, the DIC out-of-plane displacement (u,) for the point of interest
(POI) represented by the black cross centered on the right hand side is plotted.
A delay of 0.25ms is observed before the displacement provided by DIC starts to
increase. The gap between the two displacement curves increases until reaching
0.2mm at the load peak. This difference could be explained by the residual dent
depth, which is equal to 0.15 mm and by the crushing according to the z axis. After
the load peak, unusual behavior is observed with DIC. Whereas the impactor goes up
during the rebound stage, the plate seems to stay around 5 mm. This global response
of the plate is also present for lower impact energies. Therefore, the damage was
not responsible for this phenomenon. As briefly mentioned previously, the impact
window is not fixed to the impact machine. The impact window is fitted in different
tools, which are likely to introduce clearances. Therefore, in the following, a more
advanced study of the behavior of the impact machine is presented to acknowledge
the comprehension of the results.

Concerning the out-of-plane displacement cartography, the displacement field
over the correlated area is presented. It can be observed that the higher the load,
the higher the displacement gradient. This cartography will be confronted with the
numerical results obtained from FEA to see if this trend is also observed numerically,
especially for low impact levels, where few damages are observed.

3.2.3 Investigation of the impact machine response during
impact

During the unloading stage, the out-of-plane displacement obtained from DIC ex-
hibits a different response than that measured on the impactor. It seems that the
plate does not return to a null displacement. Therefore, five aluminum plates of
150 x 100 mm have been impacted at (6.5, 11, 20, 35 and 50J) to investigate this
issue. In FIGURE 3.5, two laser displacement sensors from Keyence (in blue) have
been used to measure the out-of-plane displacement of the impact window (in green).
The two Keyence sensors have been fixed and isolated from the impact table.
FIGURE 3.6 presents the impactor and the Keyence out-of-plane displacements
plotted over time. Moreover, the load/Keyence displacement curve is plotted to
analyze the stiffness fixture evolution with the different energy levels. First of all,
the Keyence displacement is plotted for the two points (highlighted by the red
laser beam in FIGURE 3.5). Similar deflections are obtained for these two points
in FIGURE 3.6, which are at the same distance of the impactor. The Keyence
displacements and the impactor displacement show similar trends, with an increase
of the displacement until reaching the peak and then a decrease of the displacement
until 0. However, the Keyence displacement curves do not show a perfect ring bell.
The Keyence highlights the presence of spurious displacement which varies from
0.8mm to 1.28 mm at the load peak. The load versus the Keyence displacement has
been plotted to evaluate the stiffness of the fixture. As expected due to the dynamic
character of the impact event, the two Keyence sensors highlight a nonlinear stiffness
for each impact energy. Moreover, a sensitivity to the impact velocity is shown, as
different paths are observed for each impact energy level. The spurious displacement
obtained at the different load peaks of each impact energy levels is inferior to the
out-of-plane displacement obtained after the impact event in FIGURE 3.4 (almost
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during the 20 J impact test on Q16 laminate
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Figure 3.6: Influence of the impact energy on the machine displacement

5mm). Thus, the clearance introduced in the experimental setup does not explain
the entire residual displacement obtained at the end of the test. Indeed, another
point to underline is that the cameras are not isolated from the impact machine, and
therefore during the unloading stage, the stress waves could disrupt the cameras.
Consequently, care must be taken before comparing the out-of-plane displacement
field measured by DIC with those obtained by FEA, since the impact window is
assumed to be fixed for the definition of the boundary conditions in FEM. A solution
to deal with these spurious displacements which is a perspective of this work, will be
to speckle not only the rear face but also the impact window to perform DIC. Indeed,
it will allow determining accurately the boundary conditions. Therefore, because
of the presented issues encountered with DIC, the obtained measurements have not
been further analyzed, the effort being put on the analysis of the IR cameras data.
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3.3 In situ damage monitoring using high-speed
infrared thermography

In this section, the analysis of the IR signals obtained during the impact event is
carried out. Then, the different thermal signatures are linked to the global response
for the Q16 laminate at each impact energy level in order to reconstruct the dam-
age scenario. Finally, the thermal signatures for the Q16 and C20 laminates are
compared for the highest energy level (35J).

3.3.1 Data treatment and time synchronization of the IR
signals with the impact response

The first step consists in removing the ambient temperature to highlight the thermal
variations induced by the impact test. Thus, the thermal field at time ¢y (before
the impact event) is substracted of the thermal field at time ¢ (AT = T'(t) — T'(to)).
Then, the time synchronization of the IR signals according to the load/time response
is performed. In absence of damage, when a material is stretched, the material un-
dergoes cooling due to thermo-elasticity. However, when the material is compressed,
the material undergoes warming. Thus, as shown in FIGURE 3.7, the thermogram of
a designated pixel obtained from the two cameras (CEDIP on the left and TELOPS
on the right) are synchronized according to the load/time response. Due to the high
frequency, the integration time of the IR cameras are small, which induce noisy sig-
nals. Therefore, a Hendrick-Prescott filter was used to simplify the detection of the
warming/cooling initiation. Another possibility is to average pixel values in a zone
close to the center of the impact event. Concerning the CEDIP, the temperature
is not calculated because of the angle between the camera and the sample surface.
The data will be presented as a variation of digits (A digits).

3.3.2 Analysis of the thermal signatures

After the synchronization, different images obtained from the two cameras have been
selected to analyze the thermal events for each impact energy on the Q16 laminate.
The thermal images are presented in FIGURES 3.8-3.9 and the thermal events are
analyzed for each impact energy below:

e 6.5 J. From the FIGURE 3.8, the images obtained from the CEDIP camera
are presented. During the impact event, the impactor (in black) penetrates
the composite plate. As the impacted surface is compressed, the material is
warmed (4.66 ms). Few thermal signatures are visualized as the impactor hides
the zone under the impact. However, the last image (at 14 ms) highlights a
warmed area when the impactor goes up. This area shows that damages have
occurred which could be linked to the high contact stresses.

From the FIGURE 3.9, the images captured on the rear face using the TELOPS
camera are presented. A cooling is observed near the center of the plate due to
thermoelasticity (the lower ply is stretched). Then at 2ms, the first splitting
parallel to the ply orientation (0° ply) is observed. During the loading, this
crack growths, and other matrix cracks appear. At 5.04ms and 5.84 ms, it is
interesting to notice that two half circles are observed. These lobes highlight
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Figure 3.7: Synchronization of the thermal signals with the load-time curves for the
CEDIP camera on the left and for the TELOPS camera on the right

the delamination crack tip which is moving during the impact event. Finally,
during the unloading, the images become warmer as shown at 11.84ms, it is
explained by the thermal diffusion induced by the damage dissipation.

11 J. Contrarily to the 6.5J impact test, a bright -45° crack is observed at
3.93ms in FIGURE 3.8. After the impact event, the bright warmed area is
clearly observable.

From the TELOPS camera (FIGURE 3.9), similar thermal signatures are ob-
served. Moreover, as the impact velocity is 1.3x faster than at 6.5J, the
matrix cracking appears earlier (at 0.88 ms). The delamination growth is eas-
ily observed thanks to the crack tip warming;

20 J. The evolution of the -45° crack is easily observed on the impacted
face (FIGURE 3.8). Moreover, the warmed area related to the fibre breaks in
compression is observed at the end of the impact event.

Again from the TELOPS camera (FIGURE 3.9), similar thermal signatures are
observed. However at 4.13ms a highly energetic phenomenon has occurred.
It is difficult to guess which kind of damage mechanism is related to this
phenomenon as the thermal signal is oversaturated.

3.3.3 Damage scenario establishment

The thermal events have been linked to the load-time responses for the 6.5, 11 and

20J

tests. FIGURE 3.10 presents the different events for each impact energy level.

The thermal images related to the impacted surface are plotted on the left, it can
be highlighted that the higher the impact velocity the earlier the fibre breaks in
compression occur. The thermal images related to the rear face are shown on the
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right. It is interesting to notice that the matrix splitting and the delamination
occurring on the rear face does not induce a load drop for the lower impact energy
levels (6.5 and 11J). Moreover, since 20 J, the thermal bright events and the load
drops arise at the same time. In the chapter 2, fibre breaks in tension happen since
20J. Thus, the bright thermal signatures could be linked to the fibre breaks in
tension which occur near the rear face.
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Figure 3.10: Damage scenario for the Q16 laminate for each impact energy level

Based on the FIGURE 3.10, the damage temporality can be established for lower
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impact energies:
v/ The matrix splitting occur first;
v/ The delamination is then triggered by the matrix splitting;
v/ The fibre breaks in compression appear since 6.5 J.

At 20 J, for the rear face, the damage scenario is understandable until the ap-
parition of the bright thermal event captured by the TELOPS camera at 4.13 ms.
Indeed, the thermal field saturates, making the understanding challenging. It is
therefore, difficult to confirm that this event is linked to the fibre breaks in tension,
and therefore, to validate the damage scenario. An advanced data treatment of
the thermogram is required to identify the damage mechanism responsible for this
thermal signature.

3.3.4 Advanced IR data treatment based on diffusion time

In [ ], the authors have shown that the thermal diffusion
of a crack below a sound ply is about 45 ms. As the ply in this work is thinner than
the ply thickness used in | |, a lower time diffusion can be

postulated, as the resins are quite similar. Based on the thickness ratio, a postulated
time diffusion of 37 ms will be used in the sequel. As presented in EQUATION (3.1),
the new thermal fields have been calculated by subtracting the thermogram at a
designated time (one, two or three times the postulated diffusion time) with the
thermogram at the end of the impact event to highlight the damaged area. The
time at the end of the impact event has been chosen to avoid thermal event induced
by the thermoelasticity as the laminate is unloaded.

T(Z ' tdiff + tend) - T(tend> (31>

with ¢ € [1, 3] and tqi the postulated thermal diffusion time (equal to 37 ms) and tenq
the end time of the impact event (about 10ms for the Q16 laminate). The results
have been plotted for the Q16 laminates in FIGURE 3.11 using this treatment. For
each impact energy level, three thermograms at different times have been plotted
on the left. The first one is at 37 ms (the diffusion time) after the end of the impact
event. The second and the third thermogram are respectively at 2 and 3x the
diffusion time. It can be shown that the higher the time, the brighter the thermal
signature. Indeed, for the images at 121.6 ms, the thermal diffusion of the neighbor
plies are caught. This treatment gives a good understanding of the damaged shape,
close to those obtained with X-rays. At 20 J, the treatment of the thermogram using
EQUATION (3.1) highlights two highly bright shapes. These shapes are oriented at
45° and -45°, which could be associated with the fibre breaks in tension occurring
in the 45° ply.

3.3.5 Comparison between the Q16 and the C20 laminates
at 35 J

The two different laminates have been compared for the highest impact energy.
The load has been normalized according the maximum load value obtained from the
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Figure 3.11: Comparison of the delaminated area of the lowest interfaces obtained
from X-ray with the thermal signatures obtained at three different times

response of the C20 laminate. Firstly the damage events occurring during the impact
have been plotted for the two cameras in FIGURE 3.12. The thermograms obtained
from the CEDIP camera show similar thermal signatures for both laminates. Indeed,
fibre breaks in compression occur for the two laminates. As explained in the previous
chapter, the fibre breaks in the upper surface ply (0°) are triggered by the fibre
kinking occurring in the ply below. As the second ply is oriented at 45° for the Q16
laminate, the fibre kinking is oriented at -45°. However, for the C20 laminate, the
second ply is oriented at -45°, it induces a fibre kinking orientation at 45°. The
fibre kinking occurs around 2ms for both laminates. However, it occurs for lower
impact load for the Q16 laminate than for the C20 laminate (around 40% of the
max load obtained for the C20 impact test). For the thermogram obtained from
the TELOPS cameras, similar damage mechanisms are observed, mainly matrix
splitting. The matrix splitting occurs near 1 ms for both laminates. However, for
the Q16 laminate, it arises for a lower load than for the C20 laminate. As the
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load increases, more splitting cracks occur, which seems to be triggered by the
delamination. Indeed, the delamination cracks are tracked thanks to the crack tip
thermal signature. Again, a bright thermal signature occurs for both laminates
around 2.5ms. For the Q16 it arises sooner. This bright event occurs just after the
load drop and could be associated to fibre breaks in tension. Based on the impact
event and thermal images, the C20 laminate is more damage tolerant than the Q16
laminate. In FIGURE 3.13, the thermograms with the specific procedure defined in
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Figure 3.12: Thermal signatures occurring during the impact event for the two
different laminates during an impact at 35J

EQUATION (3.1) of both laminates are compared to the damaged lower interfaces
detected by CT-scan. A clear warmed area is captured, which is quite similar to
the projected damage obtained from the X-ray. Moreover, as shown formerly, the
higher the time, the warmer the area. Indeed, using higher times enables the thermal
diffusion to reach the rear surface. The shape of the bright zone is understandable
for the Q16 laminate and can be associated with fibre breaks in tension. However,
for the C20 laminate, it is difficult to understand what have been occurred since the
thermal diffusion of the different damage mechanisms interact.

The IR thermography has brought precious information for the establishment
of the damage scenario. The thermal signatures have been linked to the different
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Figure 3.13: Comparison at 35J of the delaminated area of the lowest interfaces
obtained from the X-ray with the thermal signatures at three different times

damage mechanisms as the different crack topologies have been recognized (matrix
splitting for instance). The damage temporality have been built thanks to the link
with the global responses. For lower impact energy levels, matrix splitting, delam-
ination of the lowest interface and fibre breaks in compression have been observed.
For higher impact energy levels, fibre breaks in tension have been observed thanks
to an advanced treatment of the thermal signals. The IR thermography highlights
the strong damage coupling between the matrix splitting and the delamination on
the rear face. Moreover, it allows the detection of the delamination for the lowest
interface, which is the largest damaged interface for the Q16. The comprehension
of the damage degradation has been clearly improved. To complete the investiga-
tion, the results obtained from quasi-static indentation tests will be presented in
the following section with the study of the strain-rate effect and the analysis of the
different damage mechanisms.

3.4 Quasi-static indentation

3.4.1 Experimental configuration and methodology

QST tests have been carried out to confirm the damage scenario considering no strain-
rate effect on damage growth. It has been decided to select five displacements from
the load-displacement curves obtained during impact tests. As the QSI tests have
been performed before the in situ experimental campaign, the different points have
been selected according to previous impact test results performed at the beginning
of the Ph.D. thesis. FIGURE 3.14.a presents the five displacements selected for each
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indentation test. The experimental setup is presented in FIGURE 3.14.b. An MTS
electromechanical uniaxial testing device with a 20 kN load cell has been considered.
The imposed displacement rate is 0.5 mm/min. The QSI test has been monitored
with one displacement sensor (LVDT) to measure the maximal displacement on the
opposite face. An acoustic sensor has also been considered to identify the damage
threshold and monitor the evolution of acoustic events during QSI loading using
the cumulated acoustic energy. A MISTRAS acquisition software was used for the
acoustic emission, a threshold of 40 dB was defined for the acoustic threshold with
a frequency of 100 kHz.

Indent U
— Q1635J 407 mm —— 6.49 mm LVDTnseiI;o(;r ﬁ

2.83 mm 574 mm —— 7.77 mm

1.00 W

M"'/‘M Acoustic sensor
2.5 5.0 7.5
Displacement (mm)
(a) (b)

Figure 3.14: Definition of the different displacements for the Q16 QSI tests (a) and
presentation of the experimental setup (b)
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3.4.2 Macroscopic behavior of the Q16 laminate subjected
to QSI

F1GURE 3.15.1 shows the load-displacement responses for the five QSI tests.
o It can be highlighted that the same loading path is observed for each test.
e The higher the displacement, the higher the dissipated energy;
o The response exhibits a nonlinearity for each test after 2.83 mm;

» The two highest applied displacement tests (6.49 mm, 7.77 mm) exhibit load
drops after 5.5mm. It seems that the material has reached its maximum
bearing capability without severe damage occurrence. At almost 7mm, a high
drop arises, followed by a stiffness recovery;

FI1GURE 3.15.2 introduces the results obtained from acoustic emission. The cumu-
lated acoustic energy, which could be defined by the acoustic events occurring above
the defined threshold (40 dB) is plotted as a function of the displacement. For each
test, the acoustic events arise at almost 1.3 mm, which can be used at a "damage
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threshold". The acoustic events associated to the test with a maximal displacement
equal to 4.07 mm have not been plotted as the sensor have lost the contact with the
composite plate. The evolution trend of the acoustic events is similar for all tests
except for the highest one (red in FIGURE 3.15.2) where the cumulated energy is
lower than in the other tests.

3.4.3 Study of potential strain-rate effect
3.4.3.1 Macroscopic results

In order to investigate damages induced by QSI tests and understand the damage
scenario, the first comparison between QSI and impact tests has been performed to
ensure that the material is not sensitive to the strain-rate effect. The comparison
is performed on the global responses, the damage shapes provided by X-ray and
C-scan, and on the residual dent depth. In FIGURE 3.15.3, the load-displacement
responses obtained from impact and QSI are compared. The imposed displacement
in QSI is not equal to the maximum displacement observed from impact results as
QSI tests were performed earlier to the in situ experimental campaign. In any case,
similar responses between QSI and LE/LV impact. Three different stages can be
defined for the comparison.

o For lower displacements (2.83 and 4.07mm), the QSI results are compared
to the 6.5 and 11J equal test results. The results are quite similar. The
unloading stage for the QSI tests is a little bit softer than those observed for
impact results;

e At 5.74mm, the QSI test is compared with the 20 J impact test response. It can
be shown that the loading response up to 4 mm is almost the same. However,
for higher displacement, the QSI response is stiffer than that obtained with
impact. Care must be taken as the experimental dispersion has not been
evaluated;

o For the two higher displacements (6.49 and 7.77mm), the QSI results are
compared to the 25.9 and 35J. The same stiffness is observed for the two
plots. The load drops occur slightly earlier for the impact results (for a lower
load). Load drops without oscillations are observed for the QSI. For the red
curve, it is interesting to notice that the load drop for impact and QSI are
captured at the same displacement level.

Based on the macroscopic results, it can be dressed that the same initial behavior
is captured for each test. QSI requires a slightly higher load for the appearance of
load drops than that observed for impact test.

3.4.3.2 Post mortem analysis

The macroscopic study is enriched here with the analysis of the damage shape using
X-ray and C-scan projected damages. As presented in FIGURE 3.16, the projected
damaged areas are compared for QSI and impact tests.

o The projected damaged area obtained for the 4.07mm displacement test is
very similar between QSI and impact tests. It can be highlighted that the fibre
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breaks in compression occurring near the impacted face is more pronounced for
QSI. It can be explained by the fact that the contact time between the plate
and the indentor is higher, which results in higher damage states occurring near
the impacted surface. An undamaged zone below the indentation/impact zone
is observed for both tests;

e For 5.74mm QSI test, the damage shapes are different. Fibre breaks in com-
pression are more pronounced for QSI than impact, especially the fibre breaks
in the 90° ply. The undamaged zone is observed through all the thickness for
the QSI test, which highlights the fact that no fibre breaks in tension have
occurred. Indeed, the fibre breaks in tension occur near the center of the plate
where the strain reaches its maximum value. The presence of fibre breaks in
tension has been demonstrated in impact, and is present until the seven in-
terface ([90/-45]). When fibre breaks in tension occur, the neighbor interface
fail. Thus, it explains why there is no undamaged zone as observed in QSI.
Moreover, the fibre breaks in tension modify the curvature of the sample and
seem to influence the delamination of the lowest interfaces in red, which is
more pronounced for the impact test;

« For the two highest displacements (6.49 and 7.77 mm), similar damages be-
tween QSI and impact are observed with a high amount of damage on the
loaded surface. A strong interaction is observed between the fibre breaks in
compression and the delamination. As explained previously, the fibre kinking
triggers the delamination. At these load levels, fibre breaks in tension occur
for QSI, and it can be noted that the largest delamination is observed for the
lower interface as obtained in impact. Thus, it can be confirmed that the fibre
breaks in tension have an influence on the delamination of the lower interface

in red ([0/45]).

3.4.3.3 Trend of the measurable quantity

The dissipated energy, the projected damaged area, and the residual dent depth
have been compared for each test in FIGURE 3.17. For lower applied displacements,
the QSI dissipates a little more energy than impact which could be associated with
the higher amount of fibre breaks in compression. For the tests with a displacement
of 6 mm, the impact result dissipates a slightly higher energy than QSI due to the
occurrence of fibre breaks in tension. QSI tests result in a slightly more pronounced
projected damaged area than impact. In any case, the trends are very similar for
the dissipated energy and the damaged area. An interesting point to notice is the
residual dent depth. Indeed, as the contact time is higher for QSI, the residual
dent depth is more important in QSI tests. From an industrial point of view, the
substantiation of category 1 impact damages where the BVID is a concern will
result in a conservative sizing if the QSI tests are used instead of impact tests for
the substantiation. Indeed, the residual dent is more noticeable using QSI tests. To
summarize the investigation of the strain-rate effect for this specific material:

o Similar trends are obtained from the macroscopic responses (load/displacement
curves, dissipated energies). The material sustains higher loading without load
drop in case of QSI;
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Figure 3.16: Comparison of the projected damaged area obtained from QSI and
LEI/LVI

o Comparing the projected damage mechanisms observed from CT-scans and
C-scan controls, the same damage mechanisms are encountered in QSI and
impact tests. However, the fibre breaks in compression are more pronounced
in QSI, resulting in a little higher level of damage near the loaded surface.
The fibre breaks in tension are delayed in the case of QSI. Once occurred, the
fibre breaks in tension modify the shape of the laminates by warping it. The
generated curvature seems to trigger the delamination of the lowest interface
[0/45];

e The residual dent depth is more pronounced for QSI tests. It can invalidate the
approximation of LEI/LVI by QSI if the principal purpose of the comparison
is the BVID.
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Figure 3.17: Comparison of the dissipated energy, projected damaged area and
residual dent between QSI and impact tests

3.4.4 Influence of the fibre breaks in tension on the crushing

in QSI

In order to evaluate the effect of the fibre breaks through the thickness, the displace-
ments obtained from the machine and from LVDT are compared in FIGURE 3.18.
The two displacements are plotted as a function of the machine displacement. The
linear trend corresponds, therefore, to the machine displacement. Moreover, the
crushing which is defined by

Crushing = Machineg;s, — LVDT g (3.2)

is also plotted on the right axis. It can be shown that the displacement on the
opposite face obtained from the LVDT starts later to increase. It results in a higher
initial crushing. Once the sample starts to bend, the crushing is linear until 3 mm.
After 3mm, it is observed for all tests an inflection point, the damages occurring on
the rear face seem to increase the value obtained from the LVDT. For the two last
plots (purple and red), a drop of the crushing is observed. This drop is explained
by the increase in the displacement measured from LVDT. The matrix splitting
aperture and the delamination could explain this trend. To lean on this assumption,
the LVDT displacement and the normalized load for the 7.77mm test have been
plotted in FIGURE 3.19. It can be shown that discontinuities of the measured LVDT
displacement arise at the load drop occurrences. In other words, the load drops are
responsible for an increase of the LVDT displacement. The load drops are related
to fibre breaks in tension, once the fibres are broken, the laminate stiffness is highly
reduced. Therefore, the out-of-plane displacement in the center of the laminate
increase. The fibre breaks in tension push the matrix splitting apertures on the rear
face, which trigger the delamination of the lowest interfaces.
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Figure 3.19: Influence of the load drops on the displacement measured by the LVDT
sensor

3.5 Conclusion

In this chapter, two different approaches based on the literature state-of-the-art have
been presented to establish the damage scenario. Considering the poor monitoring
usually used in impact, the first methodology was based on the enrichment of the
LEI/LVT tests using high-speed cameras. Four high-speed cameras have been used,
two high-speed visible cameras to perform DIC on the rear face and two high-speed
thermal cameras (one near the impacted face and one on the rear face). As presented
in the literature, the displacement fields obtained from DIC on the rear face were
analyzed. It has highlighted that care should be taken before any comparison with
FE simulation as the experimental setup gets some compliance. This compliance has
induced spurious displacement, which invalidates the out-of-plane comparison with
FEA. However, comparison of other displacement fields, such as u, is an aperture in
damage detection. Advanced treatments which are beyond the scope of this thesis
will enable us to detect more easily the delamination and matrix damages.

An originality of this work is the introduction of high-speed thermal cameras.
Such experimental configurations have not been introduced in the literature. Thus,
it has been chosen to detail the entire process of data handling and treatment in or-
der to associate the thermal signature events with the damage mechanisms. Several
events occur during an impact test, which lead the understanding and the explana-
tion of the results quite difficult. A novel methodology has been developed, which
allows for visualizing the damaged shapes by taking advantage of the thermal dif-
fusion. The results obtained from this methodology have been confronted with the
damages occurring in the last interfaces obtained from X-rays. A great similarity
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has been shown, which validates the proposed approach.

Finally, a QSI study has been performed on this material with two objectives.
The first one was to study if the material was sensitive to strain-rate. Secondly,
an investigation of QSI damages has been performed in order to enrich the com-
prehension of the damage creations, evolutions and interactions. This study reveals
that the material behaves similarly in QSI and impact. Nevertheless, some differ-
ences have been pointed out, such as the high amount of damage occurring near
the loaded surface with a deeper residual dent (major difference between QSI and
impact tests). Thanks to the enriched instrumentation using the LVDT sensor, the
fibre breaks in tension have highlighted an increase in the displacement captured by
the LVDT. This displacement increase was associated with the opening of matrix
splitting and delamination.

The QSI can allow a better understanding of damages occurring in insensitive
strain-rate composite materials. However, it requires several tests to perform. In
contrast, the in situ monitoring requires one test to visualize each damage mecha-
nism and to quantify the damaged area occurring near the impacted and rear faces.

At this stage, the mechanical behavior of this material has been understood.
Thus based on the physical relevant observations, the modeling of the different
damage mechanisms will now be performed using damage mechanics. These damage
laws will be presented and implemented in a FE software in order to predict the
impact damages occurring in such material in the next chapter.
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This chapter aims to describe the damage modeling at the ply scale of the stud-
ied material. Thus, a brief review of the considered damage models is introduced
for ONERA Progressive Failure Model (OPFM) and DPM to identify the current
advantages and limitations. Then, the further development of OPFM is detailed.
Finally, the simulation of impact damages using both models is presented and a
comparison is performed with the previously presented experimental data.
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4.1 Current damage models and FE discretiza-
tion

In this work, two different models have been considered. The first one is OPFM.

This model includes matrix cracking modeling developed in | ] and
delamination modeling in | ]. The second damage model is the Dis-
crete Ply Model (DPM) developed over a decade | ], DPM models

transverse cracking, delamination and fibre breaks in tension and in compression.
The presentation of the two FE impact models (with respectively a continuous and
diffuse representation of damage or with a discrete description of damage) is dis-
cussed first. Then, the two damage models will be presented as they were at the
beginning of this work.

4.1.1 ONERA progressive failure model

4.1.1.1 FE discretization of the impact experimental configuration

The FEM of the impact configuration is presented in FIGURE 4.1. The composite
sample is shown in green. Each ply is meshed using 3D elements. A defined rect-
angle of 30 x 20 mm is meshed using 3D 8-node linear brick with full integration
(C3D8). The local quantities (stresses, strains) have converged with a 0.6 mm ele-
ment size. The element size accurately captures the gradients occurring in this area
due to the high contact stresses. In order to reduce the computational problem, a
6-node linear triangular prism has been considered outside the "impact area', the
mesh size decreases until reaching the border of the impact window (in blue). Each
ply is meshed explicitly with an orthotropic non-linear behavior. Zero-thickness
cohesive elements highlighted in cyan are inserted between each ply with different
orientations.

The impactor is colored in crimson, using a 4-nodes linear tetrahedron. An
isotropic steel elastic behavior is assigned to this part. The volume density has been
modified to meet the experimental mass since just a part of the impactor is modeled.
An initial velocity on the striker is applied. For the impact window shown in blue, a
6-node linear triangular prism has been used for the mesh. An isotropic steel elastic
behavior is assigned to that part (same as the impactor).

Impact modeling is a rough problem due to the presence of strong nonlinearities:

» Contact mechanics is introduced between the striker /plate and the plate/impact
window;

e The composite laminate is modeled using a nonlinear damage law to predict
the failure of each damage and failure mechanism.

The time is discretized using a dynamic implicit scheme, the a-method algo-
rithm is considered for the semi-discretized problem as presented in chapter 1. The
parameters considered are («, 3,7), 7 and [ are calculated as a function of o which
is chosen equal to 0.3. It can be noticed that a has been chosen to be relatively
high. Indeed, as explained in chapter 1, o introduces damping for high-frequencies
which can enhance the convergence rate. The number of degrees of freedom for the
Q16 and C20 laminates are respectively 484 000 and 584 000.
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Figure 4.1: FEM of the impact experimental test for OPFM

4.1.1.2 Effect of nonlinear geometric formulation on impact results

As the composite laminate undergoes high displacement, the assumption of small
displacement /small rotation is no longer fulfilled. A Jaumann-rate corotational for-
mulation has been considered to calculate accurately the strains during the impact
simulation. From FIGURE 4.2, the composite plate is compared with and without
the nonlinear geometric formulation at the same time (when the load peak is reached
for the cyan curve). A strong indentation can be highlighted when NLGEOM (Non-
linear geometric formulation is not activated). This is due to the fact that the
local material rotation (fibre orientation) are not considered in the small displace-
ment assumption. This rotation is emphasized when delamination occurs. The two
load-displacement responses are similar until 2kN. Once exceeded, the delamina-
tion spreads below the striker, intensifying the local indentation for the simulation
performed without NLGEOM formulation. A stress plateau is then reached. When
NLGEOM is activated, the gradient transformation tensor F' is calculated taking
into account the rotations, and the phenomenon of the striker breaking into the
composite plate is avoided.

In conclusion, to obtain relevant results in accordance with the observations,
NLGEOM formulation is activated in the impact simulations.
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Figure 4.2: Effect of the nonlinear geometric formulation on the deformed shape of
the composite plate and on the macroscopic load-displacement responses

4.1.1.3 Overview of the ONERA damage model

OPFM is a multiscale model where the behavior of the fibre and the matrix are taken
into account at the mesoscopic scale. The model has been detailed in |
], however, the model is summarized to identify the lacks.

Nonlinear longitudinal elastic behavior In | ], the material un-
der study has been characterized for in-plane loadings. Tensile tests have been
performed on [0] laminates. The experimental results reveal a nonlinearity in the
macroscopic load-displacement response. Indeed, as the loading was increased, the
material behavior underwent stiffening. This phenomenon has also been observed
for longitudinal compression tests. However, the material behavior underwent soft-
ening. In the literature, this behavior has already been marked for composite lami-
nates. An assumption made in | | is that potential initial waviness
is likely to occur during manufacturing. Thus, when the material is subjected to
tensile loading, the fibres are stretched, enhancing the longitudinal elastic modulus.
However, when the material is subjected to compressive loading, the initial waviness
are exacerbated, reducing the longitudinal elastic modulus. In | ], this
phenomenon was modeled using a nonlinear elastic behavior. The concept was an
evolution of the stiffness as a function of the longitudinal strain value. In other
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words, for tensile loading the higher the longitudinal strain, the higher the stiffness
value. For compressive loading, the lower the longitudinal strainNon, the lower the
stiffness value.
As this formulation is elegant, a similar framework has been adopted in [
]. To help understanding the physical meaning of the law, FIGURE 4.3
presents the numerical longitudinal response. The five material parameters are high-

UuA

/Eir

Eic

Figure 4.3: Nonlinear longitudinal stress-strain response highlighting the evolution
of the longitudinal modulus | ]

lighted in the plot. Ei¢, Eyr are respectively the tangential asymptotical modulus
in compression and in traction. E; is the initial elastic stiffness modulus. €19 resp.
e1or are the longitudinal strain at which the stiffness tangent line crosses the strain
axis. The effective stiffness Ej o is calculated using EQUATION (4.1). An activation
indice 7; determines if E) .¢ is a compression resp. traction modulus. 7; takes 0
or 1 as a function of the sign of the stress o;;. The computation of the effective
stiffness in compression Fc e resp. traction Fireq will not be presented here. For
a complete description, the reader is prayed to refer to | .

1if0'11>0

E eff — FE e + 1— E e where = 41
Leff = ME17ef + ( m)Ercen " {Oif011<0 (1)

Once the effective stiffness is computed, it has been chosen to not update the com-
pliance component (S, = 1/E;) with FEj g for numerical efficiency. The longitu-
dinal nonlinearity is rather expressed using a nonlinear elastic strain e™ allowing
to not update the stiffness tensor C° = SO for each Newton-Raphson iteration.
EQUATION (4.2) presents the calculation of the nonlinear longitudinal strain. The
calculation of €™ is performed using the double contraction of an effect tensor H™
with the stress tensor o. The presence of the effect tensor H™ allows choosing which
components of the nonlinear elastic vector are non-null. Thus, as shown in EQUA-
TION (4.3), the longitudinal component is affected by this nonlinearity. Moreover,
the non diagonal components in the fibre-matrix planes (1-2, 1-3) are also affected.
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Indeed, the longitudinal strain is coupled to the transverse strain by Poisson effect.

E
e = < L 1) H" : o (4.2)

Eh@ﬁ
Sll 5?2 513 0 0
0
H = (4.3)
SYM.
0

Viscous behavior of the ply The elastic behavior in the longitudinal direction
has been described. However, when the ply is loaded in the off-axis direction (trans-
verse or in-plane shear directions), the matrix behavior governs the ply behavior.
The entire response observed during a tensile test on a [45°/ — 45°],, T700/M21
laminates is shown in FIGURE 4.4. Three different stages can be observed. The first
one is a linear viscoelastic stage. Then, the behavior starts being nonlinear prior to
the ply failure. Therefore, a classical viscoelastic model will not accurately predict
the behavior of such laminates for higher strain levels. Based on previous work

Transverse crack and viscosity
3 1507 Matrix cracking onset
S 100+ : i
% : p
» [ i
wn ¥ 1
& 8
5 S0 Mierodmme ot 5, § 4
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Figure 4.4: Stress-strain response of a [45°/ — 45°], T700/M21 sample loaded in
tension | ]

performed at the ONERA | |, a viscous spectral model has been
developed in | | to model accurately the rate effect and the viscous
behavior when a ply is loaded in the off-axis direction. Finally, transverse cracks
appear and induce a highly nonlinear behavior.
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Linear viscoelastic model The linear viscous behavior is modeled using a
viscous spectral model. The viscous strain can be decomposed into 50 elementary
viscous mechanisms. Each elementary viscous mechanism is defined by a weight p;
and a relaxation time 7;. A Gaussian curve provides the weight distribution of each
viscous mechanism. Once the temporal spectrum is calculated, the viscous strain of
each elementary mechanism (§;) is obtained by solving a differential equation pre-
sented in EQUATION (4.4). The viscous effects affect the components defined in the
effective viscous compliance tensor SY,. This tensor is presented in EQUATION (4.5)
where the material parameters j3;; regulate the viscous contribution toward the elas-
tic stiffness. The choice of a diagonal viscous compliance tensor is proposed as it
guarantees the positive definiteness of the tensor. The viscous effects are expressed
by the non-null components of S%;. The rate viscous strain of each mechanism £ is
then calculated. Finally, the viscous strain rate €,. is obtained by integrating the
sum of & (EQUATION (4.6)).

. 1
i = ;(Mgﬁf ro—§) (4.4)
0 0 - 0
622332
Sef — g0 — PBs3S3s - : (45)
v vl SYM. 544524
Bs5Ss 0
6665&5
50
Eve = Z&z (46)
i=1

Nonlinear viscous behavior The viscoelastic model introduced above de-
scribes the shear response for low shear. However, when shearing increases, a nonlin-
ear behavior is observed as presented in FIGURE 4.4. In the literature, this behavior
is linked to the presence of micro-damage at the fibre-matrix scale, some authors
have introduced plasticity to model the nonlinear shear response |

|. The coalescence of fibre-matrix debonding and micro-cracks in the matrix
could explain this phenomenon. In | , ], a continuum
damage mechanics law describes these diffuse damages. The thermodynamic force
Y,, is calculated using the positive stresses (045, 015 and 033), the reason is explained
in the following as the same framework is used for matrix cracking modeling. The
nonlinear response does not appear initially, therefore a micro-damage threshold
is defined. The micro damage variable 9, is calculated using a damage evolution
law not presented here. Omnce calculated, do affects the components of the effect
tensor H,;. These components are defined in EQUATION (4.7), the micro-damages
are expressed in the transverse direction H,; 92 and in shear directions H,; 44 and
H,;66. The parameters «;; allows calibrating the effects of micro-damages on the
viscoelasticity. It can be noticed that the micro-damages are not expressed in the
out-of-plane shear direction (23) Hy;44 = 0. Indeed, the identification has been
performed only for in-plane loadings. The model has not been extended for out-
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of-plane loading. Finally, the viscous effective compliance tensor S is obtained by
summing the initial viscous compliance tensor S?; with the viscous micro-damages
tensor doH,; (EQUATION (4.8)). Once calculated, the total viscous strain e, is
computed using EQUATIONS (4.4) and (4.6). For more details about the nonlinear
viscoelastic model, the reader is exhorted to refer to | .

0 0 - 0
’722531,22
0
H,,; = (4.7)
0
SYM 744S’UZ‘744
0 0
76658i,66

Sof = SY; + 0oHLi (4.8)

The ingredients for modeling accurately the ply elastic behavior prior to transverse
cracking have been presented. The local stress-strain relation can be defined as
shown in EQUATION (4.9) where C°T is the effective stiffness tensor and e is the
total strain

o=C":(c—e,—en) (4.9)

Matrix cracking modeling The damage mechanism related to matrix cracking

is now presented. Based on the framework performed in | | during
the WWFE III (Worldwide Failure Exercise), a damage model with an acceptable
level of complexity has been developed in | |. A continuum damage

law is considered with two damage variables. The two damage variables are based on
the damage observation. Indeed, the two variables are the matrix cracking density
(the number of cracks on a given length) and the micro-delamination occurring
near the crack tip of the matrix crack. FIGURE 4.5 highlights the two observable
variables. These variables have been normalized as shown in EQUATION (4.10), the
matrix crack density has been normalized using the ply thickness h. The micro-
delamination has been normalized using the distance L. between two matrix cracks.

Ncracks
h= L (4.10)

B
s

=

123
L

Damage threshold The matrix cracking threshold is difficult to define in
general as it is influenced by the ply thickness, the neighborhood orientation plies,
the state of the matrix (presence of defects, micro-damages). Taking into account
all of these parameters will lead to a complex failure criterion | ].
In ], it has been decided to calculate the strengths as a function of
the ply thickness. In the following, we will call Y;, and S, respectively the in situ
transverse and in-plane shear strengths. As these two in-plane strengths depend on
the ply-thickness, the strengths are calculated using a mixed criterion considering
the maximum value between an energetic and a stress criterion. Indeed, for thick
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Matrix cracking

Interface

45° ply

Figure 4.5: Illustration of the two damage variables related to matrix cracking and
micro-delamination

plies energetic criterion is first fulfilled and then the stress criterion which governs
the ply failure. For thin plies, the stress criterion is first fulfilled and then the
energetic criterion is validated. Concerning the out-of-plane shear strength S, the
strength is based on a stress criterion. Only one thermodynamic threshold Yj is
considered. Yj is then expressed using only the in situ transverse strength Y, as
shown in EQUATION 4.11.

1
Y= 5(V25%) (411)

Thermodynamic force The Thermodynamic force (TF) is defined in EQUA-
TION (4.12). Three different stresses are considered for the calculation of TF (trans-
verse in-plane loading 04, in-plane shear loading 775 and out-of-plane shear loading
755). As detailed in EQUATION 4.11, only one threshold (for transverse loading)
is defined. Nevertheless, as the resistance is not equal for each loading direction,
coefficients (agq4, asg) have been introduced in the TF in order to make sure that the
damage threshold for in-plane shear or out-of-plane shear is initiated once the rele-
vant strength is reached. As a matter of fact, the aoy coefficient for instance, is cal-
culated using EQUATION (4.12) by assuming only out-of-plane loading (o9, 712 = 0)
and (Y =Yy = T3 = 823).

I .o 2 2
Y = 5(0;2 S 4 e ST+ agymoly” SS) (4.12)
It can be noticed that the positive part of the stresses is taken into account in the
calculation of the TF. Indeed, when combined loadings are applied, such as trans-
verse compressive stress with in-plane shear, a delay in damage onset is observed
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thanks to a material reinforcement. This reinforcement is taken into account using
the positive stresses (based on the works proposed in | ]). As presented in
EQUATION (4.13), the effective stress tensor is first defined where only the compo-
nents of the stress tensor responsible for matrix damage are non null. Then, the
eigenvalues of the stress tensor are computed. Once, obtained the regular and pos-
itive spectral projection tensors (Q, Q") in EQUATION (4.14), (4.15) are expressed
using the principal directions p; of the effective stress tensor. It can be noticed that
Q™ removes the principal direction corresponding to the negative eigenvalues thanks
to the Kronecker operator ¢ (EQUATION (4.16)).

0 012 0 gr O O
igenvalues
O = |012 022 093 Eg:> 0 oy 0 (413)
0 om 0 (1,2,3) 0 0 o (IIT,IIT)
III
Q=Y n®p (4.14)
i=1
III
Qt =3 d(0; > 0)pi ©pi (4.15)
i=1
0if o; <0
5=13"7" (4.16)
1if g; > 0

Introducing the fourth-order positive projection tensor P* in EQUATION (4.17), the
positive stress tensor o™ is then obtained using the double contracted product in
EQUATION (4.18).

Py = Qi Q5 QraQup (4.17)
ot =P 0o (4.18)

Finally, the failure criterion envelope is shown in the positive stresses space as re-
ported in FIGURE 4.7.

Figure 4.6: 3D representation of the matrix cracking failure envelope
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Damage evolution law The damage evolution law quantifies the evolution of
the damage variables during the loading. EQUATION (4.19) presents the two damage
variables evolution. First of all, it can be shown a strong dependency between the
two damage variables. Indeed, experimentally, it has been observed that the micro-
delamination tends to slow down the evolution of the matrix crack density. Thus,
the higher p, the higher 7 and the faster the saturation of p. The second point is
the presence of the ply thickness h in the formulation. In fact, experimentally, it is
commonly observed in the literature that for thicker plies, matrix cracking occurs
earlier (] ]). Moreover, the thicker the ply, the faster the
evolution of the matrix crack density. The kinetics of the matrix cracking density are
controlled by the material parameters (ay, p). The parameter p allows intensifying
the TF once the threshold is reached.

{p: (1= B (¥ = Yot (4.19)
fi = {anp® + bhp) ¢

with the Macaulay bracket (-) .

Damage effects Once the two damage variables are calculated, their effects
on the UD ply have to be introduced. Generally, in continuum damage mechanics,
the stiffness components are reduced as a function of the damage variable. This
damage variable evolves from 0 to 1. However, in our case the two damage vari-
ables are not bounded to 1 due to their own definition. Thereby, in light of the
works performed in [ |, a FEM has been developed to identify
numerically the effect of damages as reported in FIGURE 4.7. This FEM considers
a periodic cell in a cross-ply laminate [0/90/0] with a discrete crack in the central
90° ply. Six different load cases are applied to the model for a designated couple
(p, ii). Each load case allows determining one component of the compliance tensor
by homogenisation. The evolution of the compliance components as a function of
the couple (p, 1) is then established. A tensor effect Hj; 7 g, has been defined to fit
the evolution of the discrete damage effects obtained using FEA on the compliance
components (EQUATION (4.20)). As shown in EQUATION (4.21), H5 7 g, is the sum
of three tensors (H, sy, Hp gy, H.s,) linked to the normalized crack density, the lo-
cal delamination ratio and a combination of these two damages. This expression of
H; 7,5, allows fitting the numerical evolution of the damage effects on the compliance
tensor, as reported in FIGURE 4.7.

Sqy =S+ Hyz.5, (4.20)

— —2
. — I P
with Hy sy = pHasy + 72 Hsy + 72 Hes, (4.21)

Crack closure handling When the ply is subjected to compressive stresses, the
crack is closed and the initial stiffness normal to the crack surface is recovered.
To reproduce numerically this behavior, care must be taken as discontinuity in the
stress-strain response could be introduced during the traction/compression shift. In
[ ], it has been chosen to define an activation function based on the
sign of the stress o9s. As detailed in EQUATION (4.22), the effect of damages on
only the transverse component (22) of the compliance tensor is vanished in case of
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Figure 4.7: Computational strategy to determine the effect tensor | ]

transverse compressive loading (092 < 0). Indeed, the initial stiffness component in
direction 2 is recovered (oq9 < 0) as 1y = 0. The shear components are not affected
by the crack closure, meaning that the assumption of null friction is performed at
the crack lips.

1if >0
H;9 = 772h@722332 with 1, = 2 ) and 7 =a,b, c (4.22)
0 otherwise

Delamination modeling The delamination which is a key damage mechanism
in impact is modeled using CZM. The concept has already been developed in the
chapter 1. However, the constitutive behavior is remembered for the reader. The
damage law is formulated as a stress-displacement jumps (o — Au) and is presented
in EQUATION (4.23).

o=(1-dK’: Au

013 (1 — d)KO 0 0 Aushl

093 | — 0 (1 — d)KO 0 Au5h2

33 0 0 (1—d) KOG 4 qgO0Bm= || A,
(4.23)

Where K is the numerical stiffness, d is the damage variable and « is the penalty pa-
rameter for out-of-plane compression. The stiffness is reduced linearly according to
the evolution of the damage variable. For the normal component (33), the stiffness
tensor is composed of two terms using the Macaulay bracket for the out-of-plane
displacement. The damage is taken under consideration for only positive normal
displacement jump Auwu, > 0. Thus, in case of compressive out-of-plane loading, the
normal component of the stiffness is conserved at its initial value to avoid interpen-
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etration. The damage law shape is presented in FIGURE 4.8 for single-mode and
mixed-mode loading.

Single-mode loading Mixed-mode loading

A TA
a¢ Or1 ==~ y

Figure 4.8: Traction-separation presented for single-mode and mixed-mode loadings

In the presence of mixed-mode loading, two criteria are used to calculate the
mixed-mode stress threshold o, and the mixed-mode energy release rate G.. A stress
criterion and a mixed-mode propagation criterion are defined in EQUATION (4.24)
and (4.25).

A classical Hashin stress criterion [Hashin, 1980] is considered. The stress o33
is placed in a Macaulay bracket as it is supposed that no failure occurs for pure
compressive out-of-plane loading. The two strengths (S%,S% ) are identified with

four point bending test on L-angle specimen and interlaminar shear strength test
on a plate specimen.

Concerning the propagation criterion, the well known Benzeggagh-Kenane crite-
rion [[{enane and Benzeggagh, 1997] determines the mixed-mode fracture toughness
G.. This criterion needs to identify three material parameters. These material
parameters (Gr., G, 1) are obtained from experimental tests varying the mode
mixing. G, is calculated taking into account the weight of the dissipated energy
in mode Il G;; on the total dissipated energy Gios = Gi + Gr. More details on
the onset and propagation criteria can be found in [Germain, 2020, Camanho and

Davila, 2002].
() i\, (o N (om Y
33/+ 13 23
=1 4.24
< Si% ) + (ngear> + (Sgwar> ( )

G n
Gc - GIC + (GIC - GIIC) <m> (425)

Once the couple (o.,G.) is defined, the displacement jumps at the onset of
delamination and the failure can be computed using EQUATION (4.26). The dam-
age variable d is then calculated using the mixed-mode displacement jump Awu in
EQUATION (4.27). Finally, the dissipated energy surface G is calculated according
to EQUATION (4.28).
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o, 2G,

Aug = % Auy = . (4.26)
Aup(Au — Auyg)
_ 2 2 5 _ Buy 0
Au \/Aushl + Augy,, + Au, d Au(Buy = Aug) (4.27)
Aug
G=G.— / o0 Au (4.28)
0

4.1.2 Discrete Ply Model
4.1.2.1 Discretization of the impact test using FEM

DPM is a composite laminate FEM. It was initially built to perform impact simula-
tions | , , ,

|. The FEM is built automatically using a Fortran routine in
ABAQUS. As presented in FIGURE 4.9 a mesh-oriented strategy is considered with
four possible mesh orientations (0°, 90°, £45°). This mesh allows inserting cohesive
elements at the edge side of volume elements with complete integration (C3DS8).
No tight constraints are used as the nodes overlap in the thickness direction. Each
ply is meshed with one element in the thickness direction. Cohesive elements are
placed between plies in red to simulate delamination and at the edge side of each
volume element to simulate matrix cracking. It can be underlined that the mesh
size (0.6 mm) defines the maximal matrix crack density per ply (p = Nepacks/L) to
be equal to 3.3mm™1.

The impact model considers the composite laminate, the impact window, and
the striker. General contact mechanics with friction is used between the striker-
composite plates and the composite plates-impact window. The striker and the
impact window are modeled using rigid body assumption (the stiffness is considered
infinitely higher than the composite laminate stiffness). Abaqus explicit solver is
used to perform the simulation with a time step of 1.25 exp(—8) s, satisfying the
CFL condition defined in chapter 1 for a stable simulation. As the simulation
requires millions of increments, possible round-off errors have to be alleviated using
a double-precision solver. In order to improve the modeling of the dynamic impact
event, a bulk viscosity is added. This bulk viscosity introduces damping associated
with volumetric strain. Two forms of bulk viscosity are considered (a linear and a
quadratic) with the default parameters (linear : b, = 0.06, quadratic: by = 1.2).
The linear bulk viscosity is intended to damp spurious effects occurring at a higher
frequency. The quadratic bulk viscosity is activated only for compressive volumetric
strain. Indeed, pressure prevents the element from collapsing under high-velocity
gradients.

4.1.2.2 Overview of the damage laws in DPM

The damage laws describing each damage mechanism occurring in impact will be
described in the following.

Matrix cracking Contrary to ONERA framework which uses a continuum dam-
age modeling, the matrix cracking is modeled using discrete damage in the DPM.
Indeed, it takes advantage of the oriented mesh to insert cohesive elements at the
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45° Cohesive element for matrix cracking Cohesive element for delamination
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45° Volumic element

Composite plate
50 mm L

A\

150 mm
¢ =16 mm rigid striker

125 x 75 mm rigid impact window

Figure 4.9: FEM highlighting the mesh strategy and impact configuration in DPM

side of the elements stripes. The failure of the cohesive interface is managed in two
different manners.

The first one is a Hashin’s failure criterion [Hashin, 1980] evaluated at the volume
Gauss points neighboring the cohesive interface.

2 2 2
<‘722>+ Ty + Ti3
R2 R2

Sa% Sa4

=1 (4.29)

Once the failure is obtained, the permanent indentation is captured using a residual
strain £,.5. The residual shear stress 735° is calculated according to EQUATION (4.30).
735° is then retrieved from the shear stress using EQUATION (4.32) for shear loading.

Tas = Koz 13 (4.30)
with e — coef - max(7yg3) if 723 > 0 (4.31)
2 coef - min(7yg3) if Y23 < 0 '

Tog = Kogyas — oy (4.32)

The residual transverse stress o535 is calculated according to EQUATION (4.33).

For transverse loading. o055 is then retrieved from the shear stress using EQUA-
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TION (4.35).
05y = Kagehy (4.33)
with g5y = coef - max(egy) if €99 > 0 (4.34)
Too = Kogcoo — To5° (4.35)

The second one is a classical mixed-mode traction-separation law. This law is con-
trolled by two criteria, one for the damage initiation and one for the damage prop-
agation. Once the displacement jump in mixed-mode d., reached its onset value
in mode I or II, the failure is initiated. A linear propagation criterion presented in
EQUATION (4.36) is used. A linear coupling is established between the mode II, 111
and the mode I. The contribution of each mode is calculated by adding the ratio of
the dissipated energy by modes I, IT and IIT (with the assumption of G = Giie)-

GI GII GYIII

+—+
GIC GHC GIIC

=1 (4.36)

Delamination The cohesive zone model is used with a traction-separation law for
the delamination modeling. As presented for matrix cracking, the same framework
has been adopted for the delamination with an onset criterion for damage initiation
and a linear energy propagation criterion.

Fibre breaks A continuum damage model is considered. Two different damage
laws are used for the traction and compression behaviors. Indeed, this choice is
explained by the two distinctive failure mechanisms in tension and in compression.
The damage law is presented in FIGURE 1.43.

Fibre breaks in compression The damage initiation is governed by a max-
imum strain criterion. The material parameter €7 is the compressive failure strain.
Once the strain is reached, the softening is governed by a damage variable d. This
damage variable affects the stiffness components associated with longitudinal and
shear behaviors. A permanent strain e,.c = £11d is introduced to model the presence
of debris, which block the material from recovering its initial position. The choice
of €5 has been used to ensure the continuity once the crushing is initiated (blue
point in FIGURE 1.43), once d = 0.95, a stress plateau at o™ is reached.

Fibre breaks in tension The fibre breaks in tension use a traction-separation
law, where a maximum strain criterion controls the initiation. The material param-
eter € is the tensile failure strain. The damage variable d controls the softening by
degrading the stiffness components associated with longitudinal and shear behavior.
A tiny residual stiffness alleviates zeros values in the stiffness tensor avoiding thus
numerical difficulties.

Ensuring correct energy dissipation As a continuum damage framework
is considered for the fibre breaks modeling, spurious mesh dependency is introduced
during the softening. This phenomenon is part of a material instability already
discussed in chapter 1. The crack band method has been implemented in previous
work to ensure accurate energy dissipation by considering a spatial internal length
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L.. EQUATION (4.37) links the internal energy and the energy release rate in mode
I G with (T,C) for tension and compression as the energy release rate is not the
same, the spatial length L. is equal to V/S.

/ </€11 011 dEH) dV = SG%;’C (437)
|4 0
G  GY
=1 4.
T + Ge (4.38)

The energy is calculated on the 8 Gauss points of the element, the damage is there-
fore the same on the 8 Gauss points once one has failed. A linear energy coupling
between the fibre breaks in tension and compression is used to ensure the correct
energy dissipation (EQUATION (4.38)).

Damage interactions In DPM a phenomenological coupling is introduced be-
tween the fibre breaks and the two other mechanisms (delamination and matrix
cracking). Indeed, as introduced in chapter 1, the CDM associated with CZM suf-
fers from a lack of information exchanges. Thus, when fibre break occurs at a Gauss
point, it triggers the matrix failure of the same Gauss point and the adjacent cohe-
sive interface element is broken. No artificial coupling is introduced between matrix
crack and delamination as the interaction is expressed naturally due to the discrete
damage framework for matrix cracking.

4.1.3 Summary of the two damage models

A presentation of the two different damage models has been proposed. TABLE 4.1
summarizes the different ingredients of the two damage models. OPFM models the
ply behavior by introducing two phenomena observed experimentally (the nonlinear
elasticity in fibre direction and the viscous behavior of the matrix). Concerning
the damage mechanisms, it has been observed that all damage types are present
during the experimental campaign. Thus, it is essential to model the entire types
of damage as a strong interaction between each damage mechanism is observed
in impact damages. The available damage model developed at ONERA at the
beginning of this work does not model the fibre break which is a lack of accurate
modeling of impact damages for the studied material. The main strengths of DPM
are that damage interactions are reproduced thanks to (i) a natural coupling between
matrix cracking and delamination and, (ii) an artificial coupling between fibre break
and matrix cracking/delamination. In order to evaluate the predictive capability of
OPFM, two main works have been carried out to, first, model the fibre break and
then, introduce damage couplings. Therefore, the next section is dedicated to the
developments performed in OPFM.

Parameters needed for the two damage models

The parameters required for the two models are presented in TABLES 4.2-4.3. Two
kinds of parameters are presented. Numerical parameters are identified in the sim-
ulation, they have no physical meaning. Material parameters are identified using
experimental tests. OPFM requires 37 parameters for complete modeling of the ply
behavior and the modeling of the matrix cracking and the delamination. DPM re-
quires 19 material parameters to describe the ply behavior and the damages (matrix
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Ply behavior OPFM DPM
Nonlinear longitudinal elasticity X
Viscous behavior X
Damage mechanisms OPFM DPM
Matrix cracking CbM  CZM
Delamination CzZM  CZM
Fibre break X CDM
Damage coupling OPFM DPM
Fibre break — Matrix cracking X

Fibre break — Delamination

Matrix cracking — Delamination X

Table 4.1: The key points of the different models at the beginning of this work

cracking, delamination and fibre breaks), which highlight the main strength of DPM
with a few parameters required. DPM takes advantage of using an adapted mesh

for UD ply (oriented mesh).

The higher the number of material parameters, the more complex its transfer
toward industrials. The industrial need requires a few material parameters with
fast identification. At this point, the two damage models are good candidates to be

transferred into industries.

Elastic parameters

Numerical Material

Medium Young’s modulus in fibre direction, F1;
Transverse Young’s modulus in fibre direction, Foy
In-plane shear modulus, G

Out-of-plane shear modulus, Ga3

Poisson’s ratio fibre/matrix, v9

Poisson’s ratio matrix/matrix, vos

Density p

X X X X X X XK

Non-linear elastic parameters

Numerical Material

Asymptotical compressive modulus in fibre direction, Ei¢

Asymptotical tensile modulus in fibre direction, E;p

X
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Strain defining the stiffening onset, €107

Strain defining the softening onset, €1o¢ X

Viscous spectrum parameters Numerical Material
Gaussian viscous parameter, ng n.

Number of viscous mechanisms, n,,

Bounds of the viscous mechanism values, [n, ns X

Linear viscoelastic model parameters Numerical Material
Viscous parameters in ST, By B33 Bs5 Pes X
Nonlinear viscoelastic model parameters Numerical Material
Viscous parameters in ngf, Yo2 Ya4 V66 X
Micro-damage threshold, Yj,, X

Kinetics parameters of the micro-damage law, Y., pm X
Matrix cracking damage parameters Numerical Material
Viscous parameter regularization, 7y X
Damage threshold, Yy X

Kinetics parameters of p law, ay p

Kinetics parameters of u law, ay by X
Delamination parameters

Tensile failure stress in transverse direction, S%s3 X

Out-of-plane shear failure stress, S5, X

Interface fracture toughness in mode I, G, X

Interface fracture toughness in mode II, Gy, X

Mixed-mode parameter, 7 X

Table 4.2: Parameters required for OPFM

4.2 Improvements of OPFM

OPFM has been enriched to predict all the damage mechanisms and interactions
during a low-velocity impact simulation. The first scope is dedicated to fibre break
modeling with a gradient damage approach. Then, the requirement of damage cou-
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Elastic parameters Numerical Material
Tensile Young’s modulus in fibre direction, Fjq; X

Compressive Young’s modulus in fibre direction, Fj. X

Transverse Young’s modulus in fibre direction, Fyo X

In-plane shear modulus, G X

Out-of-plane shear modulus, Ga3 X

Poisson’s ratio, v X

Density p X

Fibre damage parameters Numerical Material
Tensile failure strain in fibre direction, 1%, X

Compressive failure strain in fibre direction, 2 X

Tensile fracture toughness in fibre direction, G%, X

Compressive fracture toughness in fibre direction, G X

Crushing stress in compression, o™ X

Matrix cracking damage parameters Numerical Material
Tensile failure stress in transverse direction, S&% X

In-plane and out-of-plane shear failure stresses, SI X

Coefficient for permanent strain, coef X
Delamination parameters Numerical Material
Tensile failure stress in transverse direction, S35 X

Out-of-plane shear failure stress, S X

Interface fracture toughness in mode I, Gy, X

Interface fracture toughness in mode II, Gy X

Table 4.3: Parameters required for DPM

pling to predict impact damages accurately is presented. Finally, an enhancement of
the CZM for combined shear and out-of-plane compressive loading is also introduced.

4.2.1 Fibre breaks modeling

The development of a damage law for the fibre failure will be presented in the
following. A thought process toward the chosen accurate fibre breaks modeling has
been performed with two potential candidates.
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The first one ensured the CDM framework. However, as presented in Chapter 2,
a regularization method has to be used to avoid spurious mesh dependency in the
results and to dissipate the correct energy. Several solutions have been presented
with their advantages and disadvantages in Chapter 1. In our opinion, the better
compromise is the gradient damage family, as it does not introduce any strain-rate
dependency (contrary to viscous damage method). Besides, this family is known for
its regularized properties. Non-local damage gradient has been chosen as it ensures
freedom in the establishment of the local constitutive behavior. Nevertheless, it has
revealed some classical pathologies associated to non-local damage such as dam-
age overspreading, delayed damage evolution, significant residual stiffness (section
4.2.1.1).

Thus, it has been decided to investigate another gradient damage model, the
phase-field variational approach (section 4.2.1.2). The phase-field is different from
a CDM, the framework is based on the variational approach of the brittle failure.
Therefore, the phase-field is not a damage model which links the stress-strain using
a local damage law. The phase-field approach involves a strong link between the
damage onset, the energy release rate, and the internal length. In other words,
the choice of two parameters determines the third. This can be harmful when the
internal length obtained from the two other parameters is not appropriate.

The gradient damage framework requires another approach to the problem res-
olution as it introduces an additional field that enter in the functional algorithm to
minimize. Two minimization schemes are possible and will be discussed at the end
(section 4.2.1.4).

4.2.1.1 Non-local damage approach

The non-local damage approach will be presented here. Firstly, the local constitu-
tive behavior is detailed with the two different damage laws for the fibre breaks in
compression and in tension.

Local equations of the CDM

Fibre breaks in compression A maximum strain criterion is considered for
the damage onset. Once the strain at failure 1%, is reached, the softening behavior
is initiated due to damage evolution.

The damage evolution law developed for concrete in |

| has been considered. A stress plateau models the contact with the debris dur-
ing compressive strain. EQUATION (4.39) presents the evolution law of the local
damage variable D!.

Block 1

—_— Block 2
el (1— A,
Di=1- “(811> — Aexp (=Be(en — efi,)-) (4.39)

Where (A, B.) are material parameters, €1; is the longitudinal strain. As it can be
observed, two main blocks (1 and 2) are contributing to the evolution of the damage
law. FIGURE 4.10 highlights the effect of blocks 1 and 2 in the local stress-strain
response. Block 1 controls the stress value at which the plateau is initiated. The
higher 1, the lower the plateau’s stress initiation. Block 2 controls the softening
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response once the failure is initiated. A low value of 2 will bring a sudden failure. It
can be seen that once the plateau is initiated, the damage law continues to dissipate
energy. The value of A has been fixed in order to get the exact value of the crushing
stress used o™" in DPM.

The damage variable is plotted in cyan, as expected before the failure onset the
local damage variable is null. Then it starts growing faster, once the stress plateau
is reached, the damage variable grows slowly. During the elastic unloading, the
irreversible property of the damage law is highlighted with a non-decrease of the
local damage variable.

—— Stress-Strain response
—— Damage variable D
0 : 1.0
Y
Block 1 L 0.8
Stress plateau Sy
—_ =
éﬁ - 0.6 fé
= s
E - z
S Block 2 04 =
=
a
- 0.2
€11 % €11e 0.0

Figure 4.10: Local stress-strain response for the implemented Mazars law for fibre
breaks in compression

Fibre breaks in tension As exposed to fibre breaks in compression, a max-
imum strain criterion is considered. Once the longitudinal strain has reached the
strain at failure €%, the softening is initiated.

The brittle failure in tension involves a separation of the fibres without the
presence of debris between the broken fibres. Thus, the damage evolution law is
different from the Mazars framework. The damage evolution law is presented in
EQUATION (4.40) (similar to the block B in Mazars law).

D} =0.999 — exp(—B; - (e11 — £f41)+ ) (4.40)

Where B, is a material parameter that controls the softening response. The Macaulay
bracket is used in order to avoid damage when the longitudinal strain €1, has not
reached the damage threshold eff,. The stress-strain response is illustrated in F1G-
URE 4.11. The softening is performed after the failure onset until the stress o1
reaches a quasi-null value.

The foundation of the local constitutive behavior has been presented without the
damage effects on the compliance tensor. Indeed, it is not the local damage variables
D! resp. D! that affect the compliance components. It has been chosen to perform
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Figure 4.11: Local stress-strain response for the failure law in tension

the regularization on the local damage variables. Then, the regularized damage
variables are called non-local damage variables in the following D™ resp. D affect
the compliance components. The non-local approach will be detailed hereafter.

Non-local constitutive behavior The non-local formulation developed in |

| has been used in this work. Before presenting the diffusion equa-
tion, choosing which variable to regularize is necessary. A first attempt has been
performed to regularize the driving force Y' = (|ley;]| — ||e&||)s. However, it has
been observed that the damage threshold is delayed. Once the strain threshold has
been reached for the local quantity (Y! > 0), the threshold has not necessarely
been reached for the non-local quantity (Y™ = 0). Indeed, the sharpness of the
local quantity Y is smoothed over the neighborhood thanks to the diffusion equa-
tion, resulting in a reduced value for Y™. The regularization is therefore carried on
the local damage variables (D!, D!). Two fields are defined to distinguish the fibre
breaks in tension from the fibre breaks in compression. EQUATION (4.41) presents
the non-local diffusion equation.

Dt — 2PADM = D!
Dyt — ?AD} = D,
VDM . n =0 on o0
VDM .-n=0ond

(4.41)

where D™ resp. D™ is the regularized damage variable, D! resp. D! is the lo-
calized damage variable, and ¢ is the internal length (the same internal length is
used in traction and compression). It can be shown that the internal length ¢ con-
trols the spatial operator of the damage. The higher the internal length, the more
the localized damage is spread over the neighborhood. It can be noticed that a
scalar value has been considered for the internal length meaning that an isotropic
damage spreading is considered. In | |, the question of introducing an
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anisotropic tensor to define different internal lengths according to the direction has
been studied which has not been considered for the sake of simplicity. The non-local
equations define two boundary conditions (null flux at the free edge), in order to
solve the partial differential equation’s problem (EQUATION (4.41)).

Damage effects Once the regularized damage variables are calculated, the dam-
age effects on the stress-strain behavior are performed. It has been decided to adopt
the same formalism presented in | |, where the damage effects were
taken by adding additional compliance using tensor effects. As the regularized dam-
age variables evolve from [0, 1], the classical form used to handle the damage effect on
the stiffness components (1 — d) cannot be used directly. Thus, a change of variable
is performed on the two regularized damage variables defined in EQUATION (4.42).
From EQUATION (4.42), when D™ = 0, d™ = 0, there is no damage effect. Where
D™ =1, d™ tends to an infinite value.

dnl _ p#

c = 1—pDnl

<o (4.42)
dt = 17tDnl

Then, as shown in EQUATION (4.43), the effective compliance tensor is calculated
by taking into account each damage mechanism. The contribution of each damage
mechanism is added to the initial compliance tensor S°:

S =8° +8(p, ;) + d'Hy + dfHy (4.43)
hiTso 0 0
0
with Hy = | SYM.  hifsy, (4.44)
0 0
hg S8

For the fibre break modeling, it has been decided to add the contribution of the
fibre breaks in tension and compression using the same damage effect tensor Hy
(EQuaTiON (4.44)). The non-null diagonal components of H will affect the longi-
tudinal stiffness and the three shear modulus. As Ej; >> G;, material parameters
h;; are introduced to avoid a high decrease of the shear moduli. It can be noticed
that the components related to Poisson coefficient (His, H3) are assumed to not
affected by the fibre failure. Indeed, to guarantee the positive-definiteness of the
compliance tensor, it has been decided to not affect the off-diagonal components.
One issue raised from EQUATION (4.43) is how it should be handled if the regular-
ized damage variables (D™, D™) > 1 are activated at the same time ? For example,
if the fibre breaks in compression have previously occurred, and then fibre breaks in
tension occur, the two damage effects will be activated with the current formulation.
A solution was to introduce an indice function ¢ depending on sign(e1;) as shown
in EQUATION (4.45). ¢ will activate/deactivate the damage effects as a function of
the local strain state (traction or compression).

life;; >0

‘ (4.45)
01f811<0

S = S + (5, 7) + (1 — &)d"H, + £dM'H, with & = {
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Nevertheless, this method has generated a discontinuity during traction = com-
pression shift. These discontinuities were responsible for convergence issues of the
Newton-Raphson solver. Another possibility is to create only one fibre failure dam-
age variable d, which is calculated using the max of the two damage variables

(EQuATION (4.46)). Finally, the effective compliance tensor will be calculated con-
sidering only the effect due to d* (EQUATION (4.47)).

A" = max(d™, d") (4.46)
Seff = §° + §°(5, 1) + d'H (4.47)

So far, this method has not been implemented as it will not correct the non-local
pathology exposed hereafter. Thus, it has been decided to conserve the two damage
effects activated if (D™, D) > 1.

Simulation of fibre breaks using FEA and actual limitation of non-local
damage The FEA has been performed on the Q16 laminate for each energy level.
As the 35J impact test generates the maximum of fibre damage in tension and
compression, the results of this simulation will be presented and discussed hereafter.

Fibre breaks damage patterns The damage patterns are presented in F1G-
URE 4.12. It can be highlighted that the model accurately captures the fibre breaks
orientation in compression D™ and in tension D. Indeed, fibre breaks occur in all
plies. Fibre breaks in compression are present for the top four plies. Concerning the
fibre breaks in tension, it occurs first for the lowest plies. The loss of stiffness due to
fibre breaks in tension emphasizes the local curvature with a midline shifting toward
the top. Thus, the top plies are loaded in traction at the center which triggers the
failure of fibres.

In FIGURE 4.13, two quantities have been plotted over the red line (segment
AB). Three points can be relieved from the plot.

o The regularizing properties are straightforwardly observed as a smooth damage
gradient profile is observed with a Gaussian shape;

o The overspreading pathology observed with non-local is highlighted here with
a high damage width for the crack. In this study, it has been decided to choose
the lowest allowable internal length in order to minimize the diffusion in the
width considering the actual mesh size;

e Due to overspreading, the non-local damage variables cannot reach their max-
imum values. To illustrate this effect, the residual stiffness 1/ = B¢ has
been plotted in cyan. Although the stiffness is highly reduced, a residual value
is observed, which allows the Gauss point to still sustain a part of the load
and to prevent it from the total failure.

Macroscopic response To complete the analysis, the macroscopic behavior
is presented in FIGURE 4.14 by comparing the experimental and the numerical
responses. The load-displacement responses on the left show that the same path
is followed for the two curves. However, at 5 mm, the numerical model does not
reproduce the response observed experimentally.
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| | [ |
0 D 1 0 D 1

Figure 4.12: Simulation of a 35J impact on the quasi-isotropic laminate Q16 high-
lighting the fibre breaks in compression and in tension using non-local damage

At 5mm, the load drops observed on the experimental responses are induced by
fibre breaks in tension (chapter 3). The current model captures the fibre breaks in
tension, however, it does not reproduce the load drop observed in the experimental
response. Indeed, due to the artificial residual stiffness, the load is still carried by the
damaged Gauss point. The transition between damage and failure is not respected.
The residual stiffness allows the Gauss point to bear the load. It explains the
overestimation of the contact load. Another point to relieve is the energy dissipation,
the experimental response dissipates 2.5x more energy than the simulated one.

To summarize, the non-local damage smooths the macroscopic response prevent-
ing "rough" behavior as load drops and oscillations.

If we look at the load-time response, it can be highlighted that the contact time
duration predicted by the model is relatively lower than the experimental contact
time. 2 main reasons can be brought. The first one is numerical, the contact time
T depends on the stiffness of the sample as presented in EQUATION (4.48).

T = f( m) (4.48)
k

where m is the laminate sample mass in kg and k the stiffness of the laminate sam-
ple in N/m. In consequence, despite the damage effects on the laminate stiffness,
the damage model for the fibre breaks overestimates the stiffness, leading to incor-
rect contact times. The second reason is due to the clearance introduced into the
experimental setup which is not modeled in the actual impact FEM.

Based on the lack of non-local damage to model faithfully the fibre breaks (over-
spreading of the damaged surface), it has been decided to turn to another gradient
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Figure 4.13: Non-local damage variables plotted over the segment [AB], and high-
lighting the residual stiffness E{/

damage model, the phase-field.

4.2.1.2 Phase-field variational approach

As presented in the chapter 1, the phase-field approach belongs to the gradient dam-
age family. A damage variable ¢ approximates the sharp crack topology encountered
for a real crack. A spatial internal length ¢ controls the diffuse damage band of ¢.
The growing attractiveness of this method is linked to the notion of I'—convergence
which guarantees, for brittle materials, a convergence towards a discrete crack and
towards Griffith’s theory when the internal length tends towards 0. Thus, it has
been decided to use this formulation.

Classical phase-field formulation The initial phase-field approach was devel-

oped for isotropic material [Bourdin et al., 2008]. EQUATION (4.49) details the weak
form of the phase-field model:
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Figure 4.14: Comparison of the physical responses at a 35J impact performed on a
Q16 laminate

e(u,0) = [ g(@)o(e(w) AV + [ Go(o. Vo)V (449)
where €us(z, 6) = 9(6)Vaas = 9(6) 50 - <) (4.50)

Gok(¢? + (2V$Ve) for AT2

G.3(¢+BVVe)  for AT1 (4:51)

and szrac(¢7 V(b) = {

where €1 (g, @) is the degraded elastic energy density (EQUATION (4.50)). The elas-
tic energy density Wep,s is multiplied by a degradation function g(¢). €f.ac(¢, Vo)
is the energy contribution due to the fracture (EQUATION (4.51)). For this classical
formulation, two impediments can be highlighted.

Anisotropic formulation and damage effects The first impediment is how
to handle anisotropy. Indeed, the classical formulation adopted in |

] takes the contribution of all directions to calculate the elastic energy density
(0.5 - g;je;5). However, in our case, the fibre breaks occur in the longitudinal direc-
tion. Therefore, only the elastic energy density in direction 1 should be taken into
account. Considering the work performed by | |, the authors
have introduced a damage-dependent elasticity tensor C. As presented in EQUA-
TION (4.52), C is calculated using the classical stiffness tensor C° and a damage
tensor D (EQUATION (4.53)). The damage tensor has a null value for all compo-
nents, excluding the components where the effect of damage should be acting (lon-
gitudinal direction Dy, shear components Dy, and Dgg). From EQUATION (4.54),
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the degraded elastic energy density Wy,(e, ¢) is calculated.

C(¢) =D(¢) : C°: D(g) (4.52)
(1—¢) 0 ... ... .. 0
. S . .
pey=| - | (4.53)
: : : : 0 :
(1-9) 0
0 0 (1-9¢)
(1—¢)C% 0 ... ... 0
. .
co)=| R | | (4:54)
: : : : 0 :
(1 —¢)*Cls 0
0 0 (1—¢)2086

Cpur(e, ¢) = g(¢>;5tc(¢)5 =(1- ¢)2;<011€11 + 2012612 + 2013613) (4.55)

The drawback of such formulation is the introduction of the energy density due to
the shear contribution to calculate the bulk energy density. It implies that fibre
breaks could occur if the ply is sufficiently loaded in shear, which is not relevant.
Thus, it has been decided to remove the shear contributions for the calculation of the
bulk energy density &,,x(e, ¢) ( as reported in EQUATION (4.56)). Nevertheless, the
damage effects remains activated on shear components as once fibre breaks occur,
shear loads are no more sustained.

N2
Cour(e,0) = (1 2¢) (011811%%) (4.56)

Introduction of a damage threshold

AT1 threshold The second impediment is due to the damage threshold con-
trol. Contrary to AT2 formulation, AT1 formulation introduces a hidden damage
threshold. The link between ¢, GG. and o, is often studied through an homogeneous
analysis of the phase-field model as it provides an analytic solution. Indeed, for a
homogeneous solution of a 1D problem (¢ is uniform), the gradient of the damage
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Figure 4.15: Local stress-strain response using AT1 formulation for the fibre breaks
in tension

variable V¢ used in Wiy,.(¢, V) is null. Thus, it is possible to link the maximum
stress 0. with the energy release rate G. and the internal length ¢. In FIGURE 4.15,
the stress-strain response is presented for a 1D homogeneous solution. It highlights
an elastic stage where no softening occurs until o, is reached. In 3D, the link is

C

80

written as € : C° : g =

Energetic threshold Based on the work performed in | ,

|, the authors have introduced an explicit stress

threshold for each damage mechanism. In | ], the authors have con-
sidered a new fracture energy density € f,..(¢, V@) presented in EQUATION (4.57).

€ racl, V) = 20° lcb + fww] (4.57)

Where U is the fracture onset energy density (J/mm?), this formulation does not
use the fracture toughness G, (J/mm?). In EQUATION (4.58), the total energy
density €1 (g, (¢, V¢)) has been written considering the new fracture energy density.
However, by introducing the term (1 — ¢)?¥° and reshaping EQUATION (4.59). The
threshold is explicitly shown in EQUATION (4.60). A Macaulay bracket has been
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introduced in order to avoid negative value when Wg,s < U°.

Cot (e, (¢, Vo))

(1 = )W + 209 [qs n fww] (4.58)

e (6,76) = (1= 0 W (1= 60— (1= 6200 4-20° |+ V670)

(4.59)
Threshold
gtot (57 (¢7 v¢>) - (1 - ¢)2 <\I/clas _ \IJO>+ +\Ij0 + \Ijo(gbz + €2v¢v¢) (460)

Comparison between AT1 and MIEHE formulation A correspondence

can be made between ¥° and G, by comparing the two facture energy densities for
AT1 and MIEHE.

€ o6, V) = Goo (6 + 2V4V @) for ATI
R0y

g? (461)
€ a6, V) = 200 (¢ + é”qus) for MIEHE
. 14 3
if gATl = % = Py = GC@ (462)

Contrary to AT1, MIEHE formulation introduces explicitly the threshold as high-
lighted in red in EQUATION (4.60), when Wy, < ¥° ¢ = 0.

Phase-field formulation considering anisotropy and damage threshold The
phase-field formulation implemented in OPFM for the fibre breaks modeling com-
bines the MIEHE and the anisotropic formulations. The total energy is expressed
in EQUATION (4.64)

taot (5a (Qba V¢)) = beulk (5a Cb) + ef?“ac(¢7 VQS) (463)
Curlz,(6.V6)) = 3 (" - C(6,V6) : & — € : C(6,V6) : <o)
+ U0+ UO(p? + PV PV o)

(4.64)

séz(eﬁ 0000 0>

Six more parameters are required to identify the phase-field model. These param-
eters are presented in TABLE 4.4. All of these parameters have not been identified
experimentally since CC/CT samples were not available. The values have been ob-
tained using several simulations which provide the results close to the impact results.

4.2.1.3 Comparison of the phase-field and the non-local approaches

The two damage gradient formulations have been compared on a numerical test
case. A FEA of a classical three-point flexural test has been performed. A laminate
of four plies [0/90,/0] is meshed using C3D8 elements. The element size is 0.25 x
0.5 x 0.25 mm for the respective directions (1,2,3). The same internal length is
considered for the two models with a value equal to the element size in the direction
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Fibre damage parameters Numerical Material

Tensile failure strain in fibre direction, eff,
Compressive failure strain in fibre direction, ef
Energy density threshold in compression, W
Energy density threshold in tension, W9

Internal length in compression, /.

X X X X X X

Internal length in tension, ¢,

Table 4.4: Parameters required for the phase-field in OPFM

1 (¢ = 0.25mm). FIGURE 4.16 presents the FEA configuration. The composite
plate is clamped over two lines where the right segment allows for displacement
along direction 1. A 3mm imposed displacement is applied on a line located at the
center of the plate on the upper face. The two damage variables and the residual
longitudinal stiffness have been plotted on the segment [AB] for uy = 3mm. This
segment is placed on the rear face where fibre breaks in tension have occurred. The
phase-field method’s curves are plotted in solid lines, whereas the non-local model’s
results are plotted in dotted lines. At first glance, although the damage shapes are
similar, the phase-field method has a more localized damage shape. This fact is also
observed when the variables are plotted over [AB], the trend followed by the two
curves are similar. However, it can be noticed that the phase-field variable reached
its maximum value ensuring a quasi-null value of the residual stiffness E¢T. This
is not the case for the non-local damage where a residual stiffness is maintained

(5 GPa).

The global responses of the plate have been plotted in FIGURE 4.17. The load-
displacement curves are compared for the two models. The responses describe an
elastic stage with no fibre damage. It can be noticed that the failure starts earlier
for the non-local damage with a lower softening. The phase-field exhibits a brittle
failure with a high load drop, whereas for the non-local approach the softening is
smoothed. This phenomenon is explained by the residual stiffness allowed by the
non-local model, the damaged Gauss points are still sustaining load. In consequence,
the slope obtained using non-local damage is stiffer than that obtained with phase-
field modeling. Using an improved non-local method with an evolving internal length
for instance | | or another non-local formulation |

] would avoid the actual limitation.

4.2.1.4 Finite element implementation and algorithmic resolutions of
the phase-field model

Local equations Before introducing the finite element discretization and the al-
gorithm ’s resolution, the mechanical and damage gradient equations in their strong
forms are reminded in EQUATION (4.65). The equations satisfy the boundary con-
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Figure 4.16: Comparison of the failure in tension using non-local damage and phase-
field

ditions as reported in EQUATION (4.66).

div(o)+f = py on

_aqjtot_ 02\ 72
5 = 2Wo(¢ — (2V%¢) on

(4.65)
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—— Phase-field simulation
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Figure 4.17: Load-displacement responses of the laminate under three-point flexural
loading for the two fibre breaks damage models

on =1t on 0
u = uq on 0y (4.66)
V¢-n=0 ond2

Variational formulations The variational formulations are presented in EQUA-
TION (4.67) for the mechanical and the phase-field problems. The EQUATION (4.67)
is valid for all fields (u, ¢) satisfying EQUATION (4.66).

{an L VESu AV + [, piv - ou dV = [, fou dV + [, Téu dS (167)

Joo B+ 2W(¢ — 2V26)56 AV = —2W [y V- mé dS

Finite element discretization From the variational formulations, the finite el-
ement discretization is derived for the displacement and the phase-field damage
variables in EQUATIONS (4.68) to (4.71). u and ¢ are interpolated using the same
order (C1).

u(x) = Ni(z)us (4.68)

¢(x) = _ Ni(x)r (4.70)

0o(x) ON;(x)
= =B 4.71

O ZI: O o1 1(@)ér ( )
Expression of the residuals and tangent matrix The expression of the resid-
ual and the tangent matrix are performed using the discretization of the variational
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principle weak form. The classical displacement residual is presented in EQUA-
TION (4.72) and the phase-field residual is presented in EQUATION (4.73)

fext fint
= / FN AV + / TN dS— / (B + NTpNii; ) dV (4.72)
Q o0 Q
o 8\Il‘cot 2
r? = o ) NI+2‘IIO(NINJ+£ BIBJ)¢@dV (473)

There are two ways to proceed with the resolution of the two problems.

The first one is based on a monolithic resolution of the two problems ([

]). A simultaneous resolution of the two fields (u, ¢) is performed using

a Newton-Raphson solver. It requires defining the tangent matrix with the calcu-
lation of the coupling operators (K*?, K). In [ |, the authors have
highlighted numerical convergence issues with the Newton-Raphson algorithm.

Thus, the authors have decided to choose another approach, the alternate reso-
lution. The two problems are uncoupled and resolved alternately. It implies that the
coupled operators (K*¢, K%*) of the tangent matrix are neglected (EQUATION (4.74)).
The mechanical residual is calculated first using EQUATION (4.75) with fixed values
of ¢r. Then, the residual of the phase-field problem is computed using EQUA-
TION (4.76) with fixed values of u;.

rt K™ K| | duy
= with K% = K" =0 (4.74)
r? KK\ | 5¢;
K" = / B}Fg(;B s dV considering constant ¢p (4.75)
Q

K¢¢ _ 82\Ijt0t
o 0¢?

NiNj +2Uo(N;N; + (*B;By) dV considering constant wy
(4.76)

Alternate algorithm architecture As the two problems are solved in a decou-
pled way, the convergence is more robust. However, it is intrusive to build such
architecture. In our case, a coupling performed by Python module in Z-set has been
developed to transfer the different fields (Wio; [@e, ¢¢]) for each alternate iteration.
Indeed, as illustrated in FIGURE 4.18, when the increment ¢t — ¢ + At has started,
the phase-field damage variables (¢., ¢;) are sent to the mechanical problem. Once
received, the mechanical problem is solved at time ¢ + At. When equilibrium is ob-
tained for the mechanical problem (the equilibrium resolution is a highly nonlinear
problem), the elastic potential is sent to the phase-field problem to update the new
couples (¢, ¢¢). Once the fields (¢., ¢;) are calculated, a stagnation criterion is
verified according to EQUATION (4.77). This stagnation criterion compares for each
Gauss point the damage variable variations between two iterations. If the variation
of a Gauss point has exceeded ¢, the increment is considered as not converged and
an additional iteration is performed until the stagnation criterion is fulfilled.

H¢CZ - Qsciil”oo <€
[ — ' Hloo <€

A maximum number of iterations is defined by the user, if exceeded, a cutback of
the time increment At is performed.

(4.77)
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Figure 4.18: Illustration of the exchange fields between the mechanical and the
phase-field problems

4.2.2 Cohesive law reinforcement for combined shear and
compressive out-of-plane loading

4.2.2.1 Literature review

As observed in the CT-scans (FIGURE 4.19), there is no damage below the impact
zone. Experimental evidence have been brought in the literature on the interlaminar
shear strength reinforcement in the presence of compressive out-of-plane stress o33

[ : ].

OO
O<—Undamaged impact zone —»O -4&

90°

Quasi-static indentation Impact 10 mm

Figure 4.19: Projected damaged area obtained from the X-ray segmentation for a
QST and 20 J impact tests

Numerically, this behavior has been reproduced in cohesive zone modeling. In-
deed, in | |, three different shapes of traction-separation laws have
been presented. These laws show a dependence of the interfacial parameters (on-
set and fracture toughness) as a function of (o33)_ using a material parameter 7;.
EQUATION (4.78) presents one of the three models.

O.gnh =0, (1 —ny <033>—>
O-C

(o33) -\
GSh = Gype (1—77f 53 _>

Oc

(4.78)

Where the couples (o™, Gl are the new reinforced interfacial parameters for de-
lamination in mode II, y being an adimensional friction coefficient, introducing a
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dependence on the compressive out-of-plane stress o33. This formulation is interest-
ing as it performs an homothety of the initial traction-separation law. Therefore,
the slope is unchanged once the softening is initiated, avoiding numerical issues. In
[Catalanotti et al., 2017], a similar formulation presented in [Li et al., 2008] has been
used. A dependence on (o33)_ using a material parameter was introduced to calcu-
late the enhanced interface toughness in mode II (G$1). The frameworks presented
above show ease in implementing the reinforcement of the cohesive law parameters
in mode II. Thus, it has been decided to implement this framework in the cohesive

law.

4.2.2.2 Introduction of the reinforcement

A similar formulation presented in ([Li et al., 2008]) has been adopted in the current
cohesive zone model. The enhancement of the interfacial properties in mode II is
presented in FIGURE 4.20. Before the reinforcement, the traction-separation law
is shown in blue. The higher the material parameter pu, the higher the couple
(oemnh GEM). On the contrary to the formulation introduced in EQUATION (4.78),
033 is not divided by o.. The difficulty of identifying p experimentally leads to
perform numerous simulations with different values of 1. The criterion to select the
correct value of p was based on capturing the correct undamaged zone below the
impact.

oe" = oc(1 - ploss)-)
G = Go(1 — p(oss)—)?

Aug Aug™™  Auy Auf
Figure 4.20: Hlustration of the effect of the reinforcement equations on the cohesive
interfacial properties in mode II

FIGURE 4.21 compares the evolution of the shear onset stress criterion with and
without the reinforcement. It can be observed that both criteria are the same for
positive values of o33. However, once o33 < 0, 0gnear Starts to increase as expected.

4.2.3 Introduction of the damage coupling

As highlighted in Chapters 2 and 3, a strong interaction between all damage mecha-
nisms is observed for this material. The current OPFM does not provide any inter-
action between the different damages. Indeed, it was first assumed that the loading
transfer induced by fibre breaks or matrix cracking would trigger the delamination.
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Figure 4.21: Hashin criterion plotted with and without the shear/compression rein-
forcement

4.2.3.1 Influence of the matrix cracking modeling on the damage inter-
action

The two damage models (DPM and OPFM) have been first compared on a 20J
impact on quasi-isotropic laminate. In this study, only the matrix cracking and
the delamination have been modeled. The viscoelastic and nonlinear elasticity have
been deactivated to minimize the differences between the two models. The main
difference is based on the matrix cracking modeling as DPM uses discrete damage
modeling instead of CDM for OPFM. The matrix damage and the delamination
have been compared for the two models. The two damage patterns are compared
at 4ms where almost all the kinetic energy has been converted onto the internal
plate’s energy. FIGURE 4.22 presents the experimental response at 20J and the
responses obtained by DPM and OPFM. First-of-all, it can be shown that the two
numerical responses are overlapped with the same maximum load and contact time.
Besides, it shows that the delamination and the matrix cracking are not responsible
for load drops or oscillations. As the fibre break is not modeled, the normalized
load is overestimated. The predicted contact time is shorter than the experimental
contact times. Two reasons explain the difference. The first one is the experimental
setup’s mechanical clearances, which are not considered in the simulation as modified
boundary conditions. The second reason is the dependence of the contact time on
the laminate stiffness. As fibre breaks in tension occur at this impact energy. It
induces a drop in the laminate stiffness.

In FIGURE 4.23, the matrix cracking and delamination patterns have been com-
pared for the two damage models at 4ms. It can be shown that the delamination
show very similar patterns between the two models. Indeed, the same interface
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Experimental result 20 J
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Figure 4.22: Numerical and experimental load-time responses for the Q16 laminate
impacted at 20 J. Both models consider only matrix cracking and delamination

parameters have been used with similar stress and energy criteria. Nevertheless,
it should be highlighted that the last interface (red) is damaged in DPM model,
whereas there is no damage in OPFM model. Indeed, as matrix splitting cracks
occur on the rear face, it triggers the delamination of the lowest interface due to the
discrete representation of matrix cracking. This point must be introduced in OPFM
to improve the accuracy of the model. The delamination of the lowest interface is
not captured with a continuum damage framework used in OPFM. The two models
capture important matrix cracking for the lower interfaces. It is due to critical trans-
verse positive stresses due to bending. The DPM captures more matrix damages
near the impacted surface. In any case, similar results are obtained between the two
damage models despite the two different modeling strategies for matrix cracking.

4.2.3.2 Interactions between all the mechanisms, influence of the fibre
breaks on the total damage scenario

FIGURE 4.24 compares the two responses with the experimental response by intro-
ducing the fiber breaks in the two models. It can be highlighted that DPM captures
accurately the load drop. OPFM captures the fibre breaks later with a higher load
drop. The fibre breaks modeling allows accurate prediction of the maximum load.
The two responses follow the same unloading stage. Although the fibre breaks mod-
eling increased the predicted contact time, the contact time is still underestimated
due to the mechanical clearances in the experimental setup.

The delamination and matrix cracking patterns have been compared at two dif-
ferent times (2ms and 4ms) to evaluate the differences between the two damage
models (FIGURE 4.25).
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Delamination 4ms Matrix cracking
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Figure 4.23: Delamination and matrix cracking patterns captured at 4ms for the
Q16 laminate impacted at 20J. Both models consider only matrix cracking and
delamination modeling
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Figure 4.24: Numerical and experimental load-time responses for the 20J impact
test and considering all damage mechanisms
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e« 2 ms. The delamination is similar on the rear face for both models. How-
ever, there is a difference for the impacted surface. The empirical coupling
introduced in DPM between the fibre breaks and delamination is responsible
for this difference. Indeed, the fibre breaks have occurred near the impacted
surface and the delamination is therefore triggered due to the coupling. Con-
cerning the matrix cracking pattern, the same conclusion presented just before
can be dressed;

e 4 ms. The similarities observed at 2ms are no more observed for the delami-
nation. The fibre breaks in compression have occurred on the impacted surface
for both models. Interestingly, with OPFM, the load transfer is insufficient
to capture the delamination where fibre breaks have occurred. Using DPM,
the delamination follows the fibre breaks in the compression path due to the
empirical coupling.

On the rear face, the delamination of the lowest interface is captured by DPM,
whereas it is still not captured by OPFM. Experimentally, the delamination of
the lowest interface is explained by the fibre breaks in tension in the upper ply,
pushing the matrix splitting on the lower ply to open. The splittings trigger
the delamination of the lowest interface. The splitting is naturally captured
by discrete damage modeling. In OPFM, the continuum damage framework
does not reproduce the splitting aperture, which prevents delamination from
initiating and propagating within the lowest interface. Concerning the matrix
cracking, DPM shows more damage near the impacted surface. However, ex-
perimentally, the matrix cracking is mainly observed for the interfaces located
at mid-thickness or those close to the rear.

To summarize, by comparing the two models, it highlights the requirement of
damage couplings to perform sound simulations of impact on laminated compos-
ites. These interactions between the damages is intensified when fibre breaks occur.
Therefore, a damage interaction has been introduced for the fibre break — delami-
nation and the matrix cracking — delamination in OPFM.

4.2.3.3 Development and introduction of an intraply — interply damage
coupling

The degradation of the cohesive law as a function of the state of the volume Gauss
point (damaged or undamaged) will be presented first. Then, the connectivity be-
tween the volume-interface Gauss points and the information exchanges will be
discussed.

Geometric establishment of the coupling FIGURE 4.26 presents the geomet-
ric information exchange between the Gauss points in the solid elements and the
interfaces Gauss points. Each interface element has four Gauss points. Each in-
terface Gauss point has two adjacent volume Gauss points. The interface Gauss
point receives the damage state of the two adjacent volume Gauss points (top and
bottom) as presented in EQUATION (4.80). The transferred fields are the two fibre
damage variables (¢., ¢;) and a bounded variable for the matrix damage Dy, de-
fined hereafter. Then, the maximum damage values is taken between the top and
the bottom volume Gauss points.
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Figure 4.25: Matrix cracking and delamination captured at 2ms and 4 ms for DPM
and OPFM in the presence of all damage mechanisms

python

Top Bot
maX(Dcoup? Dcoup )|

3D volume element

Interface element

3D volume element

Undamaged Gauss point « Partially damaged Gauss point e Fully damaged Gauss point
Figure 4.26: Geometric scheme of the damage coupling approach in OPFM

Effect of the intraply damage on the cohesive interfacial property Once
the damaged states of the volume Gauss point are transferred to the adjacent inter-
face Gauss point. The mixed-mode stress onset and interface toughness are reduced
according to EQUATION (4.79).

Oc¢ = <1 - Dcoup>+ *O¢ +€l
—(1-D

4.79
Gc Coup>%r : Gc + 52 ( )
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with Deoyp = max(DP DS, & and & are numerical parameters to avoid a null

value for o, and G.. The values of & and &, are very low. Dq,p can be written as

Top volume’s Gauss point Bottom volume’s Gauss point
o Top Top Top . Bot ;Bot Bot
Dcoup = max max(gzﬁc 7¢t ) + Dmat 7maX(¢c » ¥Vt ) + Dmat (480)
Fibre damage Matrix damage

where Dy, = (1 — [EST/ES,]) with EST the effective modulus value in transverse
direction.

Algorithm connectivity and information exchanges Algorithmic develop-
ments are needed to exchange information between the interfaces and volumes Gauss
points. The first task is to establish the table connectivity at the beginning of the
simulation. The connectivity between each interface Gauss point and their relative
volume Gauss points is built using a built-in function in Z-set that is interfaced
with Python. The volume and the interface element sets are used to identify the
neighboring Gauss points of each interface Gauss point. Once the connectivity is
performed, each interface Gauss point is linked to its two adjacent volume’s Gauss
points.

The transferred fields (matrix cracking and fibre damages) of the volume Gauss
points are then transferred in the cohesive damage law routine of the respective
interface Gauss point. Two different cases can be observed for the coupling:

o The first one is with the absence of fibre breaks occurrence (¢. = 0 or ¢, = 0).
In this case, the drawback is a time increment delay between two consecutive
increments for the coupling. Indeed, the transferred fields at time ¢ are those of
the increment ¢ — At as the alternate solver converges in one iteration (shown
in blue in FIGURE 4.27). Thus, the couples (0., G.) are reduced using the
coupling fields obtained from the previous converged increment D'~

o However, when the fibre damages occur (¢. > 0 or ¢; > 0), as shown in red in
FI1GURE 4.27, the alternate solver iterates until the stagnation criterion is ful-
filled. Consequently, during the iterations, the transferred fields are updated,
highlighting the explicit character of the artificial damage interaction.

Influence of the coupling on the projected delaminated area The dam-
age interactions have been introduced progressively to demonstrate the interest of
coupling. FIGURE 4.28 shows the effect of the different couplings on the delamina-
tion. Firstly, the matrix cracking — delamination coupling changes the delamination
shape for the lower interfaces, the coupling captures the delamination of the low-
est interface. Few matrix cracking is responsible for the negligible influence of the
delamination near the impacted surface.

When the fibre breaks — delamination coupling is introduced, a strong influence
on the delamination near the impacted surface is observed. Indeed, the fibre breaks
in compression trigger the delamination. The delamination follows the fibre breaks
path as observed with DPM and experimentally.
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Figure 4.27: Alternate scheme with no fibre breaks (from 0 to t in blue) and with
fibre breaks (from t to t + At in red). The scheme highlights the explicit character

of the damage coupling (D},,,) when fibre breaks occur
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Figure 4.28: Influence of the damage coupling on the projected delaminated area
for the Q16 laminate impacted at 20 J

4.2.3.4 Summary of the damage coupling modelings

The comparison between the DPM and the OPFM has emphasized how critical is
the damage interactions with the delamination patterns. Moreover, it shows that
continuum damage modeling for intraply damage and cohesive zone modeling for
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interply damage are suffering from a lack of information exchange. The load transfer
is insufficient to trigger the delamination when intraply damage occurs. A solution
using an artificial coupling has been developed in Zset. The progressive introduction
of the damage coupling has highlighted that the delamination of the lower interfaces
is influenced by the matrix cracking. Besides, the fibre breaks — delamination
coupling has enabled to capture the delamination near the impacted surface.

4.2.4 Toward the simulation of low-velocity impact

Based on the drawbacks observed for the previous using of OPFM, this section has
introduced all the developments to predict accurately the impact damage. Three
main improvements have been presented:

o Fibre breaks modeling using the phase-field variational formulation with two
different fibre damage variables;

e An enhancement of CZM with a strength reinforcement in the presence of
compressive out-of-plane loading;

e An interaction of damages by introducing an intraply — interply damage
coupling.

All of these three developments have been justified considering experimental evi-
dence (chapter 2 and 3). The comparisons with DPM emphasize the strong need
for damage coupling in impact damage.

The following section will be dedicated to the simulation of low-velocity impact
using the two damage models. The predictive capabilities of the two models will be
presented and discussed.

4.3 Prediction of damages induced by low-velocity
impacts

The results obtained from the simulation for both damage models will be compared
to the experimental data. The first comparisons are performed on the global re-
sponses (load-time and load-displacement responses). Then, the projected damaged
areas for the delamination are presented. Finally, all the damage mechanisms are
compared for each ply and interface.

4.3.1 Study of the global responses

The load-displacement and the load-time responses for the Q16 and C20 laminates
are plotted in FIGURES 4.29-4.30. The responses are normalized according to the
peak load observed for each impact energy level.

The numerical responses obtained from both models are very similar for the
lower impact energies (6.5J and 11J), the numerical responses obtained from both
models are very similar. The predicted load peaks is more overestimated for the
C20 laminate than for the Q16 laminate. The predicted contact times are lower
than in the experiments for both models. As explained previously, the contact time
depends on the experimental setup stiffness. The actual experimental setup has
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mechanical clearances due to numerous stacked tools that are not considered in
the numerical modeling. The impact window is pinned (uq, ug, ug) = 0, which is
not strictly representative of the actual boundary conditions, as observed with the
Keyence sensors.

At 20 J, fibre breaks in tension have occurred for the Q16 laminate only. Both
models capture the load drop and the oscillations observed experimentally for the
Q16 laminate. The load drop arises earlier for the DPM than OPFM. In any case,
the maximum load is well captured for both models. For the C20 laminate, the two
predicted responses are overlapped until 4.54 mm where DPM exhibits a load drop.
At 20 J, fibre breaks in tension have not been observed. However, DPM predicts the
failure of fibres in tension responsible for the load drop.

At 357J, all the damage mechanisms are present. The load drop is more pro-
nounced in OPFM than in DPM. Good predictions are observed for both models for
the Q16 laminate. For the C20 laminate, OPFM exhibits a load drop not observed
experimentally.

FIGURE 4.31 compares the maximum load peak and the normalized dissipated
energy for each impact test.

For the Q16 laminate, the normalized load peaks of both models evolve between
90% and 110% (the two horizontal blue lines) of the experimental normalized load
peak. For the C20 laminate, the normalized load peaks of both models evolve
between 100% and 115% of the experimental normalized load peaks.

The normalized dissipated energies have been plotted for each impact energy
level. It can be observed that no trend could be established for the predicted val-
ues. For higher energies, the predictions are better for the Q16 laminate for both
models. However, care must be taken as the experimental normalized dissipated en-
ergies are calculated considering the machine displacement. The experimental dis-
placement contains spurious displacements associated with the experimental setup.
Consequently, the dissipated energies have a contribution induced by the machine
clearance.

4.3.2 Comparison of the projected damaged area for the
delamination

The projected damaged areas associated to the delamination have been compared
with CT-scan images. An in-depth coded color has been used for this comparison. It
should be noticed that the undeformed coordinates from the simulations have been
used for the comparison. The higher the impact energy, the higher the sample is
warped, which could induce the wrong color for the CT-scan images. In any case, the
main objective of this comparison is to visualize the global shape of the projected
damaged area. The following subsection will compare for each ply/interface the
different damage mechanisms.

For the Q16 laminate (FIGURE 4.32), the comparisons highlight each model’s
predictive capabilities in capturing the different damages. The damage extends ob-
tained from the two models are similar to the CT-scan images. Both models capture
the latest interface (red). It should be noticed that DPM captures an elegant shape
of the latest damaged interface thanks to the discrete damage modeling. Despite
the artificial coupling, the delamination extends for the lowest interfaces obtained
from OPFM is not extended as for DPM. The main reason that can be suggested is
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Figure 4.29: Comparison of the global responses for the Q16 laminate

the damage-failure transition which is not respected due to the existing framework.
Indeed, the matrix crack density is slowed down by the micro-delamination. Thus,
a residual stiffness value is still available, allowing load carrying. For the damages
occurring near the impacted surface (blue) both models capture the fibre breaks
in compression of the most top plies. These fibre breaks induce a high amount of
delamination as observed experimentally. The success of the fibre breaks — delam-
ination coupling used for both models allows capturing the accurate orientation of
the delamination for the most top interfaces.
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Figure 4.30: Comparison of the global responses for the C20 laminate

For the C20 laminate (FIGURE 4.33), similar damage extends are observed be-
tween the predicted and the CT-scan images. The fibre breaks in compression are
still captured for both models, however, it can be observed that for OPFM, the fibre
breaks in compression is not predicted at 6.5J. At 35J, the fibre breaks in com-
pression induce a high amount of delamination, especially at 45°, the two models
capture these damages but are still less pronounced than the experiment. For the
lower interfaces, DPM accurately captures the delamination shape, whereas OPFM
overpredicts the delamination. The overprediction of OPFM has been observed since
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Figure 4.31: Load peak and dissipated energies predicted by the models and nor-
malized by each impact energy level for the Q16 laminate (top plots) and the C20
laminate (bottom plots)

6.5J.

A first insight on the predictive capabilities of the two models has been pre-
sented. However, it is not sufficient to accurately evaluate the two damage model’s
sturdiness. Hence, a local comparison of each damage mechanism is performed in
the following.

4.3.3 Deeper comparisons (ply by ply and interface by inter-
face) for the evaluation of the predictive capabilities
of the two damage models

Each damage mechanism is compared with the CT-scan slices. Interface damage
obtained by CT-scans in green are compared with the delamination predicted by
the two models. Intraply damages (fibre breaks and matrix cracking) obtained by
CT-scans in red are compared with the intraply damages predicted by the models.
For the Q16 laminate impacted at 20 J, the sample is highly warped, and therefore
all the damage mechanisms are observed for the slices located near the rear face.

4.3.3.1 Fibre breaks

The fibre break patterns are presented first for the Q16 and C20 laminates impacted
at 20 J. For the Q16 laminates, the fibre breaks in compression are shown in FIG-
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URE 4.34. The OPFM predicts the failure of the top three plies in compression. The
fibre breaks orientation is well captured for the second and third plies. However,
for the first 0° ply the failure is perpendicular to the ply orientation, which is not
the case experimentally (-45° orientation). A possible reason is the high in-plane
shear stress (o12) induced by the contact with the impactor, which could influence
the fibre break onset. The same problem is observed for DPM. Using the phase-field
or the crack band models could not bring a solution to capture the good fibre break
orientation. A possible way is to introduce a dependence of the strain threshold on
the shear stress eff = f(012). OPFM does not predict the fibre breaks for the fourth
-45 ply. Concerning DPM, the fibre breaks of the top four plies are captured. A
complex crack path is observed for the second 45° ply with failure oriented at -45°
and 0°.

The fibre breaks in tension are observed in FIGURE 4.35. Experimentally, it
occurs in the lowest six plies starting from the 45° ply (45°,90°,-45°,0°,45°,90°).
OPFM predicts the first failure in the 90°, which is followed instantaneously by
the 45° ply. DPM captures the fibre breaks in all the designated plies. However,
the failures occur also in FIGURE 4.34 for the lowest 45° and 90° plies. Another
point to notice in DPM is the apertures created due to matrix cracking which are
straightforwardly observed for the lowest 0° ply.

For the C20 laminate, the fibre breaks in compression are presented in FI1G-
URE 4.36. At this energy level, only fibre breaks in compression have occurred for
the top six plies. OPFM predicts the fibre breaks in compression of the top two
plies. The same problem previously shown with the wrong crack orientation of the
first ply is observed. For DPM, the fibre breaks are predicted for the top six plies.
The fibre break orientation is captured accurately for the second -45° ply. In FiG-
URE 4.37, DPM also predicts the fibre breaks in tension for all plies except for the
0° plies. Again the apertures due to matrix cracking is easily observed.

In-plane tensile and compressive tests on 0° laminates have been performed to
identify the strain threshold in | ]. The results show underestimated
values of the strain thresholds when introduced in the different damage models.
Thus, different simulations have been performed to identify the better values for
each model. However, the energetic fibre breaks threshold used in OPFM for the
fibre breaks in compression and in tension is too high. For DPM, the fibre breaks
strain threshold in tension is low as it predicts the fibre breaks for the C20 laminate
whereas it is not observed experimentally. Concerning the energy release rate (G?c’c),
compact tension and compact compression tests for fibre breaks must be performed
to identify the correct energy release rate in compression and tension. The phase-
field formulation shows a better potential than the crack-band framework to capture
accurately the crack shape.

4.3.3.2 Delamination

The delamination patterns are now compared with the X-ray slices for each interface.

Firstly, for the Q16 laminate, almost all the damaged interfaces predicted by
both models agree with the experimental results (FIGURES 4.38 - 4.39). The de-
lamination orientation and shape are powerfully captured from both models. For
the delamination near the impacted side, OPFM captures the delamination orienta-
tion and shape thanks to the fibre breaks = delamination coupling. For the DPM,
the delamination of the first interface does not show two lobes oriented at -45° as
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observed in OPFM. DPM captures another delamination’s orientation for the top
three interfaces. This 0° orientation is linked to the fibre breaks in compression of
the third 90° ply.

The delamination patterns are presented in FIGURES 4.40—4.41 for the C20 lam-
inate. The two models capture the 45° delamination’s orientation for the first two
interfaces. The wrong orientations are reproduced for the delamination patterns
due to the fibre breaks in compression = delamination coupling. Thus, for the top
45°/0°, 0°/45° 90/0° interfaces, the damaged interfaces predicted by DPM are not
correctly captured.

OPFM captures the delamination for the lowest 0°/ — 45° interface, whereas no
damage is obtained. This is due to the matrix cracking = delamination coupling,
which triggers the delamination on the lowest interface. Concerning DPM, the
interface 0°/ — 45° is damaged due to the fibre breaks in tension of the -45°.

The good prediction of the delamination of almost all interfaces demonstrates
that CZM is a suitable framework for modeling interply damage in this material.
The delamination orientation is highly influenced by the fibre break patterns. Thus,
accurate fibre breaks prediction is needed to capture relevant delamination patterns.

4.3.3.3 Matrix cracking

The matrix cracking is finally compared for both models with the CT scan slices.
The comparison is more challenging as the matrix cracking require small voxel size
to be captured.

FIGURES 4.42-4.43 introduces the matrix cracking patterns obtained from both
models for the Q16 laminate. OPFM accurately captures the matrix cracking ori-
entation. Moreover, the closer the ply to the impact surface, the lower the matrix
cracking extends. The strength reinforcement explains it in the presence of negative
transverse stresses g99. The matrix cracking are more extended for the DPM. The
broken elements in red are concentrated around the impact center.

FIGURES 4.44-4.45 introduces the matrix cracking patterns obtained from both
models for the C20 laminate. As explained for the Q16 laminate, the same comments
can be established for both models.

As IR thermography captures the thermal signatures related to the matrix crack-
ing. The predicted matrix damages have been compared to the IR images in FiG-
URE 4.46. It can be highlighted that the damage orientations of both models are in
agreement with the IR images.

4.4 Conclusion

This chapter has presented the two damage models, DPM and OPFM. Based on the
experimental analysis, OPFM has been enriched with a fibre break modeling with
two damage variables (one for the compression and one for the tension). Different
regularization methods have been considered. The phase-field has shown interesting
capabilities in predicting fibre breaks. The comparisons between the two models
have shown the lack in interacting intraply and interply damages for OPFM. An
artificial coupling has been developed in OPFM and has shown the different effects
and benefits. Once enriched, the predictive capabilities of the two models have been
investigated by comparing the impact responses. The projected damaged areas have
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then been compared to visualize the damage extends. Finally, a deep comparison
of each ply and interface damages have been carried out. The two damage models
have shown interesting predictive capabilities.

172



Chapter 4 Material degradation modeling and FE simulation of impact damages

X-ray DPM OPFM

35J

OO
45°

90°

10 mm

45/0

i 90/45

-45/90

" 3 0/-45

45/0

90/45

-45/90

;f; -45/-45

90/-45

45/90

#ﬁ 0/45

-45/0

. 90/-45

‘f‘ 45/90

ey 0/45
-~

Figure 4.32: Experimental and numerical projected damaged area for the Q16 lam-
inates (impacted and rear faces)
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Figure 4.34: Comparison of the intraply damages (X-ray slices) with the fibre break
damages for the 8 highest plies of the Q16 laminate impacted at 20 J
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Figure 4.35: Comparison of the intraply damages (X-ray slices) with the fibre break
damages for the 8 lowest plies of the Q16 laminate impacted at 20 J
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Figure 4.36: Comparison of the intraply damages (X-ray slices) with the fibre break
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Figure 4.37: Comparison of the intraply damages (X-ray slices) with the fibre break
damages for the 10 lowest plies of the C20 laminate impacted at 20 J
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Figure 4.38: Comparison of the interply damages (X-ray slices) with the delamina-
tion damages for the 8 highest interfaces of the Q16 laminate impacted at 20 J

179



Chapter 4 Material degradation modeling and FE simulation of impact damages

Delamination
X-ray OPFM DPM
90/-45
45/90
1
0/45 ° ]
&0
&
g
&
o]
=
-45/0 £
Q
E I
90/-45 0
45/90 10 mm
90°
45°
0/45
OO

Figure 4.39: Comparison of the interply damages (X-ray slices) with the delamina-
tion damages for the 7 lowest interfaces of the Q16 laminate impacted at 20 J
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Figure 4.40: Comparison of the interply damages (X-ray slices) with the delamina-
tion damages for the 10 highest interfaces of the C20 laminate impacted at 20 J
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Figure 4.41: Comparison of the interply damages (X-ray slices) with the delamina-
tion damages for the 9 lowest interfaces of the C20 laminate impacted at 20 J
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Figure 4.42: Comparison of the intraply damages (X-ray slices) with the matrix
cracking damages for the 8 highest plies of the Q16 laminate impacted at 20 J
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Figure 4.43: Comparison of the intraply damages (X-ray slices) with the matrix
cracking damages for the 8 lowest plies of the Q16 laminate impacted at 20 J
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Figure 4.44: Comparison of the intraply damages (X-ray slices) with the matrix
cracking damages for the 10 highest plies of the C20 laminate impacted at 20 J
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Figure 4.45: Comparison of the intraply damages (X-ray slices) with the matrix
cracking damages for the 10 lowest plies of the C20 laminate impacted at 20 J
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This work was a part of an industrial research/development project called MARCOS
2 (Advanced modeling of the failure of laminated composites) with a consortium
composed of Dassault Aviation, ONERA ICA, and ENPC. Due to the complex
failure phenomenon encountered in laminated composite structures, the objective
was to introduce the numerical modeling of each damage mechanism induced by a
low-energy /low-velocity impact in the sizing of aeronautical composite structures.
In this project, Dassault Aviation has defined two technical objectives assigned to
ONERA:

e The first one was the understanding of the damage mechanisms induced by
a quasi-static indentation or a low-energy/low-velocity impact test using en-
riched instrumentation;

e The second one was the modeling of the degradation mechanisms in composite
laminates induced by QSI or a low-energy/low-velocity impact and the robust
numerical implementation into a finite element code;

Thus, the present work balances between the experimental investigation of impact
damages and the numerical modeling of a low-energy /low-velocity impact of a recent
generation of carbon/epoxy composite laminates. Four chapters have been defined
to meet the objectives.

The first chapter introduces the low-energy /low-velocity impact on composite
laminates. Four sections have been identified to highlight the actual challenges.
The first challenge is related to the damage tolerance of composite structures by in-
dustrial and how the substantiation is brought to the certification authorities. The
actual industrial methodology and the associated technical issues have been dressed
for the damage tolerance of composite structures subjected to a low-energy/low-
velocity impact. It has shown that lengthy and costly experimental test campaigns
are needed to perform abacus for the sizing of composite structures, and therefore,
simulations are needed to design faster composite structures.

The second section presents a state-of-the-art of the actual works performed by aca-
demics in low-energy /low-velocity impact. These last decades, research on impact
dynamics on composite laminates has enabled an understanding of the physical re-
sponse during the impact event. The comprehension of the damage mechanisms is
performed using post mortem analysis with destructive and non-destructive inspec-
tion means. Recently, the p-tomography has opened new doorways in investigating
impact damages thanks to the 3D character of the volume inspection. Moreover,
thanks to the recent advancements in high-frequency acquisition, impact tests are
more and more monitored by high-speed cameras (infrared and visible). Neverthe-
less, few studies are currently available to perform in-situ damage monitoring due
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to the required sophisticated instrumentation.

The third section presents the damage modeling and the simulation of a low-energy
/low-velocity impact using FEA. Several damage models with different approaches
and complexities have been presented. The limitations of each modeling strategy
have been discussed, especially for the CDM, where regularization methods are
needed.

Finally, the last section briefly introduced the CAI test’s experimental and numer-
ical modeling to estimate the residual compression strength after an impact. To
conclude, this chapter describes the actual state of the art of impact dynamics on
laminated composites. It has shown the actual strengths and lacks in the experimen-
tal investigation and numerical modeling of impact damages. The research needs
to be continued experimentally on the damage assessment and the establishment of
the damage scenario for such complex materials. Numerically, the actual simula-
tions have highlighted the complexity of developing damage models that efficiently
simulate the damage mechanisms while mastering the model complexity. Thus, In
the light of the current state of the art, the subsequent chapters tackle the current
scientific issues.

Chapters 2, 3, and 4 present the scientific work performed during this work. Chap-
ters 2 and 3 were dedicated to the experimental investigations of impact damage
mechanisms. Chapter 2 has used the classical methodology for the damage assess-
ment of two industrial laminates (Q16 and C20) made of a carbon/toughened epoxy
UD plies. Physical impact responses and post mortem analysis have been carried
out. Particular attention has been given to the segmentation of impact damages ob-
tained from CT scans. Indeed, a deep learning approach has been used to segment
the different damages within the laminate. The segmented damage extent has been
obtained, giving precious information for the comparison with the numerical simu-
lation results. The different post mortem controls have enabled an understanding of
the damage mechanisms occurring in this specific material (with a high amount of
fibre breaks in compression and delamination occurring inside the ply).

In chapter 3, the investigation of impact damages has been pushed further using
damage monitoring. Four high-speed cameras have enriched the instrumentation of
the impact experimental setup (two IR cameras and two visible cameras to perform
DIC). The transverse displacement field obtained from DIC has highlighted the ma-
trix splitting occurring on the rear face. The out-of-plane displacement obtained
from DIC has shown that spurious out-of-plane displacements are introduced due to
the experimental setup clearance. Moreover, it has been highlighted that the cam-
eras must be isolated from the impact machine to avoid a measurement disruption
induced by the stress wave propagation during the rebound phase. A special effort
on the IR thermography was considered. The main objective was to link the differ-
ent thermal signatures observed during the test with the different impact damage
mechanisms. The thermal images have enabled a good understanding of the damage
temporality occurring in such material. The TELOPS camera placed on the rear
face has captured the thermal signature related to the different damages occurring
near the surface. The other objective of this chapter was to study the strain rate
effect for QSI loading. A comparison of the physical responses and the damaged
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area obtained from CT scans has been conducted. Due to similar results, it has
been concluded that this material could be considered insensitive to the strain rate
effect. This chapter has enriched the comprehension of the mechanical degrada-
tion occurring in the studied material, especially considering the chronology of the
damage events.

Chapter 4 deals with the modeling of the different damage mechanisms encoun-
tered in this material and the simulations using FEA. Two different damage models
have been considered (OPFM developed at ONERA and DPM developed at ICA).
A description of the two damage models has been firstl performed. As the DPM
has been developed for decades with a particular focus on low-energy /low-velocity
impact simulations, it has permitted to highlight some of the lacks in OPFM. Thus,
a fibre break model with a phase-field approach and a damage coupling between
the different damage mechanisms has been implemented in OPFM. These models
consider two different frameworks. The first difference is related to the temporal
discretization scheme, OPFM uses an implicit solver («¢—method) while DPM uses
an explicit solver. The second difference is related to the material modeling ap-
proach, DPM uses a mesh-oriented strategy to perform discrete modeling of the
matrix cracking, while OPFM uses a mesh with no bias, and a continuum dam-
age law is considered for the matrix cracking modeling. Working with these two
models has been an enriching experience allowing me to take a step back. The
low-energy /low-velocity impact simulations have been performed for the Q16 and
C20 laminates at each impact energy level. The comparisons were performed on
the global responses, the projected damage, and at the ply/interface scale. The two
models have simulated accurately impact damages.

Thanks to a complementarity between the enriched instrumentation and the post
mortem analysis, this work has provided a deep understanding of the degradation
mechanisms occurring in the recent carbon/epoxy toughened laminated composite
material. It has revealed how complex the impact damages are with a strong inter-
action between each kind of damage. Based on the impact damage assessment and
from the comparison with DPM, OPFM has been enhanced to accurately model this
specific laminate’s mechanical degradation. Additionally, the simulations of impact
damages have been carried out with the two damage approaches proposed by DPM
and OPFM. To conclude, the initial objectives have been fulfilled experimentally
and numerically.

Due to the material architecture of composite laminates and the complexity of
impact damages, researches need to be continued by the scientific community in
both experimental and numerical modeling to express the strong potential of such
material in the sizing of primary aeronautics structures.
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Several experimental and numerical investigations were performed, validating the
damage assessment and scenario for different stacking sequences and energy levels.
Nevertheless, the lack of time for investigating new solutions or the complexity of the
problem makes many questions unanswered. Thus, the experimental and numerical
perspectives on the outcome of this work are presented below.

Experimental outlooks

Material identification

Different experimental tests have been defined in the MARCOS II experimental
campaign to characterize the elastic and damaged behavior of the material under
study. Classical out-of-plane tests (three-point flexural test, rotated flexural test,
compact tension and compression test...) were not presented in this work as the
results are currently being analyzed. The different studies are presented below.

Compressive behavior

As in-plane compression tests are difficult to perform, three-point and rotated flex-
ural tests have been performed to characterize the compressive behavior of such
material. These two tests have three objectives:

o Identification of the elastic properties;
o Identification of the strain onset of the fibre breaks in compression;

o Analysis of the damage mechanisms.

FIGURE 4.47 presents the experimental setup for the rotated flexural test, en-
riched instrumentation have been taken into consideration as performed in |
]. FIGURE 4.48 presents the first results obtained (the global responses
and the fibre breaks in compression captured by the IR camera). The IR ther-
mography highlights that fibre breaks occurred at the center of the sample, where
the longitudinal strain is higher. Moreover, as the failure occurs near the center,
it confirms that this experimental setup is efficient in avoiding the failure near the
jaws. However, the longitudinal strain measured for the black cross is high (2.3x
the value measured for the classical in-plane compression test). As presented in
[ |, the compressive failure is caused by local structural instability
(i.e. micro-buckling of the fibres). This micro-buckling seems to be dependent on
the state of the local curvature. Indeed, the enhancement of the compressive fail-
ure strain could be explained by the fibre buckling without breaking, thanks to the
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local curvature. Further investigations need to be performed with different length
sizes of the sample in order to evaluate the compressive failure strain as a function
of the local curvature. Moreover, a post mortem investigation using micrographs
observation must be performed to visualize the topology of the damages.

Figure 4.47: Rotated flexural experimental setup using an enriched instrumentation

Identification of the fibre fracture toughness in Mode 1

The phase-field model for fibre failure in tension and in compression requires a
material parameter which is fracture toughness. Due to the manufacturing and the
machining of the samples, the test could not be performed earlier. Therefore, several
impact simulations have been performed to fit the best value for (Gy.) according
to the load-displacement responses. The mode I fracture toughness (Gj.) needs
to be identified using compact tension and compact compression tests (CT, CC

194



Perspectives

—— Sample 1 + Acoustic event
—— Sample 2 + Acoustic event -
Sample 3 Acoustic event | >
z
y
0 — 1400
E ~|g ~ % - 1200
A A
40
- 1000
60
0 500 0 5 80 F800
: , . g &b
time (s) Uy (mm) g 2
100 oo <
120
400
R
\ 140
E E \‘f
3 3 \ 200
— - ‘% 160
3,
¢ 0
2 25 50 75
: ixel
0 10 0 =2 0 P
u, (mm) en(%)

Figure 4.48: Global responses and thermal signature related to the fibre breaks in
compression obtained from a rotated compression testing device for the C20 laminate

tests). FIGURE 4.49 presents the different samples for CC CT tests. The two faces
are speckled to perform DIC. An IR camera has been used to track the thermal
signature related to the fibre breaks. The fracture toughness will be calculated
using the R-curves. Once identified, the fracture toughness (Gj.) will be used as a
material parameter in the phase-field model, and CC/CT tests will be simulated to
calibrate the model. CT tests present irrelevant failure (FIGURE 4.49) and should
be performed again soon.

Identification of the interfacial properties and analysis of the mechanical
degradation

Interlaminar shear strength (ILSS) tests have been performed on different laminates
(Q16, C20, [046], [9046], and C40, a highly oriented 40 plies) to investigate the failure
of the sample caused by the delamination and to identify the damage stresses thresh-
old (ofi, o&). As presented in FIGURE 4.50, this test is a three-point flexural test,
however, the outer rollers are brought closer to minimize the flexural contribution.
The failure is caused by the high out-of-plane shear stresses (013, 093), which trigger
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Figure 4.49: CC, CT tests performed at ONERA
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Figure 4.50: ILSS experimental setup performed on a Q16 laminate and compared
with FEA

emission, DIC on the speckled face and an optical camera on the rear face) coupled
with post mortem analysis (micrographs observations) will allow an understanding
of the damage mechanisms and the damage coupling between matrix cracking and
delamination. Moreover, these tests will allow calibrating the numerical coupling
between the matrix cracking and the delamination.

As the interface toughness in mode I (Gyy.) is a crucial material parameter in
impact simulations. Three-point end notched flexure (ENF) and four-point ENF
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tests will be performed on symmetric laminates with an [0/0] interface and unsym-
metrical laminates with an [0/45] interface to evaluate the influence of the mismatch
angle on the Gy.. The classical standard | | requires an [0/0] in-
terface, however the value of Gy, obtained is not representative of the experimental
conditions. Indeed, the delamination propagates between interfaces with different
orientations. The value of the identified Gy, will be used as a material parameter
in the CZM.

Toward other Impact configurations

In this work, impact tests according to the standard | ] have been per-
formed. However, in the MARCOS II project, other configurations have been defined
with different impact window sizes (90 x 90 mm, 230 x 140 mm), impactor diameters
(¢ 40 mm), and impact locations. The results will be crossed to analyze the damage
severity and the most constraining configurations. FIGURE 4.51 presents different
impact configurations to evaluate the influence of the impact location on the pro-
jected damaged area obtained from C-scan. Dassault Aviation has performed those
tests and the C-scan. The predictive capabilities of the models should be evaluated
on those specific configurations.

Image processing in X-ray

As explained in chapter 2, it is difficult to establish the damage assessment using
X-ray CT scans for higher impact energy levels as the sample is highly warped.
Indeed, as shown in FIGURE 4.52, the orthogonal X-ray slice is not lined up with
the ply due to the warped sample. Therefore, the X-ray slice contains multiple in-
formation from different plies/interfaces, which makes the understanding complex.
A possible solution is to use a B-spline slice. The slice will follow the curvature
described by the warped sample. Another possibility is based on ply detection as
performed in | ]. However, it is not easy to detect the ply due to the
presence of damages. The user needs to perform several corrections and morpho-
logical operations. FIGURE 4.53 presents an example performed on a slice of a Q16
laminate impacted at 20J. It can be observed that the ply detection works very
well far from the damaged zone. Nevertheless, in presence of damages, detection is
much more difficult. Coupled with deep learning, the ply detection will be easier as
the segmented damaged pixels can be masked from the X-ray image.

Estimation of the residual compression strength

To establish design criteria, industrials perform CAI tests to estimate the residual
strength. In the Marcos II project, four samples (two Q16 and two C20 laminates)
have been impacted at 20, 35 J. Once impacted, the samples were tested using a CAI
device according to the standard | ]. The tests have been instrumented
using three optical cameras (two for DIC on the impacted face and one on the
rear face), the two faces have been speckled. Moreover, an IR camera captured the
thermal signature related to fibre breaks on the impacted face. An acoustic emission
sensor has been used to detect the onset of damage. The results provided by the
instrumentation will be analyzed in order to investigate the sample behavior until
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Figure 4.52: X-ray slice highlighting the warped sample through the thickness for
the Q16 laminate impacted at 31.15J
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Figure 4.53: Ply detection for the Q16 laminate impacted at 20J

the failure. FIGURE 4.54 presents the load-displacement response, the macroscopic
failure observed on the impacted face, and the thermal signature related to fibre

breaks for the C20 laminate impacted at 20 J.
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Figure 4.54: Load-time response, DIC and thermal images obtained on CAI test
performed on the C20 laminate impacted at 35J

Numerical outlooks

Material modeling

Advanced phase-field model with insensitive internal length

The initial phase-field models (AT1, AT2) establishes a dependency between the
critical stress o., the energy release rate G. and the internal length ¢ (for instance

|3E)G.
0. = 80 7 for AT1 in a 1D homogeneous case). By fixing 0. and G, the internal
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length ¢ is obtained. For some problems, the obtained internal length is not suitable
with the mesh size. To overcome this issue, | | have proposed
other functions for the sharp crack topology a and the energetic degradation function
g(¢) as presented below:

za(9) =&+ (1= 8¢
(1— ) with P(¢) = 1 + ax¢ + azaz¢® + ... (4.81)
9(9) =

(1= 0)P + ar19P(¢)

Where ¢ is the damage variable, &, p, ai, as and az are parameters. p and &
are determined to ensure numerical stability. To overcome the dependence on the
internal length, the critical stress o, is treated as an intrinsic material property, the
parameter a; is calculated assuming ¢ as a numerical parameter. In this case, the
failure stress o, and the softening law are independent of the internal length ¢. The
authors have simulated different tests cases by changing the internal length ¢ and
the mesh size, they have shown that the failure stress and the dissipated energy
remained unchanged. This point should be addressed in the future.

Matrix cracking using gradient damage model

The actual CDM for the matrix cracking modeling in OPFM is regularized using
viscous damage law. The damage law becomes strain-rate dependent. As proposed

in [ |, the phase-field could be also a good candidate
for the modeling of matrix cracking. The anisotropy will be handled as for the fibre
breaks using the framework of | |. However, the phase-field

framework does not provide the freedom of defining damage laws depending on
the ply thickness or the effect of the neighboring ply orientation. A non-standard
framework for phase field approach can thus be proposed.

FEM

Domain decomposition using high-performance computing

The actual impact simulations using Zset are lengthy (3 weeks) for the highest
impact energy (35J). Introducing domain decomposition would save precious com-
putational times. In [ ], simulations using phase-field of the transverse
cracking on a ceramic composite using domain decomposition have been performed
on significant meshes with a high amount of degrees of freedom. The domain de-
composition has not been tried in our present study as the contact mechanics is not
handled for now, but is currently considered at ONERA in another thesis.

CAI impact simulations

The simulation of impact damages have been performed for both models (DPM
OPFM). The DPM can perform CAI simulations as shown in FIGURE 4.56. The
evolution of the delamination is highlighted during the compressive loading for the
C20 laminate impacted at 35J. Consequently, the samples that have been tested in
CAI will be simulated using DPM to evaluate the predictive capabilities in estimat-
ing the residual compression strength. Concerning OPFM, the definition of a CAI
step will be the next task in the MARCOS II project.
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Figure 4.55: Matrix cracking using domain decomposition on a ceramic composite
microstructure | ]

\ \ \
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Figure 4.56: CAI simulations performed using DPM on the C20 laminate impacted
at 35J
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Toward the simulations of substructures

The simulation of a LE/LV impact on a 150 x 100 mm sample has shown its difficulty
with high computation resource needs. This is actually the critical limitation in vir-
tual testing as the certification requires sweeping from the coupon to structure scale.
Thus, the introduction of virtual testing for the simulation of large panels, substruc-
tures or even primary structures requires meshing strategies. Studies are actually
performed on multiscale meshing (| ]) or other mesh strategies such
as shell-volume element coupling to allow computational time saving.
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Prévision des endommagements induits par un impact basse
vitesse/basse énergie au sein de matériaux composites
stratifiés carbone-epoxy de derniere génération

Résumé

En aéronautique, les composites stratifiés sont aujourd’hui largement utilisés pour la fabrication de struc-
tures primaires, telles que les ailes et les fuselages. Ces structures doivent étre tolérantes aux dommages
d’impact car de nombreuses menaces en vitesse sont possibles durant le cycle de vie de 'aéronef. La
certification de ces structures est basé sur des campagnes d’essais expérimentales longues et cotiteuses en
raison de 'utilisation de criteres phénoménologiques pour le dimensionnement dans l'industrie.

Par conséquent, ce travail consiste en une étude expérimentale et numérique du comportement et de la
résistance d’une nouvelle génération de matériaux composites carbone/époxy avec une interface renforcée
soumis a un impact faible vitesse/faible énergie. L’objectif principal de ces travaux porte sur le développe-
ment d’un modéle robuste capable de prévoir la réponse de composites stratifiés sous impact, en se basant
sur des observations expérimentales précises. Des essais expérimentaux sur des plaques stratifiées ont été
réalisés avec des méthodes d’instrumentation avancées (telles que la thermographie infrarouge et la corréla-
tion d’images numériques associées & des caméras rapides) pour suivre 1’évolution des endommagements
en temps réels. De plus, des méthodes d’évaluation non destructives en 3D (tomographie & rayons X,
balayage ultrasonique) ont été réalisées afin d’évaluer et de comprendre les mécanismes d’endommagement
dans ce matériau spécifique. En parallele, un modele éléments finis 3D d’impact a solveur implicite a été
développé et prend en compte les contacts (impacteur/composite et montage/composite), la non-linéarité
géométrique, la fissuration transverse a ’aide d’'un modele d’endommagement continu, le délaminage en
utilisant des éléments cohésifs et la rupture des fibres en considérant une approche de type champ de phase.
Une attention particuliére a été accordée aux couplages entre les différents mécanismes d’endommagement
et de rupture, qui ont été observés expérimentalement.

Mots clés: Résistance aux chocs des composites stratifiés - Modele d’endommagement appliqués aux

matériaux composites - Comportement des composites stratifiés

Prediction of low-velocity /low-energy impact damage in the
latest generation of carbon-epoxy laminated composites

Abstract

In aeronautics, laminated composites are now widely used for the manufacture of primary structures, such
as wings and fuselages. These structures must be tolerant to impact damage as many impact threats are
possible during the life cycle of the aircraft. The certification of these structures is based on lengthy and
costly experimental test campaigns due to the use of phenomenological criteria for sizing in the industry.

Therefore, this work consists of an experimental and numerical study on the behavior and strength
of a new generation of carbon/epoxy composite materials with reinforced interface subjected to a low-
velocity /low-energy impact. The main objective of this work is to develop a robust model capable of
predicting the response of laminated composites under impact, based on accurate experimental obser-
vations. Experimental tests on laminated plates have been carried out with advanced instrumentation
methods (such as infrared thermography and digital image correlation associated with fast cameras) to
follow the evolution of damage in real time. In addition, non-destructive 3D evaluation methods (X-ray
tomography, ultrasonic scanning) have been performed to evaluate and understand the damage mecha-
nisms in this specific material. In parallel, an impact model has been developed and consists in a 3D
finite element model using an implicit solver, which takes into account contacts (impactor/composite and
set-up/composite), geometrical nonlinearity, transverse cracking thanks to a continuum damage model,
delamination using cohesive elements and fibre failure considering a phase-field approach. A special at-
tention has been paid to the couplings between the different damage and failure mechanisms, which have
been clearly experimentally observed.

Keywords: Impact on composite structures - Damage modeling of composites - Behavior of laminated

composites.
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