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Summary

The use of laminated composites for structural applications has increased significantly in
the aerospace industry. Recently, the capacity for large-scale automation of the laminated
composite production process added to its high performance as a material for the design
of lightweight, has made it even more attractive. Currently, the use of Automated Fiber
Placement technology allows, for example, large composite aircraft components to be
manufactured with high quality materials while, at the same time, offering scope to intro-
duce new laminate concepts. Among such concepts are the tow-steered panels with curved
fibers which stand out thanks to their improved structural efficiency and their ability to
obtain variable stiffness and load redistribution. However, despite these advantages, con-
ventional laminates with straight fiber architectures are still preferred by designers. The
main reason that limits the use of variable stiffness laminates is the incomplete knowledge
of the effect of process-induced defects and the response to damage and structural failure

mechanisms.

The study of the influence of the defects induced in varying stiffness panel manufac-
ture is still in its early days. The work presented in this thesis focuses on analyzing this
influence. To fulfill this objective, initially a methodology for modeling numerical simu-
lation, which takes into account the manufacturing constraints, has been developed. This
pre-processing tool enables unconventional laminates to be delineated and allows for pro-
gressive damage (from inception to final breakdown) to be simulated for such designs. In
the second part of this thesis, experimental tests have been carried out to study the effects
on the mechanical response of manufacturing defects due to tow-drops. The impact of
these defects on laminates with discontinuities in the angle between courses was investi-
gated in samples with and without a hole. Tests have also been conducted on the influence

of such defects on low-velocity impact damage tolerance.

XX1



Xxil SUMMARY / RESUMEN / RESUM

In general, the experimental results show that the influence of induced defects in man-
ufacturing is more significant in samples without holes, where the defects themselves are
acting as the initiators of the damage, while in the samples with a hole, failure mecha-
nisms are primarily driven by the stress concentration due to the discontinuity that the
hole itself causes. A similar conclusion is obtained in the analysis of the residual resis-
tance compression after impact. The results reveal that resin rich areas (gap-defects) are
relevant only in low values of impact energy. This indicates that the residual strength re-

duction is is mainly caused by impact damage, rather than manufacturing-induced defects.

Future research should be focused on the influence of other types of defects not stud-
ied in this work. In addition, progressive damage simulation of variable-stiffness lami-
nates could be addressed and the numerical results could be validated with experimental

campaigns.



Resumen

El uso de compuestos laminados para aplicaciones estructurales ha aumentado no-
tablemente en la industria aeroespacial. A su elevado rendimiento como material para la
concepcion de estructuras ligeras, se le ha anadido la capacidad de automatizacion a gran
escala del proceso de produccién. Actualmente, el uso de la tecnologia de ’Automated
Fiber Placement’ permite, por ejemplo, la fabricacién de grandes componentes de mate-
rial compuesto para aviones con una elevada calidad y, a la vez, brinda la posibilidad de
introducir nuevos conceptos de laminados. Entre estos conceptos estan los 'tow-steered
panels’ con fibras curvas que resaltan por un mejora de la eficiencia estructural debido a
su capacidad de obtener rigidez variable y de redistribucion de las cargas. Sin embargo,
a pesar de estas ventajas, los laminados convencionales con arquitecturas de fibra rectas
son adn preferidos por los disefiadores. Las principales razones que limitan el uso de los
laminados de rigidez variable es el incompleto conocimiento del efecto de los defectos

inducidos en su fabricacién y su respuesta a los mecanismos de dafo y fallo estructural.

El estudio de la influencia de los defectos inducidos en la fabricacién en los paneles
de rigidez variable se encuentra en una etapa temprana de investigacion. El trabajo pre-
sentado en esta tesis estd enfocado en el andlisis de esta influencia. Para el cumplimiento
de este objetivo, inicialmente ha sido desarrollada una metodologia de modelado para la
simulacién numérica que tiene en cuenta la limitaciones de fabricacion. Esta herramienta
de pre-proceso permite definir los laminados no convencionales y permitird la simulacién
del dafio progresivo desde su inicio hasta el fallo final de este tipo de disefios. En la se-
gunda parte de esta tesis, se han llevado a cabo ensayos experimentales para el estudio
de los efectos sobre la respuesta mecédnica de los defectos de fabricacién debido a los
"tow-drop’. Se han investigado su efecto en laminados con discontinuidad en el dngulo
entre “courses’ en probetas con y sin agujero. También se han realizado pruebas sobre la
influencia de los defectos mencionados en la tolerancia al dafio bajo eventos de impacto

a baja velocidad.
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En general los resultados experimentales muestran que la influencia de los defectos
inducidos en la produccién es mas significativa en probetas sin agujero, donde son los
propios defectos que actian como iniciadores del dafio. Mientras, en las probetas con
agujero los mecanismos de fallo son primordialmente conducidos por la concentracion
de tensiones debido a la discontinuidad que provoca el propio agujero. Una conclusion
similar se obtiene en el andlisis de la resistencia residual a compresion después del im-
pacto. Los resultados revelan que las zonas ricas de resina (’gap-defects’) tiene relevancia
solamente para valores bajos de energia de impacto. Esto indica que la reduccion de re-
sistencia es llevada a cabo principalmente por el dafio causado por el impacto, mas que

los defectos inducidos por la fabricacion.

Investigaciones futuras deben centrarse en la influencia de otros tipos de defectos no
estudiados en este trabajo. Ademas, se deberian realizar simulaciones de dafio progresivo
en laminados de rigidez-variable y validar los resultados numéricos mediante campanas

experimentales.



Resum

L’ds de materials compostos laminats en aplicacions estructurals ha augmentat no-
tablement a la industria aeroespacial. Al seu elevat rendiment com a material per a la
concepcio d’estructures lleugeres, se 1’hi ha afegit la capacitat d’automatitzaci6 del procés
de producci6 a gran escala. Actualment, I’ds de la tecnologia de *Automated Fiber Place-
ment’ permet, per exemple, la fabricacié de grans components de composit per a avions
amb una elevada qualitat 1, a la vegada, ens dona la possibilitat d’introduir nous con-
ceptes de laminats. Entre aquests conceptes hi ha els "tow-steered panels” amb fibres
corbes que destaquen per la millora de I’eficieéncia estructural donada la seva capacitat
d’obtenir rigidesa variable i de redistribucié de carregues. Tanmateix, malgrat aquestes
avantatges, els laminats convencionals amb arquitectures de fibres rectes son encara la
soluci6 preferida pels dissenyadors. Les principals raons que limiten 1’ds dels laminats
de rigidesa variable és I’incomplet coneixement de 1’efecte dels defectes induits durant la

seva fabricacid i la seva resposta als mecanismes de dany i de fallada estructural.

L’estudi de la influencia dels defectes induits en la fabricacié en els panells de rigidesa
variable es troba en una fase inicial de recerca. El treball presentat en aquesta tesi esta
enfocat en 1’analisi d’aquesta influencia. Pel compliment d’aquest objectiu, primer ha
estat desenvolupada una metodologia de modelat per a la simulacié numerica que té en
compte les limitacions de fabricacid. Aquesta eina de pre-procés permet definir els lami-
nats no convencionals que permetra la simulacié del dany progressiu des del seu inici fins
a la fallada final d’aquest tipus de dissenys. A la segona part d’aquesta tesi, s’han portat
a terme assaigs experimentals per a I’estudi dels efectes sobre la resposta mecanica dels
defectes de fabricaci6 deguts als "tow-drop’. S ha investigat el seu efecte en laminats amb
discontinuitat en 1’angle entre els ’courses’ en provetes amb i sense forat. També s’han
realitzats proves sobre la influencia dels defectes de producci6 sobre la tolerancia al dany

sota esdeveniments d’impacte a baixa velocitat.
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En general els resultats experimentals mostren que la influencia dels defectes induits
en al producci6 és més significativa en provetes sense forat, on son els propis defectes que
actuen com iniciadors del dany. Mentre, en les provetes amb forat els mecanismes de fal-
lada s6n principalment conduits per la concentracié de tensions degut a la discontinuitat
que provoca el propi forat. Una conclusié similar s’obté en ’analisi de la resistencia
residual a compressio després de I’impacte. Els resultats revelen que les zones riques de
resina (’gap defects’) tenen rellevancia només per a valors baixos d’energia d’impacte.
Aix0 indica que la reduccio de resisténcia es porta a terme principalment pel dany causat

amb I’impacte, més que pels defectes induits per la fabricacio.

Futures investigacions han de centrar-se en la influéncia d’altres tipus de defectes no
estudiats en aquest treball. A més, s’haurien de realitzar simulacions de dany progressiu
en laminats de rigidesa variable 1 validar els resultats numerics amb campanyes experi-

mentals.



Chapter 1

Introduction and Objectives

1.1 Introduction

The use of laminated composites made of epoxy resins, and reinforced with carbon fibers
for lightweight structural applications, has increased notably in recent decades. Thanks
to this composite material’s in terms of specific stiffness (stiffness/density) and specific
strength (strength/density) its application has been extended to the aerospace industry. In
addition, with the Automated Fiber Placement (AFP) technology, it is possible to manu-
facture large structures while still ensuring high quality, reliability and production. This
technology can be used to design specific components, by tailoring the direction and
placement of fiber laminates; also known as tow-steered composites.

Steered laminates Variable Stiffness Panels (VSP) are noted for greatly improving
the structural efficiency of composites. They are very effective when buckling and post-
buckling responses, caused by transferring the applied loads, are considered, and they
are more tolerant to notches and stress concentration effects. In a variable-stiffness com-
posite, where the fibers follow curved paths, the stiffness can be tailored to create more
efficient load redistribution, resulting in weight savings that cannot be achieved using
conventional laminates. However, despite the potential benefits of the AFP and VSP,
traditional straight-fiber laminates based on 0°, 90° and —45° ply angles are still predom-

inantly used.
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Meanwhile, some of the crucial issues related to VSP concerning manufacturing vi-
ability, structural performance or design complexity have been under investigation. The
full details of the mechanisms that lead to failure and the mechanical response of a VSP
are not yet fully understood. In particular, it is unclear just what the influence of embed-
ded defects is. These defects are mainly gaps, overlaps and the fiber angle discontinuities

induced by the manufacturing constraints of the AFP system.

While introducing VSP may demand an advanced level of automated technology or
analytical optimization tools, due to the complexity of the design, it also provides reli-
able methodologies to simulate the mechanical response. Therefore, it would firstly be
beneficial to develop virtual testing tools that analyze the mechanical response in terms
of stiffness or buckling modes (elastic behavior of the material). Then, the capabilities of
these tools could be used to predict structural behavior until failure. Damage modeling
under quasi-static and the impact loads in VSP is a novel field of research. In addition,
these computational tools would reduce the time and cost associated with experimental

testing.

All in all, VSP certification will be the most critical and imperative issue to intro-
ducing VSP into aerospace engineering. Certification involves an extensive test program
which could in fact be unfeasible because of the large number of design possibilities for
a VSP and the multiple variables of study. In the past, experimental tests were carried
out in order to study the structural behavior of VSP as to stiffness and strength response.
Although the advantages of VSP in comparison with conventional laminates have been
demonstrated by experimental test programs under in-plane and thermal loading con-
dition. However, the influence of the process-induced defects under different loading
conditions needs to be analyzed on a reduced sub-level scale. Theoretical and numeri-
cal investigations on the influence of the tow-drop fiber-free areas and staggering on the
stiffness and strength of VSP laminates have been developed. However, for a better com-
prehension of the mechanical response, failure and damage mechanisms that occur in a
VSP need to be addressed within the framework of test programs. Defect tolerance anal-
yses of VSP under in-plane and (out-of-plane) Low-Velocity Impact (LVI) loads is a new

field that requires investigation.

The aim of this thesis is to contribute to the study of questions that remain, for the
moment, as unresolved stage and need to be addressed. For instance, what are the features

that will need to be added to the existing computational tools to study damage mechanism
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and the occurrence of delaminations in VSP? Is it possible to quantify the effect of the
manufacturing-induced defects in a VSP by taking into account the different failure and
damage mechanisms that occur in a real environment? How can we evaluate the impact
damage resistance as well as the residual strength, or damage tolerance, in a representative
sub-domain of a real VSP?

In order to answer these questions, experimental work should be carried out to validate
the results predicted for the VSP, as well as to validate the numerical analysis of the
influence of tow-drops on panel strength. This study attempts to provide some insight

into these issues. The objectives established are explained as follows:

1.2 Objectives

The main goal of this thesis is to investigate the influence of the process-induced defects
on the damage resistance and damage tolerance of Variable Stiffness Panels. In order
to evaluate the mechanical behavior of these non-conventional laminates and to achieve
this objective, a novel numerical simulation tool is developed and experimental tests are
carried out under in-plane and out-of-plane loading. A brief description of these two tasks

and their relationship are presented the in the following statements:

- To develop a pre-processing framework on order to obtain parametric VSP mod-
els with different configurations and modeling strategies. In this partial objective
a modeling methodology is developed to simulate and predict the mechanical re-
sponse from damage onset to structural collapse, taking into account the manufac-

turing constraints and process-induced defects.

- To study the effect of manufacturing tow-drop defects in VSP. For this investiga-
tion, two experimental test campaigns are carried out. Firstly, the defect tolerance
for notched and open-hole specimens under tensile loading is tested. Secondly, the
effect of tow-drop gaps under drop-weigh impact events is studied. For damage
tolerance analysis, the residual compressive strengths are obtained through com-

pression after impact tests.
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1.3 Thesis Outline

As stated in the objectives, the thesis outline is structured as follows.

In Chapter 2, a survey of the literature provides an overview of the the state-of-the-
art research in three relevant areas. These include Automated Fiber Placement technol-
ogy, Variable Stiffness tow-steered laminates and a review of process-induced defects.
In this chapter, the technological development of the tow steered system and its impact
on the aeronautical industry is presented. In addition, the most relevant aspects of VSP,
which can only be produced with this technology, are presented. This section includes
the main characteristics of these non-conventional laminates compared with their conven-
tional counterpart in terms of design, manufacture and mechanical response. Particular
attention has been given to the different studies and modeling approaches of VSP. Finally,
a detailed review is carried out on the main defects originated during the manufacturing

process and their influence on the strength reduction of the laminates.

The main body of the thesis, presented in Chapters 3, 4 and 5, is structured as a com-
pendium of papers. All of which refer to the partial objectives defined in this thesis.
In Chapter 3, a numerical analysis tool has been developed for structural simulations in a
three-dimensional domain. This tool contains structured mesh generator possibilities, thus
allowing advanced FE models for reliable analyses of progressive damage and delamina-
tions. The proposed methodology takes into account the effect of the discontinuities of the
fiber orientation between the courses, as well as the effect of the fiber-free areas. In this
paper, a comparison between different configurations and modeling approaches for VSP
under tensile loading is presented. This work also includes post-process analyses which
stimulate the mechanical response of panels with steered fibers and include prediciting of

first-ply failure.

The influence of several manufacturing parameters is discussed in Chapter 4. The
results of an experimental work on the un-notched and open-hole tensile strength of the
steered laminates are presented. This paper investigates the effects resulting from the
manufacturing process such as fiber angle discontinuities between different tow courses
in a ply and the process-induced defects. In order to carry out this experimental campaign,
some specific test matrices were developed to reproduce an equivalent sub-domain of
VSP with defects included. The manufacturing parameter tow-drop gap-coverage and the

staggering technique are discussed.



1.3. THESIS OUTLINE 5

In the third paper, in Chapter 5, an experimental study of the effect of tow-drop gaps
in Variable Stiffness Panels under drop-weight impact events is presented. The results
indicate that the influence of the gap defects is only relevant under small-impact energy
values.

This thesis is concluded in Chapter 6 with an exposition of its main accomplishments,

and suggests issues that deserve future research.
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Chapter 2

Automated Fiber Placement and

Variable Stiffness Panels

2.1 Introduction

An overview of the development of Automated Fiber Placement technology and Variable
Stiffness Panels will be presented in this chapter. The chapter begins with a brief descrip-
tion of the development of Fiber Placement and its application in the aerospace industry
in the past decade is discussed. In addition, the limitations to steered tow-drop composite
manufacture and the principal process-induced defects that take place are presented. Fur-
thermore, the current improvement in the fiber placement machine head in order to reduce
these defects and enhance reliability and productivity is addressed. Finally, the Variable-
Stiffness design concepts applied in this thesis are introduced along with the development

of the Finite Element Method for modeling.

2.2 Automated Fiber Placement

Automated Fiber Placement (AFP) is a major advance in the state-of-the-art of automated
processes for the production of fiber-reinforced composites of exceptional quality with
high accuracy and repeatability. AFP technology is a hybrid process that combines the
advantages of both filament winding and Automated Tape Laying (ATL) systems. The
payout capability of filament winding is used mainly for rotational structures. However,

the major geometric restriction is that concave contours cannot be wound, because the

7
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fibers are under tension and will bridge across the cavity [1]. Whereas, ATL stands out
because of achievable high productivity rates for large flat laminates such as wing skins.
Its main disadvantages are related with high initial capital expenditure, limited geometric
complexity capability and higher material wastage rates [2]. The AFP was developed to
allow the automated fabrication of large parts that could not be fabricated by either tape

laying or filament winding [3].

2.2.1 AFP process description

AFP machines automatically place multiple individual pre-impregnated tows onto a man-
drel at high speed, using a numerically controlled head with multiple degrees of freedom
(DOF) to dispense, clamp, cut and restart each tow during placement. Its advantages are
variable bandwidth of material, localized build-ups and cutouts, constant thickness on ta-
pered shapes, in-process compaction, no limitation on ply orientations and low material
scrap rates of only 2-5%. The adjustable tension employed during the manufacturing pro-
cess allows the machine to lay tows into concave contours, limited only by the diameter of
the roller mechanism in the head. This allows the manufacture of complicated ply shapes,
similar to those that can be obtained by hand lay-up [1]. In addition, AFP technology
permits the manufacture of advanced composite structures, in which the fiber orientation
angle is allowed to vary continuously throughout the structure and also following curvi-
linear paths [4, 5]. The use of this technology permits the manufacture of larger and
complex structures, providing more strength and stiffness where needed, opening a future
branch for optimizing tailored smart structures. Currently, increases in productivity and
reliability are the main goals of the AFP systems for industrial applications.

The main improvements to inventions with the AFP in the past decade, have been
focused on the machine head. The productivity is able to be achieved by not only using
multiple placement heads, replaceable creels and replaceable placement heads [6], but
also by increasing the material lay-down rates (2000 in/min) with the introduction of
High-Speed AFP systems [7, 8]. In addition, the ability to perform high-speed events “on-
the-fly” during fabrication needs to be guaranteed. These are all related to the capabilities
for cutting or adding tows (cut/add), changing tension, temperature or pressure applied to
a tow or the material band, along with the real time inspection of a composite structure

during the steering process [9, 10].
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Figure 2.1: Coriolis Fibre Placement Machine. (Courtesy of NLR)

Nowadays, robotic AFP systems make the AFP more affordable. The steering process
has been enhanced by combining the technologies of an accurate articulated robotic sys-
tem with a modular AFP head. These new systems are presently cheaper than comparable
gantry AFP systems. As an example, the test specimens mentioned in this thesis were
manufactured with a KUKA-Robot developed by Coriolis Composites [11] (see Fig 2.1).
This AFP system combines the heating from an Infrared lamp (525 W) for thermoset ma-
terials with a 6 kW diode laser for thermoplastic materials, and dry fiber placement. In
addition, the design programming and simulation tools are integrated and embedded in

the multi-platform CATIA developed by the French company Dassault Systemes.

2.2.2 Applications in the Aerospace Industry

The high cost of carbon fiber laminates (associated with the complexity of the design and
of the manufacturing process) can only be reduced/made cheaper/made more economic by
using AFP control systems that ensure high quality and shorter production times. These
are the characteristics that mean AFP systems are a widely applied technology in the
aerospace industry.

The first European research project to consider Full-Barrel Composite Fuselage man-
ufacturing viability was (FUBACOMP) [12]. In that project a Viper 1200 CNC fiber
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placement system and off-line composite programming system supplied by Cincinnati
Machine (Hebron, Kentucky) were used to successfully produce a one-piece carbon fiber
fuselage. In addition, the first large scale civil application of AFP was for the manufacture
of section 19 of the A380 manufactured by Airbus at Illescas, Madrid. The same section
for the Airbus A350 XWB (Extra Wide Body) rear spar and trailing edge assembly was
developed with AFP (see Fig. 2.2). This plane is in response to Boeing’s 787 Dreamliner,
which is built of fully closed fuselage section barrels produced by AFP. In both cases,
composite materials and AFP technology were a key components in reducing production
costs and part weight, thus increasing the overall structural performance [13, 14]. Hawker
Beechcraft Corp has also employed automated advanced fiber placement techniques in its
personal/business jets, and has particularly focused on reducing the weight of parts re-

quired in the assembly if its aircraft.

AFP
technology
Section 19 fuselage barrel
Materials
© wisc.
53% @ Titanium
COMPOSITES @ Steel
19% Aluminium alloys A350 XWB I

Figure 2.2: Airbus A350 XWB, Materials and AFP technology.

In the military aircraft sector, the increasing use of composites can be directly at-
tributed to AFP systems which reduce production costs while maintaining quality. One
of most successful programs is with the F-35 Joint Strike Fighter aircraft [15]. In this
project, AFP processes were employed to manufacture large-scale, complex composite

parts such as wing skins, ducts, nacelles, fuselage skins and other classified stealth tech-



2.3. MANUFACTURING RESTRICTIONS AND PROCESS-INDUCED DEFECTS 11

nologies. Some other programs also use the AFP system in large aerospace composite
products [16]. They include Unmanned Aerial Vehicles, the F/A-18E/F Super Hornet and
F/A-22 Raptor Stealth Fighters, the V-22 Osprey multi-mission aircraft aft fuselage [17],

the Apache Longbow Helicopter and satellite launch vehicles.

2.3 Manufacturing Restrictions and Process-induced De-

fects

Although the AFP technology allows the introduction of tow-steered fibers along curved
paths with high efficiency, there are realistic manufacturing limitations which produce sig-
nificant undesirable defects that need to be addressed in order to guarantee the structural
reliability of the products. In this section some of these limitations and process-induced

defects are discussed.

2.3.1 Process-induced Defects

During the fiber placement process, tows of slit prepreg tape are steered on the surface
in bands of parallel fibers, called courses. Depending on the AFP system, these courses
might include up to 32 tows. The most common tow widths are 3.175 mm, 6.35 mm
and 12.7 mm, while the course width varies according to the number of tows. When
manufacturing Variable Stiffness Panels or other complex shapes, misalignments at the
boundaries of the courses and process-induced defects can happen. These defects are
related not only with discontinuities in the orientation angle, but also with gaps and/or
overlapping regions that occur in order to achieve a complete fiber coverage of a surface.

Variable Stiffness Panels can be constructed, in general, by two possible methods. The
shifted method presented by Olmedo and Giirdal [18] and the parallel method introduced
by Waldhart ez al. [19]. In the shifted method, the reference course is repeatedly shifted
a prescribed distance in order to fill out the complete flat surface of the panel. Whereas
in the parallel method, new courses parallel to the reference path are created. As for
path definition, the parallel method implies that no gaps are created between the courses,
keeping the ply thickness constant. However, this method does not permit large stiffnesses
like those obtained with the shifted method. Also, the parallel method is not able to

redistribute the loading to the same degree as the shifted fiber in detriment to the critical
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buckling load. In addition, in the parallel method the reference path is not copied from
course to course, hence the fiber curvatures vary significantly within a lamina and close

to the center of curvature of the reference path there is fiber kinking.

Waldhart et al. [20] considered that the primary manufacturing constraint in the anal-
ysis of variable-stiffness laminates was the limitation to/in fiber curvature which proved
to be more restrictive for parallel fiber laminae than for shifted fiber ones. This curva-
ture constraint is inversely proportional to the minimum turning radius (p,;,;) allowed by
the AFP system [21]. For a turning radius lower than p,,,, the inner tow-pregs in the
course tend to wrinkle out-of-plane and local buckling/crimping appears. To overcome
these disadvantages and achieve higher design flexibility, dry fiber bundles are applied in
the steered process (DFP). However, even using dry fiber, tows will tend to wrinkle and

in-plane bending deformation takes place if they are curved too much.

Depending on the parallel or shifted method chosen to construct a variable-stiffness
ply, different defects can occur. Dirk et al. [2] resume the main tow-steered defects in
three categories: tow buckling, tow pull-up and tow misalignment. Twisted tows can also
occur but are less common. The authors explain that tow buckling might occur on the
inside radius of a tow because of the high compressive forces. In contrast, tow pull-up
tends to occur on the outside radius due to excessive tensile forces. The tow misalignment
is inherent to the layup and material used. Fig. 2.3 illustrates different defects. The
AFP system can lay dry tows for thermoset or thermoplastic material. However, the real
deformation of the tows introduces more complex types of process-induced defect than

tape placement.

Some of the process-induced defects that mainly take place when the conventional
AFP techniques are applied are described by B. C. Kim et al [22]. These defects are de-
scribed according to tow path definition and characteristic deformation. Local buckling,
thickening and thinning defects appear in the laminate when curved tow paths are fol-
lowed. Therefore, when the imperfections of a tow element such as the difference of the
edge lengths and/or width, tension and feed length variations appear, the distortion of the
tow element becomes worse. In addition, defects like missing, twisted, or spliced tows,
occur during the steered process of both tape or dry placement. The main recommenda-
tion to reduce the effect of these defects is to use curvatures over the minimum turning
radius. A recent study from NLR recommends a turning radius p > 150 mm for 1/8” and
p > 250 mm for 1/4” of tow width [23].
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tw= 6.35mm (C)

Figure 2.3: Process-induced defects, (Courtesy of NLR). (a) Wrinkling, (b) Folding, (c)
Wrinkling and folding, (d) Unsupported Ends and (e) Twisted.

Although the shifted method is more efficient for manufacturing VSP, tow-overlapped
regions appear because of the discrete width of the course shifting. These local thickness
buildup effects create regions which can act as ’integral stiffeners’ that improve the load-
carrying capability of the structure [24]. However, the thicker regions are associated
to a local laminate asymmetry that might not be desired. To prevent the overlapping
regions, the tow-placement machine can be instructed to cut/restart (on-the-fly) the tows
individually so that no thickness builds up. However, this creates small fiber-free areas
in the boundaries of the courses. These resin-rich regions are in fact gap defects. A
representation of the tow-drop overlap and tow-drop gap defects is illustrated in Fig. 2.4.
Minimizing these gap defects is one of the challenges in the design and manufacture of
variable-stiffness panels. The minimum cut length is a further limitation in manufacturing

that needs to be taken into account [25]. This length is the shortest tow length the machine
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can properly lay down, and is equal to the distance from the start of the lay-down point to

the tow-cutting mechanism in the placement head.

(b)

(d)

50 mm

Figure 2.4: Overlaps and Gaps areas. (a) Tow-overlaps regions during the manufacturing,
(b) Plate with overlap after curing, (c) Tow-drop with gaps, (d) Plate with gaps after

curing.

2.3.2 Strategies for minimization of defects and their influence

Several methods such as staggering, tow-overlap and tow-drop, and the choice of the cov-
erage parameter, have been developed to minimize the influence of defects and improve
the strength and surface quality of a tow-steered laminates [26, 5, 4]. The staggering
technique is useful to avoid the collocation of course edges, tow-drops or tow-overlaps
that would occur at the same places through-the-thickness of a laminate in clustered plies,
which might reduce the laminate strength [27]. This technique is not only applied in VSP,
but also in conventional laminates with straight fibers clustered with the same fiber an-
gle distribution, thus avoiding the collocation of the tows and consequently a smoother
surface is obtained. The staggering effect for both tow-overlap and tow-drop laminates is

shown in Fig. 2.5. Unfortunately, ply staggering generally causes the laminate to become



2.3. MANUFACTURING RESTRICTIONS AND PROCESS-INDUCED DEFECTS 15

locally asymmetric and unbalanced. The choice of an appropriate coverage parameter can
also reduce the negative influence of the gap-defects on the strength and surface quality of
a laminate, by minimizing the resin-rich areas. However, despite these methods, defects
are never completely avoided and the resin-rich areas are never completely covered. On
top of that, the influence of such defects in the mechanical performance of tow-steered
structures is not yet well understood.
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(a) Tow-overlap laminate (b) Tow-drop laminate

Figure 2.5: (a) Thickness distributions for variable stiffness laminates with tow-overlaps.

(b) Laminate with tow-drop staggered

Recently, a novel continuous tow shearing method (CTS) for manufacturing variable-
stiftness laminates has been suggested [22]. The idea behind this method is to replace the
current AFP conventional method which was developed in the late 1980s. The defects
mentioned above due to the in-plane bending deformation can be reduced by the in-plane

shear deformation of the tows.
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The CTS method might be an option for futures composites manufacturing technology
as it seems to significantly reduce the defects. However, the CTS method does not avoid
all the problems and in fact presents some limitations. These problems and limitations are
all to do with a 90° sheer angle is impossible to reach. In addition, the shear deformation
creates critical variations in the thickness of the tows. A further drawback is associated
with the limited speed of the in-situ impregnation process, which decreases productivity.
Finally, in those parts with complex geometries, like Tapered Channel Sections (TCS),

gaps or overlaps still can happen [28].

2.4 Variable Stiffness Composites Panels

Chapter 1 provides some insights concerning the introduction of variable stiffness lam-
inates through AFP technology. Since the 90s, manufacturing capabilities have reached
a far more advanced technological level than the actual laminate concepts used by engi-
neers. The development of Non-conventional Laminates (NCL’s) represents a step for-
ward to fully exploit the possibilities of AFP, and with the ultimate outcome being to

improve the mechanical performance of composite structures (see Fig. 2.6.)
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Figure 2.6: Automated manufacturing technologies vs. laminate concepts.
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Non-conventional layout includes laminates with dispersed stacking sequences tow-
steered laminates and, more recently, the introduction of novel architectures such as AP-
PLY [29, 30]. In this section, the variable stiffness panel definition used in the present

work is described.

2.4.1 Variable-Stiffness Laminate Definition

The name of of the steered-fiber composite, Variable Stiffness Panels (VSP), refers to vari-
able stiffness properties as opposed to conventional straight-fiber laminates which present
constant in-plane stiffness properties. These laminates not only have variable in-plane
stiffness properties, but also acquire variable bending and coupling stiffness properties
as well [31]. Such variability can be obtained because the material orientation follows
curvilinear steered paths. Traditionally, the stiffness and strength properties of conven-
tional laminates could be changed by designing the laminate stacking sequence of layers
with different orientation angles. However, the orientation angles in each ply remained
constant and did not use the full potential of directional material properties, which can be
useful for non-uniform stress distribution, in panels with holes and notches. Thanks to the
AFP’s capabability of placing the tows while varying fiber orientation angle and the cur-
vature of the fibers, the applied loads can can redirect the applied loads to the supported
edges of the panel, hence avoiding the central sections which are critical in a buckling
event [24], for example.

The variable stiffness panel definition adopted in this work was developed by Gurdal
and Olmedo [30, 18]. Their first implementation of Variable Stiffness Panels (VSP) used
the linear variation of the orientation angle as the basis for the reference path variation. In
those early works, closed-form solutions were proposed for rectangular plates with simple
boundary conditions. By adopting a linear variation of the orientation angle, the laminate
global stiffness could be analytically deduced. This definition is formulated using three

parameters 7y, 71 and d. The general equation for the linear angle variation path is:

/

X
(p(x') = ¢+(T1 —T0)|d—’—|—T0 2.1)
This equation describes the reference curve path of the course in a trajectory of the
AFP machine head center, and is assumed to be continuous and antisymmetric with re-

spect to the origin. The fiber angle varies linearly from the value 7 at the center of the
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panel to 7} at the characteristic dimension d along the x’-direction. According to this
formulation, the family of curvilinear configurations can be denoted by [¢+(Tp|T1)] in
contrast to the traditional nomenclature for straight-fiber laminates where the plies are
represented by a single angle. In order to cover the complete ply, successive courses need
to be placed. Similarly to the conventional laminate nomenclature, a + sign means that
there are two adjacent layers with equal and opposite variations of the fiber orientation
angle. The local reference system x’y’ can be rotated with respect to a global reference
system xy by an angle ¢. The reference curve associated with the central path of the AFP
head machine is shown in Fig. 2.7a. In addition, different angle combinations obtained
by shifting the reference path, are shown 2.7b. A simpler approach, based on circular
arcs was developed by the same authors [4], avoids using an iterative nonlinear solver
and generates more efficient solutions. Moreover, it also has the advantage of producing

courses of constant curvature, which better correspond to manufacturing constraints.
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Figure 2.7: (a) Reference path definition. (b) Laminates [¢+(Tp|T})]
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2.4.2 Development of modeling for VSP

Several approaches have been used to reliably model and predict the mechanical response
(in terms of stiffness) and the strength response of variable stiffness laminates. The key
contributions are described in the following paragraphs.

One of the main problems in the modeling of VSP is related to the computation of the
spatial variation of the fiber orientation. The initial models used the method developed
by Giirdal and Olmedo where the fiber direction is assumed to vary only along one of the
planar coordinates. The orientation angle is determined by a function which describes
the reference path of the AFP machine head. The fiber angle evolves linearly along one
direction while, in the perpendicular or shifted direction, it is constant. These models were
called the ’idealized’ variable-stiffness ply definition and were useful for demonstrating
the capabilities of VSP over straight-fiber laminates. With this design, increases of up to
50% in the axial stiffness and up to 80% in the critical buckling load of VSP, were made.
The reason for these remarkable results was attributed to the load redistribution from the

center of the panels to the over-stiffened edge regions [31, 24].
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Figure 2.8: Fiber angle distribution: (a) ’Idealized’, (b) Manufacturable’ and (c) VSP
modeled for 300mm x 300mm tow-steered ply with Top = 0°, 77 =45°,¢ = 0°. The course

on the manufacturable ply includes 32 tows (tow-width of 3.175mm)

Although ’idealized’ models were adequate to study the effects of fiber path defini-
tions on the in-plane response characteristics, the theoretical and numerical studies made

in some cases through design optimization did not take manufacturing feasibility into ac-
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count. An ’idealized’ configuration only defines the reference path orientation (the center-
line of the AFP machine head course), see Fig. 2.8a. However, in a real environment, the
width of each course needs to be taken into account and the thickness variation due to
the overlap or gaps zones created during the shifting process have to be considered. The
computation of the fiber orientation angles for a manufacturable approach is represented
and modeled in Fig. 2.8b and c. A method which provides a representation of the overlap
regions and an accurate model of the fiber-orientation angle change throughout the lami-
nate is presented by Langley et al. [32]. The finite element modeling method developed
in his work involves a discretized reference path and was applied to study the influence of
the thickness variation in the overlap zones. However, other defects i.e., gaps, were not

addressed in his study.

A theoretical and numerical investigation of the influence of these gap areas on the
strength and stiffness of variable-stiffness laminates under compression loading is pre-
sented by Blom ef al. [21]. Their work also included the effects of fiber angle, tow
width, laminate thickness and staggering. In addition, their study includes a failure anal-
ysis and leads to the conclusion that the onset of damage occurs at tow-drop locations.
The strength improvement due to staggering and strength reduction when tows are wider
was also demonstrated. The authors recommend other analyses under tension load cases.
Consequently, Blom et al. expanded their studies from tailored flat panels to cylindrical
and conical shells [33, 34] to validate the improvement of the variable stiffness configu-
ration over the traditional straight laminates. In an attempt to improve the capture of the
geometry and location of gaps and overlaps, Fayazbakhsh et al. [35], present a defect
layer method. This method can capture the geometry and distribution of gaps with higher
precision and accuracy. However, for the sake of simplification and efficiency, their anal-
yses were modeled using an in-plane stress formulation implemented with shell elements

in a regular mesh and the effect of the gap/overlap defects out-of-plane were not studied.

New methodologies are needed to address and include realistic manufacturing con-
straints in the design of VSP and damage modeling. These new methodologies must be
able to predict the mechanical response in terms of failure and damage propagation, ap-
plying first-ply failure criteria and continuum damage models to predict the propagation
of ply failure mechanisms until structural collapse [36]. Various have been performed to
examine the onset of damage in VSP. Lopes et al. [37, 38] present a study of buckling and

first-ply failure in VSP. In their studie, uncut panels and panels with cutouts are modeled.
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In addition, the same authors extended the study to progressive damage analysis of non-
conventional laminates with disperse stacking sequence [24]. In all cases, the advantages
of VSP over straight-fibre laminates were clearly demonstrated and the critical damage
areas were related to the defect zones. During the panel curing process, these tow-drop
areas become potential spots for matrix cracking or even delamination initiation, due to
the local amplification of interlaminar stresses. Close to these areas, damage occurs as a
gradual decrease of stiffness that is associated with energy dissipation in the form of ma-
trix cracks and fiber breakage. Furthermore, an interlaminar stress recovery method using
three-dimensional finite elements was developed by Fagiano et al. [39, 27] and applied to

variable stiffness panels by Diaz et al. [40].

In the past, progressive damage models have been applied in variable stiffness panels
with good agreement between the failure predictions and experimental results (see Lopes
et al. [36]). In addition, the studies developed by Lopes et al. [24], concluded that the fail-
ure of VSP is inevitably affected by the presence of tow-drops. Damage can be triggered
by the resin-rich areas, predominately in regions where the angle between the loading
vector and fiber orientations is large. The same author points out that in their study the
prediction of the occurrence of ply delaminations was neglected altogether. Tow-drop
areas are potential spots for the initiation of this failure mode, similar to what occurs in
regions of ply drop-offs. Hence, delaminations might actually be the primary and dom-
inant damage mode in VSP configurations constructed by the tow-drop method. The
influence of the tow-drop fiber-free areas and of the mismatch angles discontinuities on
the damage response in VSP are still a novel fields for researchers. In addition, the contin-
uum damage models for predicting the propagation of ply failure mechanisms, including
delaminations, and for studying the influence of defects might require the isolation of
defects and their analysis on a sub-level component scale. This approach will be more
comparable to the standard approach for conventional laminates and will also lower the

computational time spent in the simulations.

Nowadays, studies into in VSP are focused on the damage resistance and damage
tolerance under low-velocity impact events. A study of the impact and CAI behavior
prediction between fiber orientation, matrix-cracks and delaminations has been presented
by Dang et al. [41]. In their work, an explicit finite element analysis using bilinear
cohesive low-based interface elements is performed to predict and simulate delaminations

and crack growth and study the influence of the fiber orientation in a VSP. The authors
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conclude that the material with curvilinear path orientation suffers greater damage (mainly
in CAI) in comparison to straight fiber laminates because the buckling mechanism in the
delaminated area is altered. Good agreement was observed between the results of the
study and the experimental data. However, the process-induced defects were not included
in the models and, thus, their effect was not specifically analyzed.

Recently, the present author has presented a pre-processing methodology to obtain a
parametric VSP modeled in a three-dimensional domain, (described in Chapter 3). This
tool contains structured mesh generator possibilities for the capture of gap defects with
higher precision in comparison to the existing approach. The methodology allows ad-
vanced FE models for reliable analyses of progressive damage and delaminations [42].
With this methodology, damage propagation analyses can be carried out and the inter-
laminar behavior can be modeled by means of surface-based cohesive-contact or with

cohesive element formulations [43] as shown in Fig. 2.9.

Cohesive interface
Cohesive-surface behavior defined
as surface interaction property

Surface-to-surface interaction
between the adjacent courses

(a) (b)

Figure 2.9: (a) Surface-cohesive behavior approach. (b) Delamination damage simulated
in ABAQU S

In parallel to the simulation tools, experimental campaigns have been carried out. In
most cases, the experimental results showed a good agreement with the finite element
models, while others can still not be compared with related simulations. In the next

section, some of these experimental tests are described.
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2.5 Experimental works in VSP

The initial experimental program for the validation of the design and analysis tools for
VSP was covered by Gurdal, Tatting, Jegley and Wu [44, 45, 46, 47, 48]. These re-
searchers optimized flat variable stiffness panels for in-plane compression and shear con-
sidering the manufacturability aspects. In addition, different specimens were manufac-
tured with the tow-overlap and tow-drop method to analyze mechanical response. The
initial objective was focused on the buckling and post-buckling response of plates with
and without central holes. Analytically and experimentally, an increase in the buckling
load of the panels of up to 100 percent was demonstrated in both cases [48, 49]. The in-
clusion of non-linear effects and initial imperfections (due to clamping), were analyzed by
Wu et al. [50, 51, 52]. In addition, experimental tests in square panels under shear loads
were performed by Jegley et al. [49]. The predictions showed a slight improvement in the
buckling load of the variable-stiffness panels in comparison to the straight-fiber panels.
Furthermore, compression tests of the variable-stiffness panels proved that the influence
of the thermal induced stresses had a considerable positive impact on the buckling load
[5, 48].

Other studies applied the curvilinear fiber format to fuselage panels with and with-
out large window cutouts and subjected them to combined out-of-plane pressure loading
and in-plane loads [53, 54]. Buckling optimization showed considerable improvement in
buckling capability compared to quasi-isotropic laminates, but the strength capacity was
lower than the reference counterpart. More recently, NLR has adopted a multidisciplinary
approach to its design, construction and testing program for more robust composite win-
dow panels with curvilinear paths as a way of implementing this new method of fiber
placement into production practices that can be immediately applied in the airline indus-
try [55]. Despite there being many experimental contributions in order to demonstrate
and give credibility to the introduction of variable stiffness laminate concepts, the studies
were focused mainly on the influence of these geometrical details on the in-plane stiffness
and strength of the VSP. In addition, the mechanical response of the specimens has only
been analyzed on a structural level. The large dimensions of the specimens needed to val-
idate the influence of the process-induced defects is certainly a deterrent for experimental

studies.
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In an effort to analyze the effects of the process-induced defects, Croft et al. [56] pre-
sented an experimental study quantifying the effect of the main defects that had been man-
ually inserted during specimen manufacture. Their work reveals that the in-plane shear
strength decreases along the perpendicular direction to the load when tow-overlapping is
present. Furthermore, it was demonstrated that for notched laminates the open hole has
a greater influence on failure than that induced by the presence of manufacturing defects.
Some experimental studies has been found in the literature for the cases of gap defect in-
fluence on damage tolerance under low-velocity impacts. The most critical failure mode
for laminates, which driving the design of the majority of aircraft structures is damage tol-
erance to low-velocity impacts. Several attempts have been made, based on the formula-
tion of new material systems (toughened resins and through-the-thickness reinforcements)
to improve thedamage tolerance of composite laminates. However, these attempts have
had limited success because other key mechanical properties, such as stiffness, are com-
promised when tougher resins, textile reinforcements or z-pins are introduced. Recently,
a new fiber placement architecture called AP-PLY for improved damage tolerance was
presented by Nagelsmit et al. [57]. Tests show smaller delaminations and higher residual
strength for every AP-PLY configuration and lay-up compared to baseline laminates with
unidirectional plies.

A physically-based methodology for tailoring ply sequences, ply thicknesses and an-
gle ply orientations is a promising approach to improving damage tolerance in composites
without other detrimental effects. However, for a better understanding of the influence
of process-induced defects in delamination under drop-weight impact events, more tests
are still needed. Rhead et al. [28] present the effect of tow gaps on the impact and
compression-after-impact strength of fiber-placed laminates. Their results show that the
position, width and depth of tow gaps have a significant effect on damage resistance.

In the present study, experimental work has been done to investigate the effect of the
fiber angle discontinuities between different tow courses and the process-induced defects
for un-notched and open-hole laminates. The results of tensile strength are analyzed in
Chapter 4. In addition, an experimental study into the effects of tow-drop gaps in Variable
Stiffness Panels under drop-weight impact events and into the effect of staggering were
also performed and are presented in Chapter 5. In both cases, the results are compared

with straight-fiber laminates without defects.
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(a) (b)

Figure 2.10: Digital Image Correlation (DIC): (a) Setup for Compression After Impact
CALI, (b) Setup for Open Hole Tensile

The data was obtained using a VIC — 3D™™ stereo Digital Image Correlation (DIC)
system with two digital cameras. In this test the DIC System was used to measure the full-
field displacements and strains. The use of a stereo camera system (Rodagon-WA 60mm
lens) allows for three dimensional correlation, providing information on the deformation
from the initial geometry to the structural collapse. The experimental setup for both the
test and the VIC-3D software are shown in Fig. 2.10.
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Abstract

The introduction of tow-steered laminates in structural applications demands reliable design
methodologies to predict and simulate their mechanical response. The full details about the
mechanisms that lead to damage and failure of these novel panels are not yet known. In this work, a
numerical analysis tool has been developed for structural simulations in a three-dimensional
domain. This paper presents a comparison between different configurations and modeling
approaches of these panels. Finite element analyses are carried out to simulate the first-ply failure
of tow-steered panels under tensile load. The simulations show how matrix cracking is affected by
discontinuities in the fiber angle between adjacent courses and fiber-free areas resultant from
manufacturing effects; whereas fiber tensile failure is directly influenced by the orientation angles of
the fiber, whose distribution depends on the chosen course cutting method: on one side, or on both
sides.
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Abstract

Automated Fiber Placement is being extensively used in the production of major composite
components for the aircraft industry. This technology enables the production of tow-steered
panels, which have been proven to greatly improve the structural efficiency of composites by
means of in-plane stiffness variation and load redistribution. However, traditional straight-
fiber architectures are still preferred. One of the reasons behind this is related to the un-
certainties, as a result of process-induced defects, in the mechanical performance of the
laminates. This experimental work investigates the effect of the fibre angle discontinuities
between different tow courses in a ply on the un-notched and open-hole tensile strength of
the laminate. The influence of several manufacturing parameters are studied in detail. The
results reveal that 'ply staggering’ and 0% gap coverage’ are effective techniques in reducing

the influence of defects in these laminates.

Keywords:
A. Carbon fibers; B. Defects; Variable-Stiffness Panels;

1. Introduction

Nowadays, Automated Fiber Placement (AFP) of carbon-fiber-reinforced composites is
widely applied in the aerospace industry. The use of this technology permits the manufacture
of larger structures, providing more strength and stiffness where needed while ensuring high
quality and shorter production times [1]. The AFP process automatically places multiple

individual preimpregnated tows onto a mandrel at high speed using a numerically controlled
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placement head to dispense, clamp, cut and restart each tow during placement. AFP systems
make the production of Non-Conventional Laminate concepts (NCLs) possible [2]. Among
these concepts are the Variable-Stiffness Panels (VSP), where the fibers follow curved paths,
and which are noted not only for their structural performance and versatility, but also
for their design complexity [3-6]. The results of compression testing the VSP specimens
confirm that they are particularly suitable in resisting buckling, because it is possible to
transfer the higher stresses from the interior to the edge of the panels [7]. Also, the VSP
are able to improve first-ply failure responses, for example in laminates with a central hole
[8]. Despite these potential advantages and the developments of AFP manufacturing over
the past two decades, conventional straight-fiber laminates based on 0°,90°, £45° ply angles
are still predominantly used.

Typically, an AFP machine has the capability of placing up to 32 (1/8 in.) fiber tows
within a single course width. This means that within each head pass or course, up to 32 tows
are placed parallel to each other. A reference path shift occurs discretely at multiples of the
course width. Within a given course, the fiber orientation deviates from the reference path
which is only followed by the course centreline. The maximum deviation is at the edges of
the course, which results in a fiber-angle mismatch between adjacent courses. The wider the
courses, the larger this discontinuity is. These geometric discontinuities can be the cause of
stress concentrations which in turn, can hinder the performance expected from the idealized
structure, i.e. one with a continuous variation of the fiber orientation along one of the planar
coordinates.

There are two manufacturing approaches to deal with the converging tows at the VSP
course edges: the tow-overlapping and the tow-dropping methods [9-11]. If the tows overlap,
thicker regions are created which can act as stiffeners in the laminate. Conversely, the tow-
drop method avoids overlapping zones by cutting the individual tows at their intersection
point, so that thickness does not build up. As a result, small defects consisting of resin
rich zones without fibers, called gaps, are created at the boundaries of the tow-placement
course. In both methods, these gap and overlap zones can become potential spots for the
initiation of matrix cracking or even delaminations as a result of the local amplification of

interlaminar stresses. Different methods have been introduced with the aim of reducing



the influence of these defects on the structural response. Some of which are: the hybrid
combination of curvilinear plies with straight-fiber plies (mainly placed at the outer layers),
the staggering technique [12], and the variation of the gap coverage parameter [4]. On one
hand, the staggering technique avoids the nucleation of the defects that would occur in the
same places through-the-thickness of a laminate in plies of the same steering configuration.
Staggering reduces the concentration of the resin area (gaps), thus increasing the load transfer
effectiveness and making smooth thickness laminates possible. On the other hand, the gap
coverage parameter is used to minimize the presence of gaps due to tow-dropping. This
parameter determines the degree to which the discrete gaps are covered by fibers, and can
vary gradually from 0% to 100% —in which case gaps cease to exist, but small triangle
tow-overlaps are created instead.

Several approaches and numerical analyses have been performed to optimize VSP design
[13-17]. Other studies —e.g. on buckling response, thermal stresses analyses, strength
and stiffness— with the aim of obtaining an adequate understanding of the behavior of
these laminates have been developed and validated by experimental work [18-24]. However,
the full details of the mechanisms that lead to failure and the mechanical response of a
VSP are not yet fully understood, particularly the influence of embedded defects, mainly
gaps, overlaps and the fiber angle discontinuities induced by AFP [25, 26]. It is worth
mentioning the theoretical and numerical investigation on the influence of the tow-drop
areas and staggering on the stiffness and strength of variable-stiffness laminates presented
by Blom et al.[12]. Additionally, Blom et al. expanded their studies from tailored flat panels
to cylindrical and conical shells [27, 28]. In the latter cases, the effects of gaps and overlaps
were analyzed in a global sub-component level.

The certification of variable-stiffness laminates requires high-level component tests in or-
der to understand the effect of the defects on the mechanical response and failure mechanism
of the laminates. Some of these defects have been the object of research [29, 30]. Recently,
Nicklaus [31] explored the effect of converging gap defects in the open-hole compressive
strength and mode-I fracture toughness. He points out that these ply gaps (resin pockets)
produce higher fracture toughness values in the critical stress area adjacent to the hole.

Similarly, Croft et al. [32], presented an experimental study quantifying the effect of the



main manufacturing-induced defects. Their work reveals the influence of these defects in the
mechanical response of composite laminates under tensile, compression and shear loading.
It is worth noting that, in that study, the defects were manually inserted during specimen
manufacture and were not the result of a real tow-drop or tow-overlap procedure in an AFP
machine.

The present work aims to quantify the effects on laminate strength of tow-drop defects
found in a real AFP manufacturing environment. Three different configurations were con-
sidered: 100% gap coverage (allowing small overlaps), 0% gap coverage and 0% gap coverage
with ply staggering. The configurations analyzed have been compared with an equivalent
baseline laminate without defects. Initially, the real defect geometry was analyzed using
detailed micrographs. Then, these laminate configurations were tested under monotonic
tensile loading for un-notched and open-hole specimens. The Digital Image Correlation
(DIC) technique has been used to analyze the full strain field and to observe the influence of
defects, particularly in those zones prone to damage, just before the final structural collapse.
Additionally, the failure mechanisms have been analyzed with the help of high-resolution

photography.

2. Specimen design and manufacturing

The test specimens for the experimental work reported in this paper have been designed
to represent the ply discontinuities at the edges of adjacent courses in VSP configurations.
Accordingly, each specimen represents a sub-domain of a whole panel, as shown in Fig.
la. The maximum tow-angle mismatch (6, — 62), represented in Fig. 1b for different VSP
configurations with linear fiber-angle variations, is dependent on panel dimensions, course
width (or number of tows per course, ny) and fiber angles at the center (Tp) and at the edges
of the panel (77) [3]. In Fig. 1b only those configurations with 7, = 0° are considered, as
these lead to the worst-case tow-angle mismatch scenarios. Likewise, a panel side of 700 mm
in the direction of fiber-angle variation is considered as a limit case. For a panel smaller
than this, the maximum variation between Ty and 7T} would be bounded by the minimum
machine turning radius in order to keep an acceptable laminate quality. Hence, a maximum

theoretical mismatch angle of 13° is achieved. In reality, the angle 77 = 90° is never achieved



in practice due to finite tow-width and discrete tow-cutting [25]. For the tensile specimen
design in this work, a discontinuity of 12° was been selected as a reasonable approximation

to the worst-case scenario.
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Figure 1: a) Tensile specimen sub-domain definition in a Variable Stiffness Panel. b) Maximum mismatch
angle (01 — 63) between the boundary of the courses for panels of 700 mm and 800 mm for Tp = 0° and
different 717 values.

The specimens consist of straight-fiber layers since, considering the small dimensions
of the specimens, there is negligible difference between the actual curved trajectory and
a straight one. Some layers in the laminate have one portion with the fibers at 51° and
another at 39°, thus creating an angle discontinuity at the specimen mid-length. To avoid
more complexity, these plies with angle discontinuity were balanced with plies at —45°. Both
the Un-Notched Tensile (UNT) and the Open-Hole Tensile (OHT) specimens have the same
outer dimensions: length (L) of 310 mm, width (W) of 32 mm and tab length L., of 65
mm. The specimen geometry is depicted in Fig. 2a.

The material used in this investigation is the HexPly AS4/8552 pre-impregnated CFRP
in 6.35 mm (1/4 in.) wide tows (ty). The nominal ply thickness after curing is 0.18 mm.

The lay-up analyzed is [45/0/ — 45/90/(—452/(51]39)2)2]s. The design of the external
plies was constrained to the conventional straight-fiber method to avoid gaps or overlap

defects in the outer layers of the laminate. All configurations present the same stacking



sequence (24 plies) with nominal laminate thickness of 4.32 mm. A baseline laminate with
a staking sequence of [45/0/ — 45/90/(—452/452)s]s has also been analyzed and tested for
comparative purposes. The baseline and non-conventional laminates were designed to have
similar global stiffness. The elastic properties of the material system are E;; = 138.0 GPa,
Es = 8.6 GPa, G5 = 4.9 GPa, 115 = 0.35.

Three configurations with tow-drop defects have been designed and tested. The configu-
rations are described in Fig. 2b. The difference between the three is in the variation of the
gap coverage parameter and the use of the staggering technique. In one configuration, tows
are cut avoiding any overlapping, hence generating a triangular fiber gap (0% gap coverage).
In another configuration, tows are allowed to overlap by just the required amount to avoid
these gaps (100% gap coverage). As a result, right-triangular gaps or overlaps appear in
the laminate. The dimension of one leg is the width pf the tow and its opposite angle is
the discontinuity angle (see Fig. 2b). In our case, the triangle legs are 6.35 mm and 29.9
mm respectively. In these two configurations, gaps and overlaps are co-located through the
thickness of the laminate for plies with the same steered configuration. In a third configura-
tion, the co-location of gaps is avoided by staggering the plies in relation to each other. The
staggering distance is twice the width of the tow (12.70 mm) along the transverse direction
to the 51° tows (see Fig. 2b).

Four plates were manufactured with a Coriolis Fiber Placement Machine in the National
Aerospace Laboratory (NLR) in the Netherlands. The material was cured in a two-step
cycle —110°C during 60 min followed by 180°C for 120 min— according to manufacturer
specifications for monolithic components. All plates were C-scan inspected to ensure the
laminate quality. For the un-notched specimens, tabs are mandatory to avoid excessive
stresses near the clamping jaws. E-glass fabric prepreg tabs at 4+45° were glued to the
specimen with epoxy adhesive and tapered with the nominal slope of 1 in 4. After curing
the laminates, the specimens were cut using a 2.5 mm thick diamond blade. The central hole
of the open-hole tensile specimens was drilled with a 6.3 mm diameter multi-directional drill.
The specimens were checked to ensure they were within tolerance and free from delaminations

after the cutting process.
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3. Real tow-drop defect geometry

This section scrutinizes the two-drop defects induced in the three configurations through
an in-depth analyses of thickness measurements and micrographic images.

The micrographic observation reveals the real size and nature of the gap and overlap



zones. This is essential for a better understanding of the mechanical response of the non-

conventional laminates with these types of manufacturing defects.
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Figure 3: Profile variations on top surface of the different specimens configurations.

The real top-surface profile and dimension measurement for each configuration is pre-
cisely obtained with the VIC-3D™ system. A comparison of the surface profile in the top
outer layer for each configuration is shown in Fig. 3. The thickness variations along the
y-direction of the middle line for the different configurations are compared. For the configu-
rations without ply staggering, the tow-drop defects coincide at the same in-plane location
for layers of the same configuration, which produces co-location of overlaps and gaps. For the
configuration with 100% gap coverage, the laminate thickness increases by 15% due to the
overlapping. Whereas, for the configuration with 0% gap coverage, the maximum thickness

reduction is 20%. This thickness reduction is caused by the pressing of gaps in adjacent



layers as a result of the high pressure in the autoclave during the curing process. However,
if the staggering technique is applied, the local thickness variation reduced considerable en-
suing in a mere 5%. The reason being that staggering reduces the superposition of defects
through the laminate thickness.

The micrographic analyses were performed with a Leica DMR-XA compound light trinoc-
ular microscope (Bright Field and Fluorescent Imaging) with 50x to 1600x magnification
and a resolution of 0.2 microns, together with a ProgRes C14 digital camera.

For the configuration with 100% gap coverage, an external and cut view of the specimens
analyzed are shown in Fig. 4. The increase in thickness due to the ply overlapping is
remarkable. The curvature of the outer layer is smooth (see Fig. 4a) as a result of the
stiffness of the continuous layers during the curing process. The manufactured specimens
contain significant areas of overlap, together with small triangular rich resin zones near the

tow-drop sections (see Fig. 4b).
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Figure 4: a) Real tow-drop defect for configuration with 100% gap coverage (magnification 12x). b) Detailed
micrography (magnification 50x).

In order to observe the extension of the rich-resin zones in the configuration with 0%
gap coverage, three different sections have been analyzed along the specimen (see Fig. 5a).
While it is true that, in the section QQ’, small dispersed gaps appear (see Fig. 5c¢, detail Q),
in the sections OO’ and PP’; all the gaps are clustered and concentrated. Here, the size of
the gap defects is notable (see Fig. 5c, detail O and P), and the waving of the adjacent plies

to fill the gap area is evident. The curvature of the plies is similar to the 100% gap coverage



case. Higher angle differences between adjacent layers reduce the waving of the tows.
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Figure 5: (a) Cut section definitions. (b) Different view for the configuration with tow-drop 0% coverage
(magnification 12x). (¢) Detailed gap micrography (magnification 50x).

If the staggering technique is applied to the 0% gap coverage case, the laminate thickness
becomes more homogeneous because of the non-coincidence of gaps. A laminate surface
similar to the baseline configuration is obtained, as confirmed by microscopic observation
(see Fig. 6). Although clustering of defects is avoided, small resin zones still remain as the
result of single gaps, as seen in the micrographic detail C in Fig. 6.

The assumption of gap areas totally filled by resin is used mainly for modeling the tow-
drop gaps for numerical simulation purposes in order to simplify the analysis. However, this
assumption is uncertain according to the observed micrographs. In these simplifications, the
effect of the high autoclave pressure on the individual plies in the laminate is neglected. For a
better understanding of the failure and damage mechanisms, the real defect geometry needs
to be taken into account. This work confirms the results observed by Croft et al. [32] with

respect to the real defect geometry and its influence on the strength in the non-conventional
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Figure 6: (a) Specimens. (b) Real tow-drop defect for the configuration with 0% coverage with staggering
and the Baseline laminate (magnification 12x). (c¢) Detailed defect micrography (magnification 50x).

laminates.

4. Experimental set-up

Un-noched and open-hole specimens were tested using a hydraulic MTS 810 system with
a 250 kN load cell. The ASTM standard D 5766 [33] was followed to determine the open-hole
tensile strength in multidirectional CFRP specimens. The data acquisition frequency used
was 20 Hz.

The VIC-3D™ Measurement System (Correlated Solutions, USA) was used in this test
to measure the full-field displacements and strains on the outer 45° ply with Digital Image
Correlation (DIC). The DIC system set-up with a pair of stereo-mounted digital cameras is
shown in Fig. 7. For real-time analog data acquisitions, the system is connected to the load
output of the test frame controller, and records load and displacement data synchronously
with the images.

The working distance of the DIC installation was set to 700 mm for the plain tensile test,
whereas for the open-hole tensile it was set to 400 mm, for an object facet size of 90 x 32

2

mm? and 45 x 32 mm?, respectively. The area of interest was spray painted guaranteeing

the quality of the speckle pattern. The selected subset size was 29 (29 x 29 pixel?) with a
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Figure 7: Open-hole tensile (OHT) specimen tensile test set-up with DIC technology included.

7 pixel step size. On the one hand, the subset size has to be large enough to ensure that
there is a sufficiently distinctive pattern contained in the area used for correlation, whereas
on the other hand, the step size controls the spacing of the points that are analyzed during
correlation. The shutter interval time was set to 500 ms to be compatible with an applied

displacement rate of 0.5 mm-min~!.

In both cases, a Rodagon WA 60 lens was used with
an extension tube [1x] joined to a Smart focus system. An additional camera with an EF-
100mm macro lens (‘camera macro’ in Fig. 7) was used to observe the crack propagation on
one of the free edge of specimens. All tests were monitored using the VIC-3D™ DIC system
on one side. For the plain tests, strain gauges were bonded to the other side. Two strain

gauges in the axial and transverse directions were placed in the middle of the specimens,

with a gauge factor k of 2.044+1% at 24°C, and resistance of 350040.30%.

5. Test results and discussion

A total of 24 specimens were tested under tensile load up to final failure, with an average
of three specimens for each configuration. The DIC was used to observe the influence of the
VSP defects on the strain field until the final structural collapse. The failure is taken as being

the first significant load drop in the load-displacement response. The failure mechanisms
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and the strength values were analyzed for each configuration. Previous to the failure test,
a correlation between the stress-strain responses for one of the specimens was carried out.
The results obtained through the DIC system, the axial strain gauge and an extensometer

demonstrated very good agreement between the different techniques.

5.1. Un-Notched Tensile (UNT) test

The first analyses were carried out by DIC at the moment just before the final failure
of the specimens, in order to observe the influence of tow-drop defects on the strain field
and on the out-of-plane displacement. Three specimens with tow-drop defects were selected,
one for each configuration, and their behavior was compared. The longitudinal strain (eyy),
transverse strain (), shear strain (ey,) of the outer layer at 45° and displacement along
the out-of-plane direction (w) throughout the survey area in question are shown in Fig. 8.
In all cases analyzed, the load direction and the fiber direction at 0° corresponds to the
vertical axis (y-direction). The fibers oriented at 51° are located below the defect zone. The
strain variation due to the fiber angle discontinuity of (51°|39°) can easily be seen in the DIC
representations. The strains concentrate in the vicinity of the defect areas which are critical
zones for damage. On the one hand, in the case of 100% gap coverage, the longitudinal
strains in the tow-drop area are lower than average strains resulting in overlapping and
stiffer zones. On the other hand, in the configurations with 0% gap coverage, the defects
result in material zones with lower stiffness and higher strain.

The analysis of the displacement (w) reveals delaminations near the edges of the spec-
imens. In the non-staggered configurations, these delaminations are concentrated in the
clustered regions of ply discontinuities. However, in the staggered specimens, the delam-

inations are less evident and distributed along the edge in different zones (see Fig. 9a).

The results of remote failure stress obtained for the different configurations in plain tensile
test are summarized in Table 1. For plain specimens, compared with the baseline lay-up,
the configurations with tow-drop defects exhibit lower tensile strength. The specimens with
100% gap coverage show a strength reduction of 10.7%, while the laminates with 0% gap

coverage present a more significant strength reduction of about 20.1%. For the configuration

13



[um/m] [um/m] [um/m] [mm]

17100 -6700 1100 0.097
OD 16212 -8262 550 0.076
P I I U
Lo 15325 -9825 Ho iH0.056
[} H H H
> 1+{14437 |{-11387 i+-550 |40.035
] i I U
o 1113550 -12950 H-1100 [10.015
< 12662 14512 -1650 0.005
=) 11775 -16075 -2200 -0.026
N
o 10887 -17637 -2750 -0.046
S
| 10000 -19200 -3300 -0.067
[um/m] [um/m] [um/m] [mm]
|17300 |-5450 IZOGD |0,081
16318 -6600 1495 0.053
(D] H H H
O‘D 15337 H-7750 930 10.028
8 L L L
O 114356 {{-8900 {365 {40.002
o 113375 [1-10050 -200 [1-0.024
S I I I I
Q.q 12393 -11200 -765 -0.050
?D 11412 -12350 -1330 -0.076
\O 10431 -13500 -1895 -0.103
o
O 9450 -14650 -2460 -0.129
[y um/m] um/m] fmm]
|16850 |-7750 ISUD |0.013
16231 -8950 372.5 0.005
H15612 -10150 H-55 H-0.024
QO)D OD 114993 -11350 [-482 iH-0.042
= I I I I
S . S 114375 -12550 1-910 [1-0.060
O = H H i
> g)o 13756 -13750 -1337 -0.079
(] %D 13137 -14950 -1765 -0.097
Q¥
cc [70] 12518 -16150 -2192 -0.116
~N— 11900 -17350 -2620 -0.134
\O o
= B
S

Eyy Exx Exy w

Figure 8: Strain field (¢) and out-of-plane displacement (w) comparison for un-notched tensile specimens on
the outer layer at 45° just before final failure.
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with staggering, the reduction is only 8.6%. The standard deviation of the values is higher
in tow-drop specimens due to the different distribution of the defects. The results show an
increase of the ultimate strength for the configurations with 100% gap coverage with respect
to 0% gap coverage. This can be explained by the reinforcing effect of the overlaps. The
results also confirm the expected improvement obtained by means of the staggering technique

applied to laminates manufactured by the tow-drop method.

Table 1: Remote failure stress for un-notched tensile (UNT) and open-hole tensile (OHT) specimens (values
in MPa). Calculated using the maximum measured stress (Ppax) and the values of the specimen thickness
(t) and width (w) as: XT = P/ (tw).

Configurations Mean (MPa) STDV (MPa) Normalized strength
Un-notched tensile (UNT)
UNT Baseline 389.2 0.6 1
UNT 100% gap coverage 347.3 12.3 0.89
UNT 0% gap coverage 303.1 21.7 0.78
UNT Staggering (0% coverage) 355.8 9.1 0.91
Open-hole tensile (OHT)
OHT Baseline 225.6 4.2 1
OHT 100% gap coverage 235.9 6.8 1.04
OHT 0% gap coverage 214.7 1.4 0.95
OHT Staggering (0% coverage) 231.4 6.0 1.02

For comparison purposes, the load-displacement curves for one specimen of each config-
uration are plotted in Fig. 9. The extensive non-linearity of the load-displacement curves
prior to failure confirms a progressive loss of stiffness; probably as a result of both the ap-
pearance of matrix cracking in the off-axis layers, and the onset of delaminations across the
tow-drop defect zones. Specimen collapse is caused by extensive fiber breakage.

In both of the non-staggered configurations, the edge photographs taken during the test
reveal large free-edge delaminations in the zones with defects (Fig. 9a). For example, point O
in Fig. 9a identifies the observable delamination onset on the free-edge for the configuration
with 100% gap coverage, which advances up to point P where the specimen finally fails. This
cracked zone coincides with the defect area. In such areas, the fiber angle discontinuities

and the thickness variations increase the interlaminar stresses, which cause delaminations
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in the free edges. Such stresses contribute to the weakening of the specimens. Hence, the
failure of the plain tensile specimens begins at the edge and propagates along the defect. The
staggered laminate configuration presents a structural behavior analogous to the baseline.
Both lay-ups present similar observed free-edge delaminations. The crack delaminations are
small and uniformly distributed across the edge of the laminate in comparison with the
non-staggered configurations. In Fig. 9a, this failure mode is shown in the image taken just
before final failure (point Q).

Edge
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Figure 9: a) Comparison of load-crosshead displacement for different un-notched laminate configurations.
(b) Delamination on tested specimen.

Post-failure examination of the specimens shows two main types of failure mechanism:
fiber pull-out and delamination. The pull-out failure mechanism is caused by fiber failure
mainly at the 0° plies. The delamination analysis reveals that the interlaminar damage
always occurs with the same pattern at the sublaminate level. This behavior is common to
all the specimens tested. Therefore, this failure mechanism is likely to be more dependant on
the lay-up rather than any other factor. To illustrate this, photographs of failed specimens
are shown in Fig. 9b. An examination of the fractured edges of specimens (Edge E, and
Edge Eg) reveals large delaminations as a result of the mismatch angles between the plies.

Two delaminations appear between the outer layers and the 0° laminae, whereas the other
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delaminations occur in the interfaces between the (—45°), layers and the (51° | 39°), plies.

5.2. Open-Hole Tensile (OHT) test

In contrast to the un-notched specimens where the maximum strain appears in the tow-
drop-induced-defect zones, for the open-hole specimens higher strains are produced in the
stress concentration spots around the hole. Although all of the OHT specimens tested present
a similar fracture behavior, there are small differences between them.

In order to illustrate the longitudinal strain distribution (eyy), one DIC representation for
each configuration has been selected and shown in Fig. 10a. The images depict the critical
strain zone just before the crack initiation at the 45° ply; akin to where the onset of damage
and the first evident delaminations are observed. When the 100% gap coverage is compared
to that of the 0% gap coverage, the first reveals lower strains in the defect direction because of
stiff zones caused by the ply overlapping, while in gap zones the strains were higher. For the
staggered and baseline configurations, the strain fields are nearly identical. The variations of
longitudinal strain (eyy) along path AA’ (see Fig. 10a, baseline) in y-direction for the OHT
configurations are plotted in Fig. 10b. As observed, maximum deformation is governed by
the increasing stress values in the adjacent zones to the hole where the damage appears, and
the manufacturing-induced defects have little relevance in the final failure process.

The longitudinal strain field ey, for the outer layers at 45° of one test specimen, just
before the final catastrophic failure, for each of the configurations tested are shown in Fig.
11. Here, the 45° matrix crack is clearly visible from the hole in the outer ply surface.
This external damage is propagated asymmetrically across the width of the specimen to the
specimen edges.

The damage mechanisms for the OHT specimen observed in this experiment were similar
to those observed by other authors for OHT specimens [34, 35]. Initially, isolated matrix
cracking, splitting and delaminations at the hole edge appear (see Fig. 12b). Then, damage
propagates across the width of the specimen, leading to final collapse. Fiber breakage in the
0° plies can only be observed after the final catastrophic failure. The failure mechanisms are
represented in schematic form in Fig. 11b. Delaminations are controlled by the interlaminar

shear stresses, increased by the free edge effect of the hole and the influence of the manu-
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Figure 10: a) Longitudinal strain field for the outer layer of different OHT configurations just before visible
crack initiation. b) Plot of the longitudinal strain e,, along path AA’.

facturing induced defects. However, in contrast to the plain specimen, the influence of the
open hole is more relevant than the defect itself.

The OHT test load-displacement curves for representative specimens are plotted in Fig.
12a. The results show the similarity between the staggered laminate specimens and the
conventional specimens. The load-displacement curves present less non-linearity than those
of the the un-notched specimens. In these specimens, the structural collapse was also con-

trolled by a pull-out failure mechanism accompanied by delaminations. The post-fracture
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Figure 11: a) Longitudinal strain field for the outer layer of different OHT configurations just before final
failure. b) Damage zones associated with the specimens.

analysis and the load-displacement behavior have a good agreement with the observed failure

mechanism, as reported by Green et al. in [34].

In the outer ply the onset of damage at the hole free edge is propagated parallel to
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the fiber orientation of 45°. Similar sub-critical damage mechanisms were observed for all
specimens, as shown in Fig. 12b. The zoom on the open-hole region reveals how the damage
is initiated in the form of isolated matrix cracks and delamination at the hole edge. This
damage is mainly at the interface of the plies with overlap or gaps and conventional plies
without fiber angle discontinuities.
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Figure 12: a) Comparison of load-crosshead displacement for different open-hole laminate configurations.
(b) Delamination and damage on tested specimen.

The open-hole results present small differences of far-field stress, as specimen failure is
strongly driven by the presence of the hole. This means that the stress concentration gener-
ated by the hole is little amplified by the manufacturing defects. The results of remote-failure
stress obtained for the different configurations in the open-hole tensile test are summarized

in Table 1.

6. Conclusions

In the present experimental work, the effect of the fiber angle discontinuities between
different tow courses in a ply on the un-notched and open-hole laminates tensile strength
was investigated. The influence of the coverage percentage and the staggering technique

were studied in detail.
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Test specimens were designed and manufactured to represent a sub-domain of a VSP con-
taining a worst-case tow-angle discontinuity, and different practical manufacturing strategies
to tackle such discontinuity: i) tow-dropping with 0% gap coverage (gaps); ii) tow-dropping
with 100% gap coverage (overlaps); and iii) tow-dropping with 0% gap coverage and ply
staggering.

After a geometrical observation of overlapping and gap defects produced by the tow-
drop manufacturing method, test specimens were loaded until failure. In comparison with
the baseline specimens representing straight-fiber panels without defects, the configuration
with 0% gap coverage and no staggering presents the most critical strength reduction; as
a results of the clustering of gaps. When the ply staggering technique is applied, these
effects are highly mitigated. Therefore, 'ply staggering’ and '0% gap coverage’ is an effective
combination to lessen the influence of defects in VSP.

The experimental results show that the stress concentration, induced by the presence
of the hole in OHT specimens, has a higher influence on failure than that induced by the
presence of manufacturing defects in un-notched specimens. Additionally, the analysis of
failure mechanisms in un-notched specimens reveals that large delaminations initiate in the
vicinity of the tow-drop defects, which are then followed by extensive matrix cracking and
finally fiber failure. This is probably caused by the amplification of the interlaminar stresses

around the defects.
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Abstract

This paper presents an experimental study of the effects of tow-drop gaps in Variable Stiffness
Panels under drop-weight impact events. Two different configurations, with and without
ply-staggering, have been manufactured by Automated Fiber Placement and compared with
their baseline counterpart without defects. For the study of damage resistance, three levels
of low velocity impact energy are generated with a drop-weight tower. The damage area is
analyzed by means of ultrasonic inspection. Results indicate that the influence of gap defects
is only relevant under small impact energy values. However, in the case of damage tolerance,
the residual compressive strength after impact does not present significant differences to
that of conventional straight fiber laminates. This indicates that the strength reduction is
driven mainly by the damage caused by the impact event rather than by the influence of
manufacturing-induced defects.

Keywords:

Carbon fiber reinforced polymer; Defects; Variable-Stiffness Panels; Automated Fiber

Placement

1. Introduction

Currently, most composite laminates for structural applications in aircraft programs are
manufactured using only the traditional straight fibre configurations, which consist mainly of

quasi-isotropic layups. As a consequence, neither the full advantage of the Automated Fiber
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Placement technology (AFP), available since the 1990s, nor the novel laminate concepts are
being used efficiently [1]. The increasing trend toward the development of lighter structures
based on an optimized use of composites with Non-Conventional Layups (NCLs) is possible
by tailoring the direction and placement of fiber laminates —also referred to as variable
angle tow composites.

NCLs are defined as disperse stacking sequence laminates [2], or layups, produced by
steering tows that follow curved paths. They are also called Variable Stiffness Panels (VSP)
[3]. In the past, researchers have studied the advantages of these VSP over conventional
laminates and VSP have been proven to be effective in enhancing the buckling and post-
buckling response by in-plane load redistribution [4, 5, 6]. Also, VSP showed potential
for lessening notch sensitivity and for reducing stress concentration effects [7, 8, 9, 10].
However, a better comprehension of the mechanical response, failure and damage mechanisms
in VSP has prevented its extended application. In addition, due to the versatility and design
complexity of VSP, the introduction of these advanced concepts will become feasible only
if two major issues are considered. Firstly, by developing reliable design methodologies to
predict the mechanical response from damage onset up to structural collapse. Secondly, by
certifying VSP using high-level component tests in order to understand the process-induced
defects.

Nowadays, there are efficient methodologies to design the optimal fiber orientation so as
to maximize the structural efficiency of VSP [11, 12, 13, 14, 15], accounting for the manu-
facturing defects as well [16, 17, 18]. These defects appear during the tow-steering process
and are inherent to the AFP head mechanism [3]. The process-induced defects include local
tow buckling or winkling and thickness change due to tow-drop gaps or overlaps. These
defects become potential spots for the initiation of matrix cracking or even delaminations
[19], and are key issues which need to be addressed to guarantee performance. Another cru-
cial problem in VSP is related to fiber discontinuities. It is worth mentioning that a novel
fiber placement technique called Continuous Tow Shearing (CTS) [20] has been developed
to avoid most of the problems mentioned above. This technology relies on the shear defor-
mation capability of dry tows. However, one of its drawbacks is the maximum variation of

tow angle.



Experimental tests are needed to evaluate the influence of the gap or overlap defects
originated in the real AFP environment. A wide variety of failure and damage mechanisms
appear in the NCLs as a result of design complexity and manufacturing process. In order
to fully exploit the possibilities of NCLs and their use in composite structures, the effect of
process-induced defects requires specific attention. In the past, researchers have studied the
effect of converging gap defects [21, 22]. These studies demonstrated that the unnotched
tension and compression tests showed significant reductions in strength due to the gaps.
Whereas, open hole tension tests were unaffected by the presence of gaps. This was attributed
to the hole effect dominating the gap effects. It also was demonstrated that the compression
tests are more sensitive to the gap defects than the tension tests are. In addition, failure
predictions depended on the gap locations and the number of gaps. Another author, Nicklaus
[23], demonstrated that the presence of gaps produce higher fracture toughness values in the
areas close to the hole.

Recently, Croft et al. [24] presented an experimental study quantifying the effect of
the main manufacturing-induced single defects under tensile, compression and shear load-
ing. Their work reveals that the in-plane shear strength decreased when there was tow-
overlapping along the perpendicular direction to the load. A further study on the influence
of tow-drop gap defects, gap-coverage parameter and the staggering technique under in-plane
tensile loading in VSP has been presented by the present authors (Falco et al. [25]). That
work shows that the configurations where gaps are not covered and plies are not staggered
present the most critical strength reduction as a consequence of the clustering of gaps. Large
delaminations are initiated in the vicinity of the tow-drop defects, which are then followed
by extensive matrix cracking and finally fiber failure. The present contribution deals with a
similar sub-domain of VSP, but focuses on the damage resistance and damage tolerance to
a drop-weight impact event.

Damage tolerance to low-velocity impacts is a key factor in the design of the majority
of aircraft structures due to the low out-of-plane strength of the composites. Such impacts
can happen during manufacturing, servicing or maintenance operations. Several experimen-
tal investigations have studied the damage response of dispersed laminates to low-velocity

impact, and their improvement over conventional laminates [19, 26, 27]. The differences are



related to the effects of bending stiffness, ply clustering and mismatch angle between the
plies. It has been demonstrated that the dispersion of ply orientations through the whole
[0 0 —900] range has beneficial effects in terms of impact resistance [28]. By reducing the
mismatch angles between the adjacent layers, the response is improved in terms of smaller
indentation, less damage dissipated energy, delaminations and higher residual strength. In
addition, even for laminates with good stiffness properties, the clustering of plies can lead to
large delaminations because there are less potential interfaces for delaminations, resulting in
a lower damage resistance of the structure [29].

In VSP, all these aspects are combined in a more complex environment which includes
process-induced defects. Additionally, mismatch angles appear not only between adjacent
layers, but also within the plies, between adjacent shifted courses. Impact events in VSP is
a relatively new field of research. Dang et al. [30] performed a numerical study on impact
and Compression After Impact (CAI) using finite element analysis. Their results conclude
that the main reason for the reduction in compressive strength is related to significant
delamination. However, their numerical model only considers the effect of fiber steering,
while process-induced defects were not considered. Rhead et al. [31] present the effect of tow
gaps on the compression-after-impact strength of fiber-placed laminates. The results show
that the position, width and depth of tow gaps have a significant effect on damage resistance
i.e. the tow gaps close to the non-impacted surface can inhibit sublaminate buckling and
growth of laminations. However, in the design of their specimens the shape of the tow gaps
is continuous and the mismatch angle discontinuities between the courses were omitted. In
reality, in the vicinity between two adjacent courses, small triangular fiber-free areas (gaps),
are created in order to avoid overlapping. In addition, the proper nature of the course shifting
method [3], creates fiber angle discontinuities.

In this work, the aspects mentioned above have been reproduced in a laminate which
could be a representative subdomain of a real VSP. The main goal is to study the influence
of gap defects on the damage resistance and on the compressive residual strength of three
laminates under low velocity impacts. Also, the effect of the staggering technique, used
to avoid the co-location of the gaps, has been analyzed. The staggering technique reduces

the effect of ply clustering and produces a more uniform distribution of the process-induced



defects. Both configurations, with and without staggered plies, have been compared with
a traditional straight fiber laminate. All configurations analyzed present similar bending

stiffness in order to avoid misinterpreting the results and reaching ambiguous conclusions.

2. Specimen with tow-drop gaps: Design and manufacturing

The test specimens for the experimental work reported in this paper have been designed
to represent the ply discontinuities at the edges of adjacent courses in VSP configurations.
Gap-coverage zones have been included in order to study the influence of the process-induced
defects and the staggering technique, under drop-weight impact. Each specimen represents
a sub-domain of a whole Variable Stiffness Panel at the boundary between the courses.
The effects to be studied are very localized, this makes it possible to use relatively small
specimens and to use straight-fiber laminates instead of curved trajectories. Some layers in
the laminate have one portion with the fibers at 51° and another at 39°, thus creating an
angle discontinuity at the mid-length of the specimen. In order to avoid more complexity,
these plies with angle discontinuity were balanced with plies at —45°.

Two configurations with tow-drop defects and 0% gap-coverage where designed and tested
under low-velocity impact. The configurations are described in Fig la. The difference
between them is in the use of ply staggering. In the first case, the fiber-resin areas are co-
located through-the-thickness. Whereas for the second case, the co-location of gaps is avoided
by staggering the plies in relation to each other (see Fig 1b). The thickness variation caused
by the pressing of gaps in adjacent layers resulting from the high pressure of the curing
process is observed in Fig 1c.

The composite material used in this investigation is the HexPly AS4/8552 pre-impregnated
CFRP in 6.35 mm (1/4 in.) wide tows (%), with nominal ply thickness after curing of 0.18
mm. The manufacturing process was done in the National Aerospace Laboratory-NLR, (The
Netherlands), with a Coriolis Fiber Placement Machine which lays courses of up to 8 tows at
a time with a total width (Cy) of 50.8 mm per course. The mechanical properties of the ma-
terial system are E1; = 138.0 GPa, Fy = 8.6 GPa, G153 = 4.9 GPa and vy, = 0.35. The tests
are performed on flat rectangular plates of 150 x 100 mm. The stacking sequence analyzed is

[45/0/ —45/90/(—455/(51|39)2)2]s, where the 0° fiber orientation is aligned with the largest



(a) Course\ / Tows

120 Fiber-free areas

(Staggered)
\ 6/\0

Fiber-free areas

b
(b) Lay-up without staggering Staggering of tow-steered plies
+45°
o (-45°)
0 2
-45°§ (51°|39°N N
(-45%), / /

AL

v

\ Mid plane /

90 —F =
£ ; 7 (s1p9), 7
{ | ;

Baseline

(c)
0% of gap-coverage specimen 0% of gap-coverage specimen
with staggering

Figure 1: a) Specimen geometry: The discontinuity interface in the ply (51]39) is represented using a blue
line and resin rich areas have been filled. (b) Tow-drop gap defects ('no Staggering’ and ’Staggering’). (c)
Real specimen with and without staggering.

in-plane dimension. The design of the external plies was constrained to the conventional
straight-fiber method to avoid gap defects in the outer layers of the laminate. All configura-
tions present the same staking sequence (24 plies) with nominal laminate thickness of 4.32
mm. A baseline laminate with a staking sequence of [45/0/ — 45/90/(—452/452)2]s has also

been analyzed and tested for comparative purposes. The baseline and the non-conventional



laminates were designed to have similar global stiffness.

3. Drop-weight impact and compression after impact tests

The ASTM D7136 [32] standard establishes the method for measuring the damage resis-
tance to a fiber-reinforced polymer matrix composite under a drop-weight impact. In this
study, three impact energies (F;) have been used: 15 J, 30 J and 45 J. The impact mass
(M) values, the velocity before the impact values (Vo = 1/2E;/M;) and the impact height
values (H; = Ei/(M;g)) are summarized in Table 1. For each impact energy and for each

configuration, two specimens with gap defects have been tested. Additionally, two specimens

with the baseline configuration are used to assess the non-impacted laminate strength.

Table 1: Impact energies, mass, velocities and drop weight heights.

Impact energy (J)
15 30 45

Impactor mass M; (kg) 5.0 5.0 5.0
Initial velocity Vp (m/s) 2.5 3.5 4.2
Impact height H; (mm) 306 612 917

The impact tests were carried out in a Instron Ceast 9350 (Fractovis Plus, Italy) instru-
mented drop-weight tower, with a 16 mm diameter hemispherical impactor and an automatic
anti-rebound impactor system. The unsupported area of the specimen during the impact is
125 mm by 75 mm. The data recorded are the history of the impactor force, displacement
and velocity. After the impact tests and a dent-depth measurement, all specimens were
inspected with an Omni-Scan MX (Olympus NDT, USA) ultrasonic system to analyse the
resulting delamination area. For the non-staggered specimens the impact location is con-
trolled. For each energy level, one specimen was tested with the impact outside of the defect
and the other impacted just inside of the fiber-free area. Conversely, this differentiation is
not possible with the other configurations.

The Compression After Impact (CAI) tests were performed using a hydraulic MTS-
810 (Material Testing Systems, USA) testing machine of 250 kN load-capacity and with



an anti-buckling fixture support at the specimen edges, according to the ASTM D7137
[33]. The same standard is followed in determining the residual compression after impact
strength o, of each specimen. The normalized residual compression strength after impact
is calculated using the expression: o. = P,/(W - t,), where P, is the break failure load of
the specimen of width (W) and nominal thickness (¢,). In order to monitor the out-of-
plane displacements, two displacement transducers are used during the CAI tests. However,
for some specimens a more reliable technique, the Digital Image Correlation (DIC) system
VIC — 3DT™ Measurement System (Correlated Solutions, USA) is used. This technology
allows out-of-plane displacement and strain fields for the whole surface to be monitored, as

well as any possible eccentricities that might occur.

4. Results and discussion

In order to study the influence of tow-drops on damage resistance and damage tolerance,
two different configurations with these defects are analyzed and compared with a conventional
baseline laminate. Firstly, the results obtained with the impact test are presented. Here, the
most relevant features of composite laminates under low velocity impact condition are: the
delamination threshold loads, the peak loads, the evolution of the absorbed energies and the
projected delamination areas as a result of the impact. Secondly, the residual compressive

strengths obtained through CAI tests are analyzed.

4.1. Low velocity impact test results

The corresponding histories of the impact loads as a function of the contact time and of
the impactor displacement for the three impact values of energy (15 J, 30 J and 45 J) are
shown in Fig 2. For the particular case of the laminate with no staggering, both impacted
specimens are represented, because of the differences observed. For the specimens labelled
'no Staggering-side’ the impact location is outside the defect zone, and for the specimens no
Staggering-gap’ the impact zone is just inside the fiber-free area. In the other configurations,
only one specimen was selected because no significant differences were detected. These
impact load evolutions make it possible to determine the delamination threshold load Fjy

and the peak load F,. On the one hand, the Fy can be identified as the first significant force



drop in the load impact evolution. Fj represents the initial value at which a significant change
in the stiffness properties is detected. Its value is also associated with the development of a
first significant delamination [29]. After this point, the response is affected by a large variety
of damage mechanisms —matrix cracking, fiber-matrix interface debonding, delamination
and fiber breakage. On the other hand, the peak load F}, is the maximum force recorded
during the impact process.

The threshold load Fy has similar values for impact energies of 15 J, 30 J and 45 J.
Excluding the tests labelled as 'no Staggering-gap’, the delamination threshold load Fjy
for the all configurations analyzed had similar values. Therefore, this agrees with other
experimental works [29] where the Fy value is independent of the impact energy. Note that
the 'no Staggering-gap’ tests were carried out on specimens impacted in the gap defect. For
this configuration, a reduction of about 30% in Fy was observed for all impact energies.

The delamination threshold loads are on average 6.4 kN, 6.1 kN and 6.0 kN for the
configurations ’baseline’; 'no Staggering’ and ’staggering’, respectively. The corresponding
energy levels for these configurations are 6.2 J, 6.1 J and 5.8 J. In comparison, in the cases
when the impact occurs inside the fiber-free area, the average of the threshold load is 4.3
kN, occurring at energy levels of 3.1 J.

As expected, the peak load F), and the total impact time increase by intensifying the
impact energy. The value of F}, for the baseline and staggered configurations have similar
values. For the configuration without staggering, a slight reduction of F}, of 6.8%, 11.2% and
8.7% is observed for impact energies 15 J, 30 J and 45 J, respectively. This is probably as a
result of different damage mechanisms depending on the co-location of the fiber-free areas.

The absorbed energy value represents how the impactor kinetic energy is transferred to
the specimen by means of different failure mechanisms, mainly in the form of delaminations.
The evolution of the absorbed energy for each tested laminate and its corresponding impact
energy are shown in Fig 3.

The analyses of the dissipated energy shows very similar behavior between the config-
uration baseline and the configuration with staggered fiber-free areas. The non-staggered
configuration shows a higher energy dissipation. This means that the clustered fiber free-

areas (gap-defects) are more prone to damage. In addition, if the staggering technique is



T T T T T
8000 - Baseline i 8000 - 4
no Staggering-side
no Staggering-gap
Staggering
6000 — - 6000 ~ .
~ ~
& 2
3 3
5 4000 4 £ 4000 |
=5 e
Baseline
2000 < 2000 no Staggering-side |
no Staggering-gap
....... Staggering
0 v v v T 0 T T T T
0 2 4 6 8 0 2 4 6 8
Time (ms) Displacement (mm)
(a) Configurations tested at 15 J impact energy
T T T T T T T
Fp .
8000 ; Baseline < 8000 -
no Staggering-side
no Staggering-gap
....... Staggering
6000 — - 6000 -
= ~
e Z
3 3
5 4000+ - £ 4000 4
<5 e~
Baseline
2000 — - 2000 no Staggering-side |
no Staggering-gap
....... Staggering
0 T T 0 T T T T
0 2 4 6 8 0 2 4 6 8
Time (ms) Displacement (mm)
(b) Configurations tested at 30 J impact energy
T T T T T T T
Fp ,
8000 Baseline - 8000 .
no Staggering-side
no Staggering-gap
....... Staggering
6000 — 6000 .
e &
5 5}
= 4000 = 4000 -
) o
=] =5}
Baseline
2000+ 2000+ no Staggering-side|
d no Staggering-gap
........... Staggering
0 T T T 0 T T T T
0 2 . 4 6 8 0 2 4 6 8
Time (ms) Displacement (mm)

(c) Configurations tested at 45 J impact energy

Figure 2: Impact load evolution and in function of displacement for the configurations 'Baseline’, 'no Stag-
gering’ and ’Staggering’ tested at: (a) 15 J, (b) 30 J and (c) 45 J. The values F}, and Fy for the baseline
configuration are marked for each impact energy by a horizontal line.
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Figure 3: Evolution of the absorbed energies of configurations 'Baseline’, 'no Staggering’ and ’Staggering’:
(a) 15 J, (b) 30 J and (c) 45 J. The elastic energy and the energy dissipated are represented in the plot (a).

applied, the dissipated energy values are close to the baseline configuration in comparison to
the other configurations. Therefore, results indicate that the influence of the gap defects in

the dissipated energies is more representative in low values of the impact energy. For higher
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energy levels, the gaps lose influence, and this is probably indicative of failure mechanisms
occurring at higher energies, such as fiber failure, are not so influenced by the resin-rich
gaps defect. This behavior for the lower impact energy is clearly observed in the normalized
dissipated energies F,, depicted in Fig. 6a. In these diagrams the results of all the impacted
specimens are included. As expected, the dissipated energy increases when increasing the
impact energy. Lower dispersion of the absorbed energy values is observed between the
configurations analyzed at higher impact energies.

The projected delamination areas as identified by C-Scan inspections are shown in Fig.
4. The shape of the projected delamination area for the configuration with staggering and
baseline configuration subjected to 15 J impact is almost circular. In comparison, for the
configuration without staggering, the shape follows a more irregular pattern, influenced by
the orientation of the gap zones. However, for high values of the impact energy, the shape
of the areas does not present significant differences. With the C-Scan, the location of the
‘tow-drop effect’ (or 'gap defect’) is clearly observed. For impact energy values of 30 J, a
large delamination is observed at the interface furthest away from the impact point with
a dominant propagation angle of 45°. The delamination axis is more aligned with the ply
angles than with the defect angles.

A comparison of the ply splitting on the non-impacted face is shown in Fig. 5. In
spite of having similar delamination areas, more splitting is observed in the no staggering
configuration.

A graphical summary of the delamination area in function of the impact energy is repre-
sented in Fig. 6b. Here, the delamination area, Aq, is normalized by the unsupported area
during the impact (125 mm X 75 mm). Linear interpolation trends are also represented in
the same graphs. The positive slope for all configurations is mainly due to the increasing
delamination of the back face of the specimen. It is observed that the distribution of Aq is
similar for the baseline and for the staggered configurations. Besides the slight differences
observed, in general the effect of the gap defect has little influence on the normalized de-
lamination areas Aq. Nonetheless, a more irregular trend is observed for the configuration
without staggering. It could be reasoned that, at lower energies fiber gaps trigger relatively

larger damage, whilst at higher energies, gaps tend to concentrate damage in a narrower

12



0% gap coverage
Baseline 0% gap coverage with (Staggering)

157]

g‘*“*‘""*‘*‘*“*’*r”‘y&;w z,

- Z/f

Figure 4: C-scan inspection for the laminates.

gap.

4.2. Compression after impact results

The contour plots of the longitudinal €,, and shear ¢, strain for the three configurations
impacted at 15 J are compared in Fig. 7. In the strain field analyses, the differences between
each configuration are observed. It is also possible to observe the strain differences due to the
mismatch angle discontinuities in the inner layers for the configurations without staggering
and for the configuration with the staggered gaps —the discontinuity is identified by a dashed
line in Fig 7. As expected, the region with higher strain values is the zone with layers with
the fiber angle orientation of 51°.

The results obtained with the compression after impact test on all configurations are

compared in Fig. 8 in order to assess the effect of the impact damage on the residual
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Figure 6: (a) Dissipated energy normalized, and (b) normalized projected area according to the impact
energy of configurations 'Baseline’, 'no Staggering’ and ’Staggering’.
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load value of 81.1 kN, 64.0 kN and 68.0 kN, respectively.

compressive strength (o.). As expected, the maximum residual compressive load values for
all laminate configurations decreases for all laminates when the impact energy increases.
All configurations present a similar behavior of the residual compressive loads, although for
the particular case of the specimen 'no Staggering-gap’ and for all impact energy values, a
slightly higher reduction of the maximum compressive load is observed, as well as of the
stiffness reduction. Fig 8 also includes the results for two non-impacted baseline specimens.
The numerical values for the residual compressive strengths are shown in Table 2. Akin to
the impact results, the greatest dispersion of the residual value occurs for the lowest value
of the impact energy (15 J). The differences in the residual strength between the different

configurations at each impact energy level are relatively small.
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Table 2: Residual compressive strengths (o) in MPa.

Configurations

Baseline no Staggering  Staggering
Impact energy (J) (01)  (02) (side) (gap) (01) (02)

0 289.2 308.7 =n/a n/a n/a n/a
15 207.0 205.6 1844 201.4 1940 189.9
30 165.9 162.3 152.3 n/a 156.5 157.7
45 143.9 1424 1399 134.2 140.8 1428

It can be concluded that the gaps do not attract such a large amount of damage as in
conventionally laminates so as to significantly reduce the residual strength of the laminates.
Therefore, the influence of staggering is negligible. This was also observed in the results
obtained for variable stiffness specimens with gaps in previous experimental tests under an

in-plane loading condition for notched specimens with open-hole [25].
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Figure 8: (a) Residual compressive strength (o.), versus the impact energy for the configurations: 'Baseline’,
'no Staggering’ and ’Staggering’. (b) Damage onset stress (o).

In addition, the local buckling onset stress (o¢) is plotted in Fig 8b. The analysis of (o),
reveals that for small impact energies their values are significantly lower that the residual
strength (o.). Whereas, for higher energies the values of local buckling onset and values of

ultimate stress are much more similar.
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5. Conclusions

The main goal of this work was to study the influence of gap defects on the damage
resistance and damage tolerance of VSP under low-velocity impacts. Two configurations
with tow-drop defects and 0% gap-coverage have been designed and tested. The difference
between them consists in the use of ply staggering. Both configurations have been compared
with a traditional straight fiber laminate.

The study of the damage resistance, with three levels of low velocity impact energy,
indicates that the influence of the gap defects is relevant only under small impact energy
values, and is more relevant on impact resistance than on impact damage tolerances. The
damage tolerance, represented by the residual compressive strength after impact, does not
present significant differences. This indicates that the strength reduction is driven mainly
by the damage caused through the impact, rather than by manufacturing-induced defects.
However, in order to confirm these assertions, further tests at lower impact energies would

be necessary.
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Chapter 6

Conclusions and Future Work

6.1 Introduction

The present thesis covers the analysis of the process-induced defects on steered-fiber lam-
inates. In accordance with the main goal, the influence of the process-induced defects on
the damage resistance and damage tolerance of Variable Stiffness Panels was investi-
gated. In order to accomplish this objective, two specific tasks were addressed. Initially,
a methodology for modeling variable stiffness panels which takes into account the tow-
drop defects was developed. This tool is useful for elasticity and failure analyses as well
as progressive damage-analysis with delamination. The proposed methodology considers
the effect of mismatch angle discontinuities of fiber orientation, as well as the effect of

fiber-free areas that occur during manufacture.

Secondly, experimental works were performed to investigate the effects of different
process-induced defects. The in-plane response analysis of laminates with some over-
lap/gap defects was carried out under tensile loading testing. For damage tolerance anal-
yses, low-velocity impacts tests were made. Both tests provide designers with a better
comprehension of the damage mechanisms in those laminates with defects included. The
main conclusions obtained and the future challenges associated with the variable stiffness

laminates are discussed in the following paragraphs.
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6.2 Conclusions

6.2.1 Methodology for modeling variable stiffness panels taking into

account manufacturing constraint

A state-of-the-art overview on variable-stiffness panel technology was developed. The
advantages of Automated Fiber Placement systems and the limitations for manufacturing
of tow-steered laminates were addressed. In addition, the main process-induced defects
and their influence on the mechanical response of these laminates were also described.
The literature survey identifies the fields of interest remain for investigation. For instance,
predicting the occurrence of ply delaminations was neglected altogether, the damage and
failure analyses performed in previous studies for VSP under in-plane loads. Along sim-
ilar lines, although some models take into account defects such as overlaps/gaps, these
analyses were performed using only an in-plane stress formulation implemented in shell
elements and, as a consequence, interlaminar stress analysis and delaminations in variable
stiffness panels is still being investigated.

This present work contributes a methodology to model tow-steered panels in a three-

dimensional domains. This approach opens up the following possibilities:

* In design and/or manufacturing terms, different configurations and modeling strate-
gies can be simulated. Reference paths for constant curvature or paths with linear
variation of the fiber orientation are possible. In both cases, the modeling strat-
egy can take into account that the panels are manufactured by cutting the tows on
one or both sides of the course. The methodology also allows for the inclusion of

tow-angle discontinuities and the implementation of ply-staggering.

* For modeling and/or simulation, a structured mesh generator for the design and
parametric modeling of steered fiber panels for FE analysis was developed. With
a structured mesh strategy, a more accurate location of the fiber-free areas (gap-
defects), can be achieved. Therefore, a better representation, which includes the
manufacturing constraints in comparison to the ideal-ply approach, has been achieved.
In addition, for accurate retrieval of the interlaminar stress distribution, it is also

possible to refine the mesh in the through-the-thickness direction.

* With the three-dimensional FE model developed for flat tow-steered laminates,
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advanced simulation for failure and damage propagation can be addressed. Al-
though the models with a structured mesh approach add complexity and create
non-conforming meshes, they allow for the prediction of delamination and of the
intralaminar response between the adjacent courses, by means of surface-based
cohesive-contact interactions. For failure analyses and progressive damage sim-
ulation where the local effects are important, a detailed 3D domain might be re-
quired, whereas for stiffness and buckling assessment, idealized 2D analyses are

recommended.

* For failure predictions, a three-dimensional failure criterion, which takes into ac-
count all components of the stress tensor for fiber-reinforced, laminates was ap-
plied. For comparison purposes, four models were analyzed under in-plane tension
loading with different modeling approaches. While not significant, differences in
global stiffness were found. Different modeling approaches resulted in different
first-ply failure results. The fiber tensile failure index for longitudinal tensile fail-

ure shows a significant dependence on the fiber orientation angles.

6.2.2 Manufacturing and experimental testing

The baseline and the variable-stiffness composite panels were manufactured using a Cori-
olis advanced fiber placement machine. Four plates were manufactured, a baseline with-
out overlap/gap defects as well as three plates: 1) one with tow-drop gap-coverage of
100%; ii) one with gap-coverage of 0% without staggering and iii) one with the tow-
drop gap defects staggered. Before cutting for the laboratory coupons, C-scan inspections
were carried out to detect any manufacturing flaws in the plates. The specimens were
manufactured taking the American Standard Test Method for open hole tensile strength
as a reference (Chapter 2, reference [58]). The impact specimens were manufactured
according to the American Standard Test Method for drop-weight impact on laminated

composite plates (Chapter 2, reference [59]).
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In both experimental campaigns and in order to monitor the complete strain fields and
the out-of-plane displacements, a Digital Image Correlation (DIC) system, VIC-3D™
Measurement System (Correlated Solutions, USA) was used. This technique was very
useful for observing the difference in strain because the mishmash-angle discontinuities
and the tendency of the crack propagation drive for the process-induced defects. The
main conclusions of the experimental results from the variable stiffness coupons and their

comparison with conventional laminates are addressed below:

Defect tolerance under in-plane tensile loading

* The effect of two principal defect types, namely gap and overlap, on the ultimate
strengths for variable stiffness laminates was investigated. In addition, the effect
of the fiber angle discontinuities between different tow courses in a ply on the un-
notched and open-hole laminates tensile strength was analyzed. Tests were per-
formed in specimens which represent a sub-domain of a variable stiffness panel.
Then, each test was compared with the equivalent baseline configuration exempt

from defects.

* In comparison with the baseline for un-notched specimens, the configuration with
0% gap-coverage (gaps), presents the most significant strength reduction (of about
20.1%), because the collocations of the gap-defects through the thickness. For the
configuration with 100% gap-coverage (overlaps), the strength reduction was about
10.7%. For both coupons with gap and overlap defects, larges delamination were
observed in the defect zones due to the higher interlaminar stress concentration
around the defects. With respect to the staggered coupons, the results show that the
staggering is effective in reducing the influence of defects. This technique avoids
the collocations of defects and provides a similar response to conventional lam-
inates without defects. For these staggered configurations the strength reduction
was only 8.6%. Therefore, the configuration with 0% gap coverage and no stag-
gering presents the most critical strength reduction; as a result of the clustering of
gaps. When the ply staggering technique is applied, these effects are highly mit-
igated. The combination of ’ply staggering’ and ’full gap coverage’ is the most

effective in reducing the influence of defects in VSPs.

* With regards to the influence of the process-induced defects on coupons with open-
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hole, the experimental results show that the un-notched specimens more influenced
by the defects than that of the notched specimens. In general, this occurs indepen-
dently of the defect type or the use of staggering. Insignificant differences of the

remote failure stress between the specimens tested were observed.

Damage resistance and tolerance in variable stiffness laminates with tow-drop gap
defects

* For the study of the damage resistance in variable stiffness laminates, low-velocity
impact tests, with three levels of the impact energy, were performed. Two sets
of specimen ’no-staggered’ and ’staggered’ were analyzed and their results were
compared with a conventional laminate. The results show that the influence of gap
defects is relevant only under small impact energy values, and is more relevant on

impact resistance than on impact damage tolerance.

* The damage tolerance, represented by the residual compressive strength after im-
pact, does not present significant differences. This indicates that the strength re-
duction is driven mainly by the damage caused through the impact, rather than by
process-induced defects. In order to observe a more determinant influence of the

defects, further tests at lower impact energies would be recommended.

* A study of the effect of tow-gaps with respect to the location of the impact, on a
gap or on the side of a gap, was performed. The results show that the threshold
load, F,;, remains constant in the face of changes in the impact energy, albeit with

the exception for the particular case when the impact is just on the gap-defect.

6.3 Future Work

The following improvements are suggested for future research for the effective develop-

ment and application of variable stiffness laminates.

Numerical analysis including damage propagation for in-plane and impact events can
be carried with the developed numerical tool. The predicted results would be validated
with the experimental results obtained in the present work. The tested coupons can be

modeled with the different approaches addressed in the Chapter 3 of this thesis.
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The proposed methodology needs to be extended to modeling other types of defects
such as overlaps in a three-dimensional domain. In addition, VSP models with the novel
Automated Fiber Placement manufacturing approach such as Continuous Tow Shearing
described in Chapter 2, could be implemented.

For more advanced progressive damage simulations the inclusion of interlaminar and
intralaminar damage models for CRFP system material and for resin-rich regions need
to be considered. In the simulations performed in this thesis, only the influence of gap-
defects on the failure prediction were considered, however, the damage sustained inside
the resin zones was excluded.

Additionally, the numerical tools for the simulation of the impact and the CAI tests
in the VSP, besides the suitability of the formulated constitutive models, the process-
induced defects need to be included for an accurate prediction of the results, as the resin
is expected to sustain damage at higher applied strain in comparison to CRFP.

Experimental testing to study the influence of the process-induced defects on the me-
chanical response of notched and un-notched specimens under compression and shear
loading needs to be addressed. In the present work, the defect tolerance in-plane ten-
sile loading was studied (Chapter 4). Under compression loading, more complex damage
mechanisms would be expected as the result of the likelihood of buckling.

Finally, despite acceptable coupons as a representative part or sub-domain from a
large variable stiffness plate with gap-defects being used for experimental purposes, the
influence of the process-induced defects was not isolated completely. The free-edges, due
to the small dimensions of the specimens, also influenced the damage results. Hence,
future analyses on VSP should take into account the occurrence of delamination without
the influence of outside conditions. Furthermore, future research should focus on the
influence of other types of defects and more realistic experimental coupons with curved
fibers should be designed.
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