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ABSTRACT

This dissertation contains the results framexperimental stugyhumerical, and analytical study
conducted omuastisotropic carbon fiber laminate®ntaining a center hol@otch)subjected to
constant amplitude tensidansion fatigue loading in order to investigate the effect of fatigue
damage developent on the residual propertieQuasistatic tests were initially performed on
notched composites using digital image etation (DIC) to determine the strain profiles at
selected transverse sections of the outer ply of the lamenadebe static strength of the laminates
Subsequentlytensiontension &tigue tests were carried out at 70%, 75% and 80% of the nominal
statc failure load A finite element model was developed using Abaqus and Digimat in which
Digimat was used to implement the damage evolution model via adefeed material
subroutine. Damage initiatiomas b e e n assessed using Hahe hi nds
Matzenmiller model was adopted for damage evolut®rsecondfinite element model was
developedising Abaquand Autodesk Simulation Composite Analysis (ASCA) in which ASCA

was used to implemetihe usermaterial subroutineThe subroutine includessfailure initiation
criterionbased upomulti-continuum theory (MCTandanenergybased damage evolution law
Numerical and experimental strain results were presented and compared for different section lines
on the outer surface of the laminate at diffki@adng stagesAdditionally, the experimenté}
measurechotched composite strength was compared with the pi@aicirom thefinite element
solutiors. These results are used as baseline for subsequent comparison with strain profiles
obtained using BT for specimens fatigued at differesttess levels anfdtigue lifetimefractions

The results showed a significant effect of fatigue damage development on strain redistribution
even at early stages of fatiguéhe results also showdak capability of DC technique tadentify
damage initiation and its locatioRurthermore X-ray computed tomography (CT) was used to
examine the sequence of damage development throughout the fatigue lifetitbecandecthe
observed damage mechanisms with the occuiradge of strain profiles.



Experimentalibrationalmodal analysis tests were also conducted tcsagbe effect of fatigue
damageon the residual frequency responses (RFRs). Vibrational measurements were initially
performed on pristine noted composite. Theresults are used as baseline for subsequent
comparison with strain profiles obtainedth DIC. Finite element models based e classical

plate theory (Kirchhoff) and the shear deformable theory (Mindlin) within the framework of
equivalent singldayer and layewise concepts as well as the thoBmensional theory of
elasticity are developed to predict the natural frequencies efatiggned specimen. These models
areimplementedusing the finite element software, Abaqus, to determine the nategalencies

and the corresponding mode shapes. In addition, an analytical model based on Kirchhoff plate
theory is developed. Using this approach, an equivalent betwlisign beam model for cantilever
laminated plates is extracted taking into accountedection in local stiffness and mass induced

by the center hole. Numerical and analytical natural frequency values are then compared with those
obtained through experimental vibrational tests, and the accuracy of each finite element (FE) and
analytical nodel type is assessed. It is shown that the natural frequencies obtained using the
analytical and FE models are within 8% of the experimentally determined values.
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Chapter 1. Introduction and Dissertation Objectives

The application of polymer matrix compositesagrospace, civil infrastructure, wind turbjnearine,

and automotivapplicationshas evolveas a result athe need tamprove structural performance and
reducetotal weight The advantagesf composite materials, such sggecific stiffness and strength to
weight ratioscorrosion resistance, exceitesurface profiles, enhanced fatigue resilience, and tailored
performance, have bedremain reasonfor their rapidly increasing utilization variousapplicatiors.

In fact, their use is seen to beoadeningand now extends in a wide range ofigasfields among
which these can be mentionededicine, dental and pharmaceutical applicati®esearch in these
fields was focused on the use of {mompositedor bone grafts, artificial prostheses, medical stents
and dental fillerg1].

Furthermore,he application of advanced composite materials in airframe strucsimessasing with
every new aircraft desigd and produced. This is particularye for military fighter aircraft. The ¥

15 Eagle, a 1968ircraft has a 1.5% of its structural weight made from composite materials while the
newest F35comprisesabout 38%compositesThe commercial aircraft fidlhas also had a significant
increase of composite materials in the airframe. Bogingped from 12% on the 777 to 50% on the
Dreamliner 787 while Airbus moved from 10% on the A340 to 53P4he A350XWB. Figurel.l
provides a chart showing the increase¢hi@ use of composite materials in aircraft over the last few
decade$2?].
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Figure 1.1. Growth in composite materials used in airframeg?2]

The desigs for thesecomposie structures frequently includdiscontinuities such as couts for
access or fastener holes for joining andéiecome critical regionsnder thermeanechanical loading

The understanding dfhe behavioof such stuctures is essential for the design of complex structures
where parts are mostlgonnected with bolts and rivetslowever, the potential advantages of
composite structures will ndse fully realized unless the structural joints are designed effigien
taking into accourthe factthatthe damage and failure mechanisms of a loaded notched composite
laminate are more complex than unnotched laméndie to thepresenceof the notch andhe
resulting stress gradienfSamage in composites initiates amccumulates in a fashion different
from metals, predominantly because of the inherent imigemeous and anisotropic nature of these

materials. Damage in metals often reveals itself in a localized manner (single crack leading to



failure) while damage in eoposites occursimultaneouslyat differentlocationswith various

crack typeq3]. For the validation of the structural durability and system reliability of safety
components made from FRPs, the material characteristics with their very different failure
mechanisms congoed to metals, manufacturing properties and component performance must be
consideredFigure 1.2 showsthe typical failure mechanisms of an open h@s,/90,/-45,/0] s
compositdaminatefatigued with a stress level 60% UTS and undergone a 15% of stiffness loss

obtained from Xray micro computed tomography (CT).
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Figure 1.2. An interrupted test of a laminate [452/90:/-45,/0z] sfatigued till 15% of stiffness
loss with a stres level of 60%UTS4].

Several experimental tools and technighase beemused to characterize the damageanbon

fiber reinforced plastics (CFRP). Acoustic emissions ultrasonic, electrical resistance
measurementgndfiber optic sensor§EFPI and FBG sensorg)ere used for the analysis of the
damagenduced behaviorMore recently full-field measurement techniqyesuch as Digital
Image Correlation and Thermograplag well as the ’>Ray Computed Tomographave been
used to capture thavolved physical mechanismduring loadingand to understand threlevant
damage procegs].

Different numerical approaches hateen used to simulat@traply and interply failures
mechanismsMany different failure criteria based on the thodmensional stress state and the
unidirectionallayer strength propertiege.g. TsaiWu, Hashin, Puckjvere developedo predct
the failure within the plyHowever,these failurecriteria are not sufficient for the prediction of

3



laminate failure. Thuyghe progressive failure approastust beused In this contextcontinuum
damage models based on gradual softehange been employe®nesuchpopular continuum
damag@ formulatiors is the Matzenmiller mode]6] in which distinction between fiber failure and
matrix failure is taken into accountowever,a correct prediction of matrigracking is not
guaranteed in continuum models and therefore spudaosgemechanisms may haredicted

To alleviate this problem matrix cracksve beemmodeled with interface elements (cohesive
elements), butvherecrack locations must be predefinetFEM with the use of enriched finite
elementdas also beemsed in an attempt ®iminate the need to predefioeckg 7]. In addition
delaminationmodeling has been accomplishetith interface elementf8, 9]. These interface
elementamost oftenincorporatea simple bilinear softemig lawin which the fracture energy is a
phenomenological function of the mode mixity as formulated by Benzeggagh and K&@lane

The overarching goal of this dissertation igabricate andharacterizenotchedFRP composits
under quasstatic and fatigue loadin§tudying heeffect of the discontinuities on the behavior of
composite materialander these loading cditionsis important The Digital Image Correlation
(DIC) techniqueis employed to obtain the ftfileld surface strain measurementsoperthole
carbon fiber epoxy composite plates subjected to uniaxial tensile lo&dlitg element models

are developedand validatad based orthe measuredpernthole strength as well as the strain
distributiors. This represents a contribution to the current research since there is no comparison of
experimental strain contours with numerical strains obtained from progrefsmmage model
Moreover the effect ofdifferent stacking sequences and hole sizes on the ultimate tensile strength
are alsoinvestigated An extensive experimentg@rogramis conductedo evaluate the residual
properties of notched composites undeigfat loading for different stress levelsising different
measurement techniques. DIC and {gontact vibration measurement techniqaes used to
characterize the damage evolutidhe combination of both methods to assess residual properties
representa key contribution to the current research, in additio@ current work represents the
first attempt to monitor the change in strain contdtgquency response signatucdsopenthole
composites at various stress levBlenetrant enhancedrdyradiogaphsare taken to identify the
failure mechanisms throughout fatigue lifetinEhe resultingin-depth understanding of ¢h
progressive damage mechanispas/es the way towardspredictive fatigue models arfdrther

material optimization with respect to fatiggand durability3].



Chapter 2. Experimental and numerical determination of
strength and strain contours ofnotched composites under tension

loading

2.1 Abstract

Experimental quasstatic tests were performed on center notched carbon fiber reinforced
polymer (CFRP) compdtes having different stacking sequences made of-&@05245C
prepreg. The thredimensional Digital Image Correlation (DIC) technique was used during-quasi
static tests conducted on qu&stropic notched samples to obtain the distribution of straias as
function of applied stress. A finite element model was built within Abaqus to predict the notched
strength and the strain profiles for comparison with measured results. -Aataral subroutine
using the multicontinuum theory (MCT) as a failure iration criterion and an energpased
damage evolution law as implemented by Autodesk Simulation Composite Analysis (ASCA) was
used to conduct a quantitative comparison of strain components predicted by the analysis and
obtained in the experiments. Good agnent between experimental data and numerical analyses
results are observed. Modal analysis was carried out to investigate the effect of static damage on
the dominant frequencies of the notched structure using the resulted degraded material elements.
The frst in-plane mode was found to be a good candidate for tracking the level of damage.

2.2. Introduction

The use of fiber reinforced composite materials continues to indreasyapplicatiors such as
aerospace, automotiv&jbmarinemedical equipmerdnd civil engineering structure$hey offer
various advantages suchlagh stiffness and strengtfio-weight ratios corrosion resistan¢and

high fatigue strengthComposite structures usually require the use of mechanical joints in order to
satisfy degn specifications and to transfer loads between different parts of hybrid assemblies that
are made of composite and metébwever, the potential advantages of composite structures will
not be fully realized unless the structural joints are designediefiity since the joint efficiency

of ductile metals has been shown to be as much as twice that of the CFRP conppiisites

Therefore, suitable analysis methods for thieifaistrength would help in selecting the appropriate



joint size in a given applicatiofi2]. However, the damage and failure mechanisms of a loaded
notched composite lamate are more complex than in an unnotched laminate due to the existence
of the notch and the resulting stress gradients. Indeed, subcritical damage modes such as transverse
matrix cracks, axial splits (fiber/matrix shearing), and delamination betweateatjayers in the

vicinity of the highly stressed regions of the hole boundary contribute to the relief of stress
concentration that exist at the h@lE3]. The sensitivity of a composite laminate to notches is
dependent on many factors such as notch size and geometry, laminate thicknessefitagioori

and machining qualityGreen et al[14] studied the effect of sublamina&vel scaling and ply

level scaling on the tensile strength of notched composites. Three different scaling types were
adopted: the fat was increasing the thickness of the laminate only, the second was increasing the
in-plane dimensions (hole diameter, width and length of specimen) but maintaining a constant
thickness, and the third type was increasing all specimen dimensions simustgn€der a

scaling range of 8 from the baseline specimen, both decreases and increases in notched strength
were noted, with a maximum reduction@¥#% observed over the scaling range tested. Wisnom

and Hallet[15] showed that, for specific ply block thicknesses, failure stress increased with
increasing hole diameter, the opposite to the usual hole size effect. This effect is because of the
crucial role delaminatiomay play in the strength and failure mechanisms in open hole samples
tested in tensiarQin et al.[16] used Digital Image Correlation (DIC) method to study the notch
effect with different patterns and localizations of carbon fiber reinforced carbonxmatri
composites. Using the fulleld measurement, both the local mechanical properties (stress
concentration, shear damage, and fracture behavior) and the globe properties (notch sensitivity and
tensile behavior) were studied. Caminero e{X l] also used DIC to assess the damage taking
place in composite plates with an open hole loaded in tension as well as to investigate the damage
and peformance of adhesively bonded patch repairs in composite panels under tension loading.
They compared the stress concentration factors obtained analytically using the elastic solution of
an infinite orthotropic plate containing a hole with the experimaetllts obtained from DIC
measurements.

In additionto the experimental investigation @dilure of notchedsamplesof different types,
analytical models for the prediction of notched streigtve been adoptddr preliminary design
purposes. These modatkly on the analysis of the stress distribution near the notch or on the use

of linear elastic fracture mechani€neearly and widely usethodel is the point stressiterion



(PSC) developed by Whitney and Nuisri8]. This criterionassumes that fracture occurs when

the tensile stress reaches the unnotched strength at a characteristic distance from the notch. The
earliest energetic model was developed by Waddoups|[&Bglit predicts that fracture occurs if

the energy release rate for an equivalent critical length reaches the material toughness Gc. Martin
et al.[20] used an improved PSC criterion that combines strength and energy approaches and
geometry (hole size and plate width) to analyze the strength of notched plates. Moreover numerical
models lave been developed for the same context to predict strength and failure mechanisms.
Hallet et al.[21] developed a 3D finite element el of notched composite using cohesive
elements to model axial splits and delamination propagation in conjunction with a Weibull
criterion for fiber failure. Atas and Soufi22] developed a similar model with the inclusion of
nonlinearstressshear strain curve. They showed its influence on the strength and subcritical
damage development of the CFRP laminates. Van Der Meel €t @ktended the previous work

by using the phantom node method to predict arbitrary transverse matrix cracks in 90° and axial
splits in 0° plies with enriched elements. However, they still predeflmechatrix crack paths in

45° plies. Ridha edl. [23] used a different approach for-plane damage with the finite element
frameworkby developng a progressive damage model based on matrix and fiber energy release
rates to describe the iplane material softening as well as the failure pattern of fiber and matrix
damageRecently, Su et al24] developed a finite element model to predict compressive strengths
and progressive failure patterns for ofenle laminates. The Ham criteriaand energybased

linear softening lawsvere implemented to represent-plane failure and delaminatiomhey
predicted some of the failure mechanisms and compared them to experimentally observed ones. In
addition, they explained the reasonsibd the different failure mechanisms observed between
sublaminate scaled laminates andlelyel scaled laminates.

Furthermore vibrationbasedstructural health monitoring (SHM) has been used as a reliable
technique to assessd detectlamage incompo#e structuresunder normal service. Changes in
natural frequencies can be correlated to loss of stiffness caused by the typical failure modes of
composite structures (i.e matrix cracking, fiber breakage and delamination). Several experimental,
numerical,and analytical studies have been carried out on composite structures containing initially
embedded defects involving the direct vibration problem. Each study considered only one type of
damage: cubuts (notches), transverse matrix cracks, delaminationpact failures with possible

different shapes, locations and severit#ss29]. Capozucca and Bond5| performed experimental



and analytical analysis of damaged and undamaged GirRtPate elements under free vibration.

The actual damage consisted of double rectangular notches on different sections of the specimens
with varying increases in width resulting in local reduction of stiffness with effects on dynamic
response. Analyticarequency values are compared with those obtained through tests and finite
element analysis. Zhang et 7] performed experimental modal testing on simplgsorted and
cantilever quasisotropic composite beams with different delamination locations and severities. A
finite element model was built using contact elements between layers to compare the predicted natural
frequencies with experimental ones forivas damage scenarios. In addition, the authors used a
graphical approach which requires an a priori database of frequency shifts versus delamination
parameters to estimate the interface, spese location, and size of delaminations within the
composite ample. However, there is still a lack of studies that involve the effect of real progressive
damage on the vibration response of composite specimens subjected to tension loading.

The objective of this study is to develop a progressive damage finite elemedémd that is
sufficiently general to predi¢che operhole tension(OHT) strength and faire behavior of brittle
(fiber-dominated failure with little subritical damage) omore ductile(fiber-dominated failure

with extensive suloritical damage) fibr reinforced composite laminates that do not exhibit
significant delamination[14], requiring only the pljtevel properties of composites and the
energies disipated during fiber and matrix damage. The predictiotieeaftrengthare compared

with the experimental resultfor composite laminates with a variety of stacking sequendes.

DIC technique isused to obtain the fufield strains on the outer layef the quastisotropic
notched composite under tension loading. The experimental strain profiles are compared to the
finite element solutions for the laminate at different section locations. Subsequently, the effect of
progressive damage, described bydegradation of elastic properties, on the modal parameters

of notched composites is investigated.

2.3. Finite Element Model

The FEA model presented in this section is a representatidel for all notched samples,ttvi
different stacking sequences aruddsizes, used for the experimental determinatidthe ultimate
tensile strength. An opemole tension platenade from G4@600/5245Ccompositels developed

within Abaqus/CAE and partitioness shown irFigure2.1 in order to asign various edge seeds



to obtain this specific mesiThe compositsampleis 127 mmin length,25.4 mmin width and
2.54 mmdepth. The mesWas tailored to estblemore efficientimodel runtime by specifying a fine
and regular mesh around the notch andagessively oasermesh away from the hol@he
illustration of the meshed modelith a total of 12,288 elements and 56,672 nodes, is shown in

Figure2.1.

i
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Figure 2.1. Edges seeding of partitioned geometry

For each laminatiosequenceonsider the orientation afmidirectional plies is measured with
regardto thesamplelength &-axis). The model is eshed with &odefirst-order brick elements
with reduced integration and hourglasstrol. Sincelayered elemestareused in all FE models,

a sweptmeshis used to define consistent tapdbottom element faces. The use of the Abaqus
continuum element 8D8Rthat explicitly accourgtfor all six stress componerasimits the use of
material failure criteria thattilize the transverse stress componehtg areneglected (or only
approximatedl in conventionalor continuum shell elements. All material prapes (i.e. linear
elasttc moduli, damage initiation, amyolution propertigsareassigred through ASCA. Boundary

conditions have beeselected in order to replicate experimental conditions used ontesiig

of similarnotchedsample (Figure2.2).

Fixed end Load node \

Figure 2.2. Boundary conditions and load configuration



Therefore the nodes the bottom are encastre. Additionathg top surface of th@ate undergoes
an imposed vertical displacementcérstraint equatioms applied to a set of nodésednodes,
which representll the nodesat the loaded end of the plagxcept one, and aingle node
il o a d, whicth eegresents the remaining nod¢hattop surfaceThis is dondo allow simple
determin&on of the totalreaction force during pogtrocessing frontheil oadnodeo. To
robust convergencelhen using ASCA, theolution controls for the quastatic stepmust be
modified from their default states discussed if80].

Each omposite material systewhich will be used with ASCA has to be creatiebugh a stand

alone graphicaliserinterfaceprogram Autodesk Composite Material Manag&€MM) within

the ASCA package. The propert@sthe material, G4®00/5245C, used in thisosk andentered

into ACMM are given inTable2.1.

Table 2.1. G40-600/5245C Ply elastic properties

E, E, G, 9
179 GPa 8.5 GPa 5 GPa 0.378

Since the mia@mechanicafailure citeria used in the current wodecomposethe laminalevel
stresses into fiber and matrix stressls,fiber andmatrix stiffnesses must also be providéte
process of decomposition is described in detail3it]. Thesefiber and matrix properties are
iteratively tunedwithin ACMM to match the spéed lamina propertieand volumefraction as
well asfiber and matrixbehaviors Typical fiber and matrix elastic constanfsG40-600/5245C

are presented ihable2.2.

Table 2.2. G40-600/5245C Constitent elastic properties

Constituent E (MPa) E,(MPa) G,,(MPa) i,
Fiber 321300 14030 14730 0.303
Matrix 3901 3901 1344 0.451

In Abaqus, five failure criteria are provided fosein linear elastic analyses: four strdsssed
criteria (maximum stress, Tsadill, Tsai-Wu, AzziTsarHill) and onestrainbased criterion
(maximum strain) The practical utility of these linear elasfiailure criteria is quite limited
because theyndy predict the occurrencef localized failure, not the consequences of localized

failure. Within Abaqus, there is only one damage evolution model which must beimsed
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combination with Hashin's damage initiation critefiibis implementation of this mokda Abaqus

is based entirelypon an assumed condition of plane str€smisequentlyit canonly be used in

plane stress 2D contium elements or shell eleme[@g]. ASCA uses a general 3D state of stress

in its applicable failure criteriaAs afurther contrast, the Abaqus linear elastic failure criterion
utilizes the homogenized composite state of stress or strain to predict failure of the homogenized
composite material, whereas ASCA utilizes constitumrage stress to independently predict
failure of each constituent materiAhn additionalshortcoming of the Abaqudamage model is its
numerical instability and neoonvergence in the phase of anplane material softening or
stiffness degradation. As result, viscous regulation is used to improve the convergence rate in
the softening regime; nevertheless, the amount of energy associated with viscous regularization
over the whole model must be controlled to obtain physically meaningful results. hastpnt
ASCA uses a zigzagging curve that approximates the linear softening curve to alleviate this
problem when adopting the energy based scheme. This is performed by degrading the material
stiffness (secant stiffness) in a stepwise manner.

ASCA provides tw material degradation schemes for idenainar material failure: instantaneous
degradation and energpased material degradation. The latter method was adopted in the current
work. To use the energyased degradatiofieBD) feature inASCA, values are ragred for the

total energy dissipated in the composite after matrix and fiber constituents reach their fully
degraded condition$g, andGy, respectively]33, 34].

The failure criteria for each constituent matrix or fiber are defined (8.2pand eq2.2) utilizing

the constituent stress informatioroduced by MCT

° K2m(522m +S$3rr>2 I‘(3m( %m %§n 2 '%3r$ K 4rﬁ_ 212rr1s 213):1451 (21)
° Klfsflf _|K4f ( §2f +§) 1 (22)
where the isymbol indcates that the appropriate tensile or compressive ultimate strength value is

used dependi ng on t hreevalueK sandK, arecoeffidgients sfimatexs s s t

and fiber failure criteria respteeely that are dependent on the constituent strength vigags
After damage initiation vthin the matrix or fiber constituerg predictedusing MCT, the response
of that constituenbeyond that relevant criticatrain must be softened to allow redistribatof

loadto the other constituent amol surrounding pliesA typical constitutive elation that permits
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the rate of material degradation to be controlled is-linbar law composed of a linear elastic

region followed by a linear stiffness degradation region as showigime2.3 [35].
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Figure 2.3. Piecewise linear damge evolution law

For each failure modehe energy dissipated due to failuepresentshe areaunder the bilinear

curve. Thigotal energy can be expressed as
1
G= EZO gLe (2-3)

whereZ;) is thevalue of measured effective stresssfailure initiation, J; is the value ofthe

measured effective straat final failure and |-e is the representative element length efsnéd by

Abaqug[32]. The values of}; for the various modesf failure depend on the respectiGvalues

Thus separating failure modes allows the constituents to degrade indepgrafesachother,
providing a physical reality to the progressive failure anal@ige damage initiation occurs for

one or both constituent materials, an expression for constituent damage evolution that is applicable
for any strain state that the matén@ght experience is requiredror this purpose, it is expedient

to utilize an effective scalar measure of stress and strain that is appropriate for each of the
constituentsTo predict damage evolution within the matrix constituent, we defireffective

stress and strain as follows

=% +%& +is %s % (24)
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whereZ" is the effective stress ariﬂ is the effective strain. To predict damage evolution within

the fiber constituent, we define an effective stress and strain as

>t =\/E (26)
o -7 27)

f ) i , .
whereZ is the effective stress afd is the effective strain.

The evolution of the constient damage variables is expressed in terms of these effective strains.
The fiber damage, (0¢d, @) is computed by
%

:M 28
< g (b 4b @9

f : . o
where §, and gff are the value of the effective strajh at damage initiation and at fuiber

degradation, respectively. The matrix damalye(0¢d,, d)is computed by

g(;n( g- omb
d =2\ o7 2.9
m gm( 5_ omb ( )

Where!foﬂ and gff” are the value of the effective straifi at damage initiation and full matrix

degradation, respectivelyhevalues of fiber and matrix damage calculated usin@&yand eq

(2.9) arepresented graphicallyiFigure2.4.
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Figure 2.4. Damage variable as a function of effective strain.
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It should be reemphasizedhat the dissipated energy of a fyldegraded material is directly
proportional toé);n and gff. Therefore, meslsensitivity is alleviated by makin@’fﬂ and gff

proportional to element sizeg that

2G"
g = Sl (2.10)
0 e
2G'
g = 7L (211
0 e

The damage variable and d,, serve as stiffness reduction factors for the various composite

modull,
E,=(1 ) E, (2.12)
E,=(1-d)(1 d¢,)E, (2.13)
G,=(1-d,)(1 ¢,) G, (2.14)

In equationg2.12)-(2.14), theswperscript 0 refers to #hnundamaged material propertiesile d,
and d,, are the degradation factor for fiber and matrix dominated dantefeould be noted that

E,;, G,; andG,; are degraded also with the same mannés as

In equationg2.4)-(2.7), the € andS; values are all composite lamina strains and stresses. To

estimate the energy dissipated at failure, the composite |latnaia and stress values are replaced
with the failure strain and failure stress values. The ply strength (failure stress) values-for G40

600/5245C are listed inable2.3.

Table 2.3. Ply strength properties

X (MP3a) X (MP3&) Y. (MP3 Y. (MP3 S(MP3
2123 1351 35 35 67
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Faillurest rain values are obtained using simple Ho
to failure is approximately linear. Afterwards, the energy dissipated in the composite after a total
fiber failure is calibrated once using the unnotched strengtle dlthe laminate.

Furthermore, to investigate the effect of progressive damage induced by static load on the modal
parameters of notched composites, different levels of damage are introduced by imposing different
ratios of displacement to failure valuédter the quasstatic step, the composite specimen returns

to its initial position while the bottom surface of the sample remains fixed before the definition of

free vibration procedure. A subsequent frequency analysis step is defined considerisigtiaé re

stiffness after such occurred damage. The equation of motion for free vibration of the composite
plate is reduced to the eignenvalue problem below which forms the basis for calculating the natural

frequencies

(g<* g ®{m]){ Jd o (215)

where ng is the damaged stiffness matrpm | is the massnatrix and{d} is the displacement

vector.

2.4. Experimental procedure

All samples utilized in this work were fabricated using &00/5245C prepreg. Three different
compositestacking sequences were utilizd@45,/4%]s , [0/+45-45/90]s and [9Q/02]s. Each
sample was cut from laminates having a nominal width of 25.4mm and a nominal length of
127mm. For eachstacking sequencdour notched samples and two unnotched sampiee
produced In each of these notched samples, a cendde tvith a diameter of 6.35mm was
introduced.Nine additionalnotched samples with the stacking sequend¢ed4fd-45/90]s were
constructed to examine the effect of hole size on the strdndtitese samples, three different hole

sizes were introduced: 3A™m 6.35 mmand9.525 mm diameteiF{gure2.5).
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Figure 2.5. Different notch size in [0,+4545,90]s laminate

Tension testing was conducted usa®38kN load frame, run in digacement control at a rate of
0.0254mnvs. Emerycloth was used to prevent slipping of ggecimen in the grips. Load was
measured using 88KkN load cell installed in the crosshead of the load fraifee Aramis Digital
ImageCorrelation (DIC) system6 by GOM was used in this work to obtain the faHplane strain

field on the outer plpf the laminat¢36]. To do so, a 3D measurement setup was performed, using
two cameras with 2 megapixel resolution each. Images are recardadadus load stages of the
specimen. A fast measurement method was adopted to record temporal equidistant sequence of
images with the rate of 6 frames per second. A shutter time of 5 ms was used. An analog channel
was used to read the output voltage frimad cell to relate each strain field computed with its
relevant applied load. Prior to testine sampleswvere painted first with black paint and then
speckled with white paint tareatea high contrast stochastic pattern as required for the DIC

measuement Figure2.6).

Figure 2.6. Speckled sample
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During postprocessing, the deformation of the specimen is determined through the captured
images by means of rectangular faceith size 15 x 15 pixels. The average intersection error of

all 3D points of all samples is 0.05 pixels, less than the maximum recommended valy&df. 0.1

2 5. Results

Experimental maximum tensile strengths were recordedlfarnnotched and notched samples
with different ply configurationand then averagedhese results are shownTable2.4 where

s'ands" represent the unnotched and notched strength value of laymesgiectively.

Table 2.4. Averaged strength (MPa) of unnotched and notchedamples

[+45,/45;]s | [0/+45/-45/90L |  [90/07]s
s (MPa) 109.8 702.9 1086
" (MPa) 80.46 527.83 825.65
s, 0.73 0.75 0.76

Strength retention is used asormalized valu¢hat compees the tensile strength of different hole

N
S
size sampleto the tensile strength of the unnotched e is expressed &s :s_“ Using the

strength retention index, the effect of the notches on the tensile strength of the compesiésmat
can be classified into three types: notch strengthening materials syhet, notch weakening
materials whens,, <, and notch insensitivity materials whex) <. The maximum tensile

strength, resulting from the FE analys#snodels with different ply configurations, were extracted
and compared to the averaged recorded experimental maxiengite strength value of each ply

configurationas shown ifmable2.5.

Table 2.5. Comparison between experiments and FE predictions of ultimate stress at

failure
Layup sz (MPa) | gN (MPa) Error (%)
[+452/45]s 80.46 83.03 -3.2%
[0/+45/-45/90} 527.83 512.7 2.86%
[902/0;]s 825.65 774.7 6.25%
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Among the possible nondestructive techniques (thermography, scanning electron microscopy,
acoustic emission, moiré interferometry and ultrasound) available to localize or identify the
damage induced by mechanical loading in high gradient zones such as in notched composites, the
DIC technique gives both good quantitative and qualitative information about the strain fields
around the notch. Accordingly, DIC analysis was adopted in tiiy $6 determine the full field

strain on the outer ply of the notched composite. The DIC strain contours for samples with a
[0/+45-4590]s stacking sequence were compared to those predicted by FE#ure2.7 and
Figure2.8.

Section2
SR Section1 o
teire %)
+9.416e-03 1.20
16.9070-03 0.90
b A H 0.00

Abaqus Aramis

Figure 2.7. Correspondence of longitudinal strain contours obtained from FE and DIC

results

Section2

0.011
0.004
0.000
-0.004
-0.013

Abaqus Aramis

E, E12

+9.096e-03
+7.546e-03
+5.996e-03
+4.446e-03
+2.896e-03
+1.346e-03
-2.043e-04
-1.754e-03
-3.304e-03
-4,854e-03
-6.404e-03
-7.954e-03
-9.504e-03

Figure 2.8. Correspondence of shar strain contours obtained from FE and DIC results
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The measured and predicted contours for DIC and FEA compare well, with zones of maximum
and minimum strain extending out from the hdlgure 2.7 shows the longitudinal straimaps

from the FEM and DIC techniques at the same load level (correspondiigptof the UTS). The
characteristic butterfly shape is seen for the distribution of the strain gradients around the hole.
The region of large strain concentration at the trasgvedges of the hole is seen, as well as the
regions of smaller strain around the longitudinal edges of the hole parallel to loading direction.
Experimental strain values cannotrbeasured right at the edge of the h&igure2.8 shows the
contours of irplane shear strain obtained from both methods. It can be noted that FEM and DIC
contoursappeanualitatively similar. High positive and negative shear strain strips parallel to load
direction were observed on either sidetltd hole emanating from the fooorners. For further
comparison between DIC and 3D FEA results, axial and shear strains of both methods were plotted
along selected section lines at two different load levels. The lengths of sections 1 and 2 are
respectivey equal to 8 mm and 19 mm. The strains were plotted as a function of the distance from
the right extremity of the sections divided by their respective total lengths. The first load level is
at 29% of the ultimate tensile strength (UTS) while the secord ileat 58% of UTSFigure2.9
andFigure2.10 show the development of longitudinal strain profiles along Sectionl and Section
2, which are sketched dfigure2.7, respectivly.
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Figure 2.9. Longitudinal strain vs. normalized distance from the hole along Yaxis
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Figure 2.10. Longitudinal strain vs. normalized distance of sectio® along Y-axis

Both figures represent two experimental curves of two different tests of the same layup at each

level load.It can be observed frofigure2.9 that the longitudinal strain is maximum around the

hole and then tend® decrease as moving towards the specimen, ealgjeexpectedThe

experimental and numerical results are in good agreement for both sections and load levels

Figure2.11 shows the shear strain as a function of the normalizetb8état the second level of
load.This figure depicts that the shear strain variation aaugion2 follows a gatially sinusoidal

distribution.The DIC and FEA results are comparable for different strains with different locations

and loads.
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Figure 2.11. Shear strain vs. normalized distance of section2 along-&kis
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Figure2.12 depicts the strength sensitivity to notch sizes. A decreasing of strength with increasing
of diameter hole is obserdeSince a good agreement is noticed between the predicted notched
strength values and the experimental results for the -qgasopic laminatg0/+45-4590]s the

notch size effect on the strength for the other two layup configurations are deternmrexccally
(seeFigure2.13).
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Figure 2.12. Notch size effect on strength
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Figure 2.13. FE results of notch size effect on all layup configurations
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ASCA generates two outpatate variables SDV1 and SDV2 that track the failure within matrix
and fiber constituents. The meaning of different values for SDV1 is summariZeabli@Z2.6.

SDV2 is a damage variable that ranges from 0 to 1 and is usedciténthe fraction of the matrix

failure criterion that has been satisfied. A value of SDV2 equal to O implies that the matrix stress
state is zero, while SDV2 equal to 1 implies that the matrix stress state has reached the failure

level.

Table 2.6. SDV1 interpretation

SDV1 values Composite damage state
1.0 Undamaged Matrix, Undamaged Fibg¢
2.0 Matrix Postfailure degradation level 1
2.92 Matrix Postfailure degradation level 2!
2.96 Failed matrix, undamageitbér
3.0 Fiber Posfailure degradation level 1
3.92 Fiber Post failure degradation level 2
3.96 Complete fiber failure

Figure2.14 shows the matrix and fiber failure pattern in the three different layugsre2.14a

shows that just before global failure of the angle ply lamirj&tb$/45;]s) , matrix cracking along

+45 and-45 directions was observdeigure2.14b shows a total fiber failure at the hole edges in

the transverse direction as well as total matrix failure towards the free edges of the sample just
before a global failure of tHe/+4%-45/90]s laminate Figure2.14c shows matrix splits parallel to

the loading directiotangental to the hole boundams well as the beginning of fiber failure at the

hole edges in the transverse direction at the load level 58% of UTS fop/@@][Gaminate.

SDv2 SDV1
+1.000e+00 +3.222
+9.242e-01 + +3.037e+00
+8.485e-01 + +2.852
+7.727e-01 e+ +2.667e+
+6.969e-01 + +2.481e+
+6.211e-01 e+ +2.296e+
+5.454e-01 e+ +2.111e+
+4.696e-01 + +1.9 +
+3.938e-01 e+ +1.741e+00
+3.181e-01 + +1.556e+
+2.423e-01 + +1.370e+
+1.665e-01 ) +1.185e+00
+9.076e-02 e+ +1.000e+00

[+45, , -45,],
() (b) (©)

[0, +45 ,-45 , 90]¢

[0, 90:]s

Figure 2.14. Failure pattern predicted by ASCA for different layup configurations
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Stresses at the first matrix and fiber failure initiation events were recorded

configurations infable2.7.

Table 2.7. Stress at first matrix and fiber failure initiation for different layup

configurations

Lay-up Stress at first matrix failure Stress at first fiber failure
initiation initiation
[0/+45/-45/90} 106 MPa 258MPa
[+45,/45]s 61MPa 80MPa
[90/07]s 64MPa 308MPa

for all layup

The state variables at these failure events were plotted as a function of through thickness for quasi

isotropic layup Figure2.15andFigure2.16). The damage patterns for both failure initiation events

were also shown along with the change of the state variable through thickness. The initiation of

matrix failure was captured withithe 90° plies as indicated when SDV2 reaches the value of 1

for the first time with increasing load. The envelope plot, which shows the maximum absolute

value of the state variable across all of the plies in a layup for each element, has a simihar patter

damage as the 90° ply plot. The fiber failure onset was captured within the outisr &td

indicated when SDV1 reaches the value of 3 for the first time with increasing load. The envelope

plot at this load stage shows more matrix damage in the infdiésrcompared to the outer ply.

This is expected since the 90° and 45° exhibit more matrix degradation at early load stages.

Matrix failure initiation

Envelope

25 L —

Through thickness

0.2 0.4 0.6
SDV2

Figure 2.15. Matrix Failure initiation event and representation of SDV2 through thickness
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Figure 2.16. Fiber failure initiation event and representation of SDV2 through thickness

Furthermore, a modal analysis of the notched composite was conducted to approximate its

dominant frequecies and associated mode shapes using the FEM discretized model. The main

motivation behind this modal analysis is to check how the dominant frequencies and associated
mode shapes are altered if a damage is introduced by a static loading. Changesngifegan

be considered as potential indicator of damage sevéable2.8 displays the natural frequencies

of undamaged notched composites and damaged notched composites with different severities

corresponding to 0.1, 0.3 and 0.6 mm of imposed displacement.

Table 2.8. Frequency deviation of composite under different imposed displacements

Imposed displacement (mm) 0 0.1 0.3 0.6
Mode 1 (First bending) (Hz) 251 250.5 250.4 249.7
Mode 2 (First torsion) (Hz) 993 992 991 981
Mode 3 (Second bending) (Hz) 1319 1317 1315 1309
Mode4 (First inplane bending) (Hz)| 1805 1751 1736.5 1661
Mode 5 (Second torsion) (Hz) 3107 3104 3099 3068
Mode 6 (Third bending) (Hz) 3225 3221 3217 3192
Mode 7 (Third torsion) (Hz) 5524 5519 5509 5441
Mode 8 (Fourth bending) (Hz) 5800 5793 5784 5720
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Figure 2.17 shows the first eight relevant mode shapes. The results show that the fundamental

frequency is not sensitive to the different levels of static loadings: the deviation from the

undamaged value is less than 2 Hz. Howgether fourth mode which represents the firsplane

bending mode seems to be a good candidate for evaluating damage level. In fact for the first eight

modes examined, the fourth mode shows the largest deviation with respect to the undamaged

natural fregency value foall levels of static loading.
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2.6. Conclusion

A finite elementmodel developed in this papetilizing the energybased degradation scheme is
used to predict the strength of notched compositaes resulting strengths are within 3968 of

the experimental observed values for three different stacking sequencegp(gnglessply, and
guastisotropic)requiring only the elastic and strength ply properties and the dissipation energies
for matrix and fiber failures. The Autodesk Simtida Composite Analysis (ASCA) igsed in
conjunction with Abaqus to implement the processes of progressive failul@amedistribution

via a userdefined material subroutindn energybased degradation analysis was conducted to
account for residuabld carrying capability of initially damaged coupons aftiilare criterion

is satisfied.Quasistatic tensile experiments are conducted in which digital image correlation
(DIC) is used to extract strain field data for subsequent comparison to teeefambent results
Therefore, qualitative and quantitative comparison of strain distribution of both FEM and DIC
methods are presented. A good agreement between the numerical and experimental strain profiles
is observed.

As an example of further applicati of the model, the sensitivity of notched strength to hole
diameter is studied. In addition to the expected decrease in strength with increasing hole size,
guantitative predictions for the strength are obtained.

Themodel is capablef computing the degded composite and constituent properties as a function

of increasing strain, after the initiation of failure event within matrix or fiber constituents is
captured using MCTAs a result, a modal analysis is conducted to assess the effect of different
imposed displacements and their relevant damage states on the first eight natural frequencies. The
first in-plane mode is selected to be a good candidate of tracking damage level.

It should be noted that thaeveloped finite element model is applicable to hetbcomposite

laminates that exhibit either brittte pull-out failure modes. The strengthediction of laminates
whose main failure mechanism is delamination requires approfindaeeelement analysis; the
model proposed herein is nappropriaten this caseFuture work will address the generalization

of the model to dealith such type of failures.
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Chapter 3. Experimental and numerical monitoring of strain

gradients in notched composites under tension loading

3.1 Abstract

Experimental tensile tests lakieen carried out to investigate the effect of progressive damage
within notched, quasgsotropic T650/F584 carbon fiber/epoxy laminates on the strain distribution
in the vicinity of the notch. Thredimensional Digital image correlation was used duringsy
static tests to obtain the distribution of strains as a function of applied stress. A finite element
model was developed using Abaqus and Digimat in which Digimat was used to implement the
damage evolution model via a uskfined material subroutindamage initiation has been
assessed using Hashinds failure <criteria and
evolution. Numerical and experimental strain results were presented and compared for different
section lines on the outer surface of the fzate at different load stages. The experimental notched

composite strength was compared as well with the predicted one from finite element solution.

3.2. Introduction

The use of fiber reinforced polymer matrix composites in a wide range of applicatiarsous
industries has significantly increased in the last several years. For example, composites make
up approximately 16% of the total A380 airframe weight, representing a replacement of 20% of
the conventional aluminum structures by compo$8k The rapid growth in use of composites
is explained by their prominent characteristics: high strength and stiffness to weight ratios, flexible

fabrication shapes, and resistance to environmental corrosion.

27



The use of composites in lodearing structures mganecessitate including geometric
discontinuities in order to satisfy design specifications. Therefore, there is a need to quantitatively
describe the mechanical behavior of composite structures containing stress raisers such as notches.
However, the damagmechanisms and failure modes of composites which contain notches are
more complex than those occurring in unnotched laminates because of the discontinuities and their
associated stress gradients. In fact, the existence of high gradient stresses regnohtha hole
boundary leads to the occurrence of different damage mechanisms such as transverse matrix
cracks, axial splitting and delamination between adjacent layers in the vicinity of hole boundary
that contribute to the relief of the stress conceéiamaocalized at the holElL3]. The sequence,
severity, extent and interaction of damage mechanisms depend on many factors such as notch size,
geometry, laminate thickness, block ply thickness, layup sequence and load config(itgfions

15]. As a consequence, these parameters affect the ultimate strength of such notched composites.
Classical analycal models are adopted for the prediction of notched composite strength as faster
prediction methods. These models rely on the analysis of the stress distribution near the notch or
on the use of linear elastic fracture mechanics. As an exarm@leatlyand widely used model is

the point stress criterion (PSC) a@éaped by Whitney and Nuismgt8] assumes that fracture

occurs when the tensile stress reaches the unnotched strengétairecriti@al distance from the

notch. The earliest energetic model waseloped by Waddoups et[d9]; it predictsthat fracture

occurs if the energy release rate for an equivabhatraceristic length reaches the material
toughness & Matrtin et al[20] developed an improved PSC criterion that combines strength and
erergy approaches and geometry parameters (hole size and plate width) to determine the strength
of notched composites. Moreover, various numerical models based on finite elements analysis
have been developed either to determine the ultimate tensile stagnlgth to capture the failure
mechanisms. These models are often based on cohesive zone approaches that require the use of
critical energy release rates for mode | (opening) and mode Il (shear) and predefined paths of
cohesive interface elements. Theseesive zone models simulate the ipptg splitting and the

inter-ply delaminatior[21, 22]. These latter modelsese improved by predicting arbitrary matrix
cracking trajectories without the need jareowledge of crack path from experiments. This is
implemented by the use of XFEM through the phantom node mgthod

Experimental techniques that have been used to assess the performance of composites containing

stress concentration raisers include infrared thermography, ultrasesman@ing, Xray
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radiagraphy and digital image correlation (DIC). However, there are few studies that usém DIC
characterize the damage progression in notched composites during tensile IGadinggro et al.

[39] used DIC to assess the damage taking place intoplercomposites loaded in tension. They
showed that the high localized straidentified by the DIC technique were related to the damage
modes identified by penetrant enhancedh) radiographyKashfuddojeand Ramjj40] used DIC
technique to analyze the bel@vof notched and repaired composites under tensile loading.
Damage initiation and propagation in notched and repaired composites were studied using DIC.
A 3-D finite element analysis was carried out and the numerical strain profiles were compared to
the experimental results. The results seem to have similar trends. However, the predicted
magnitude of the longitudinal strain was 36% lower than the experimental value for the considered
range.

The current work focuses on the use of digital image correlég@mique and its capability of
tracking the strain redistribution during loading notched composites. In addition, a finite element
model was constructed within Abaqus 6.13 and the Matzenmiller damage model was implemented
as a user material subroutineabgh Digimat 5.1.1. The results obtained from both methods are
presented and compared qualitatively and quantitatively-fieldl strain contours and strain
profiles at differenselected transverse sections of the outer ply of the lanimateboth mehods

were compared.

3.3. Experimental procedure

Quastisotropic laminates [0°45°/+45°/90°]S were made from carbon fiber epoxy Hexcel
T650/F584 prepreg.. This unidirectional prepreg system has a nominal ply thickness equal to
0.314 mm. The laminatesere cured according to the cure cycle specifications suggested by
Hexcel [13]. Specimens were then machined using a water cooled diamond saw and the holes were
drilled using a tungsten carbide bits. Each specimen has a nominal thickness of 2.512 mm, width
of 25.4 mm and gauge length of 69 mm and a central hole of diameter 6.35 mm.

Quasi static tests were performed on both unnotched and notched composites using a 88 kN
MTS frame with hydraulic grips. The lodthme servevalves were controlled by MTS 407
controller through a Labview program and a DAQ card. Digital image correlation was used to
obtain the full inplane strain field on the outer ply of the laminate of each epiasc test.

Stainless steel mesh cloth (100x100 mesh size) was used to pigyangof the unnotched
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specimens in the grips and fracture at the gripped region. The mesh cloth was not used for the
notched samples as failure tends to occur around the central notch. -THE 3Btup consists of

two megapixel cameras coupled with Niktenses of 35 mm focal length. Prior to the testing,
specimen were painted with white and then speckled with black paint. Uniform illumination of
specimen surface is ensured by the use of two white led lights. Cameras are then calibrated for
their actualposition and orientation using an appropriate calibration grid plate for the typical
region of interest (ROI) in the tested specimen. Ten images per second are captured using Vic
Snap software (Correlated Solutions, Inc.) during tests:3DGoftware supped by Correlated
Solutions, Inc. is used for peptocessing of the captured images. The ROI is selected on initial
image (no load or reference image) and appropriate subset and step sizes are specified for post

processing

3.4. Numerical Modeling

A linear static 3D finite element analysis of notched composite is conducted using Abaqus 6.13
software and Digimat 5.1.1 software. An open hole tension plate from T650/F584 composite is
built within Abaqus/CAE. The model was meshed with S4R 4 nodes quadriktietaélements

with reduced integration. The mesh was tailored to allow rapid model runtime by specifying a fine
and regular mesh around the notch and a progressively coarser mesh away from the hole. Elastic
properties, damage initiation and damage elmiutaw material properties were implemented as
UMAT subroutine created within Digim@§1]. The sample is fixed at the bottom and undergoes
an imposed dgacement at its top surface. The current work is based on Hashin failure criteria as
damage initiation criteria and the Matzenmill6f approach as a damage evolution law. In this
model four different modes of failure were considered, namely, fiber rupture in tension, fiber
buckling and kinking in compression, matrix cracking under transvensgn, and shearing and
matrix cracking under transverse compression and shear. The failure initiation criteria for the

above mode of failures should satisfy the following general forms:
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where X, and X_are the longitudinal and comgssive strengths respectively,

Y, andY,are the longitudinal and compressive strengths respectively,

§ and § are the longitudinal and transverse shear sthsngispectively, and

s, s,and z are components of the effective stress tensothat is used to evaluate the
initiation criteria.

The response of the materdlring the postlamage initiation phase requires the definition of

Hashin failure indicators and the damage variables are computed as:

D, =/ (max{ f,,f.}) (3.5)
D,, =/ (max{ f. ,f,}) (3.6)
D=1 -1 b,)d D) 3.7)
Dy =Dy Dy & (3.8)

where the functiop for instantaneous degradation and linear softening damage laws respectively

'(f)—‘éo if f<f., 3.9

SA= {D,. otherwise '
&0 if f<f
1

j(f)={D,_, afmoc af - Toin if f_ f¢ f < (3.10
1 f 1:max_ fmin

tp__ otherwise
D... » fmin @and f_.. were chosen to be equal to 0.99, 1 and 2 respectilglyrepresents the

maximum damage parameter that enables to threshold all the damage variables. Thisrparamete

enables to limit the damage without changing the damage evolution law pararbeteshould

be left to 1 in order to enable a complete damaging of the material. However, it is recommended

to use a value slightly below 1 to avoicheergence issuesf _, should be left to 1 according to

the definition of failure initiation criteria unless a lower value is wanted to trigger earlier damage

evolution. The choice off ., equal to 2 for the lingasoftening damage evolution law along with
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f., =1 and D, =0.99 results in a bilineashaped stresstrain curve where the final strain at

failure is the double of strain at damage initiation.

These damage variablesar u s e d

wi t h

a-D plegtessieenfaitird nhodet ama the2

damage compliance is computed in the principal material coordinate system axis by changing the

4]

diagonal terms of the undamaged complidacas follows,
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An important consequence of this choice is timagreement with experimental observations, the
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The properties of the material, T650/F5845C, used in this work and implemented through Digimat

are given inTable3.1 [24]. The ply strength values used in failure critéaathis material ee

listed in
Table3.2.

Table 3.1. T650/F485 Ry elastic properties

E.(GPg)

E,(GPa

G,(GPg

G,,(GPg

nl 2

153.67

9.49

4.26

3.44

0.29t

0.381
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Table 3.2. Ply strength properties

X,(MP3) | X .(MPa) | Y,(MP3 | Y.(MPa | S(MP3
2337 1585 46.6 46.6 126.¢€

3.5. Results and Discussion

Five unnotched and notched specimens were all tested in tension with DIC measurements
conducted. The DIC technique was used to obtain thdidldl strain on the outer layer of the
laminate. During the DI@ostprocessing, a virtual extensometer (a tool within Vic3D software)

with a 25.4 mm gauge length centered over the hole. The averaged notched strengtH UTS

stiffness E, and maximum strain to failue, _ . values wereleterminedo be 393 MPa, 37.74
GPa and 1.07% respectivelyith coefficients of variation 2.9%, 2.33%nd 5% respectively

The unnotched tensile strength of the laminglfe was also measureding five test specimens

and the average value obtained was 581.35 MPa with a coefficient of variation of 4.7%.

In addition, the finite element model built using Abaqus and Digimat was used to predict the
ultimate tensile strength (UTS) of the notched cosilgs. For instantaneous and linear softening
degradation approaches, the calculated values of UTS are equal to 392.8 MPa and 393.3 MPa,
respectively. The percentage errors for both methods are equal to 0.14% and 0.02%. Thus, the
numerical results are wery good agreement with the average experimental values. We also not
that the predicted notched strengths are insensitive to the softening approach used. Furthermore,

the contour plots of straing, ande obtaned from FEM and DIC are presented for qualitative

comparisonFigure3.1 shows the longitudinal strain maps from the FEM and DIC techniques at

the same load level (corresponding to 80% of the UTS). The characteristic butterfly shape is seen
for the distribution of the strain gradients around the hole. The region oklaageconcentration

at the transverse edges of the hole is seen, as well as the regions of smaller strain around the
longitudinal edges of the hole parallel to loading direction. The grey area in FEM contour
represents the strain values beyond the fikad Which is set equal to the maximum strain value

observed by DIC. Experimental strain values cannot be achieved in the immediate vicinity of the
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hole. The FEM results indicate that the magnitude of longitudinal strain in the vicinity of the hole

is veryhigh (more than two times the maximum strain captured by DIC).

E' Eit U.WME

P1 (top)

{(Avg: 75%)
+2.664e-02
+1.000e-02
+9.167e-03
+8.333e-03
+7.500e-03

0.00768

0.00582

+8.333e-04
+0.000e+00

Y
om0
FEM longitudinal strain DIC longitudinal strain

contour contour
Figure 3.1. Comparison of longitudinal strain contours obtained by FEM and DIC methods

Figure3.2 shows the cowurs of inplane shear strain obtained from both methods. It can be noted
that FEM and DIC contours look qualitatively similar. High positive and negative shear strain
strips parallel to load direction were observed on either side of the hole emanatirtgdréour
corners. Lateral antisymmetric concentrated shear strain zones were observed in the +45°
directions in the FEM contour. The DIC was able to capture these zones very well in the
appropriate directions in the right side of the hole whereas daftlsde of the hole, these zones

are not as discernible and aligned with respect to the +45° directions.
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(Avg: 75%) 0.0013

-0.0005

-4.000e-03

. -0.0025
-1.016e-02

-0.004

Y, LT
FEM shear contour DIC shear contour

Figure 3.2. Comparison of shear strain contours obtained by FEM and DIC methods

In addition, lomitudinal, transverse, and shear strain profiles at two predefined sections were
determinedFigure 3.3 shows the strain profiles at the sketched sections at various load stages of

one specimerkigure3.4 shows the variation og, along sectionl at four load levels 20% , 40%,

60% and 80% UTS. It can be observed from the plots that the longitudinal strain is maximum
around the hole and then tends to decrease as moving towargedhmeen edge. The maximum
percentage difference between the predicted results by FEM and the experimental results is equal
to 28% and is captured at the high level load 80%UTS. The longitudinal strain distributions at
sectionl from both methods have a samirend. The numerical and experimental curves tend to
approach at certain distance near from the lkadrire3.5 shows the shear strain profiles at section

2 at the load levels 20%, 40%, 60% and 80% UTS. This figure dapatthie shear strain variation

along section2 follows a spatial sinusoidal distribution. Both DIC and FEM shear strain profiles at
different load stages show a very good agreement, in contrast to the differences in the longitudinal
strain profiles.
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Figure 3.3. Strain profiles at different sections and load stages
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Figure 3.5. Shear strain profiles at sectionl at 20%, 40%, 60% and 80% UTS load levels

3.6. Conclusions

Quaststatic tension tests were performed on notched gs@isopic composites using digital

image correlation (DICYo determine the full field strain contours on the outer layer of the

laminates. Then a finite element model was built within Abaqus for comparison. A user material

subrout

laws was implemented by Digimat. The finite element model was able to predict the ultimate

tensile strength using only the elastic and strength ply properties without any calibration needed

ine cont ai

ni

ng

with a maximum percentage error of 0.12%.

Full-field strain varations obtained from the DIC technique were compared with finite element

results. For further comparison, experimental results of the various strain components at different

Hashinds damage

ann i

section lines using digital image correlation were compared to the predictets.rédu
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comparison confirmed the consistency of localized and full field strains determined by DIC. These
localized highly strained zones captured by DIC are good indicators of damage development. The
measured iplane shear strain profiles were in goodthwihe measured ones. However,

considerable discrepancies were seen in the longitudinal strain profiles.
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Chapter 4. Progressive damage assessment of centrally notched

composites in fatigue

4.1 Abstract

The aim of this study is to assess the residugpgaties and the corresponding damage states
within centrally notched quassotropic [0£45/+45/90¢ T650/F584 (Hexcel) carbefiber/epoxy
composites subjected to fatigue loading using Digital Image Correlation (DIC), radiography, and
a noncontact vibrabn measurement technique. Qusisitic tests were performed on virgin
samples using DIC to determine the {iidlld in-plane strains at different applied load levels.
Fatigue tests were interrupted during the fatigue lifetimes in order to performstptasiests

with DIC measurements. Nezontact vibration measurements were performed to investigate the
effect of fatigue damage on residual frequency responsesy gomputed tomography was used

to determine the type, location, and extent of fatigue dardagelopment. The results provide an
important step in the validation of DIC and vibration response as a powerful combined non
destructive evaluation tool for monitoring the development of fatigue damage as well as predicting

the damage level of notchedmposite materials.

4 .2.Introduction

The increased and extended use of fiber reinforced composite materials in aerospace, submarine,
wind turbine, automotive, civil engineering structures and other applications, can be attributed to
the myriad of advantag these materials provide compared to isotropic materials such as steel,
aluminum, concrete and even anisotropic wood. Indeed, fiber reinforced composite materials are
characterized by high stiffness and strength with relative light weight, corrosistanes and
excellent fatigue properties. Although composite materials are expected to have excellent fatigue
lifetimes especially when compared to metallic materials, researchers must consider fatigue as a
crucial aspect in performance calculations dudagign processes, particularly for structures that
undergo cyclic loading during their service timkéhe anisotropic nature of FRP composite
materials renders their experimental fatigue damage characterization a complicated task since

these materials exhit different damagemodes at different locations at the same time. The
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principaltypes of damage that can be developed during fatigue life are matrix cracks, delamination,
matrix and fiber debonding and fiber break@ge42, 43]. In addition, the interaction between

these failure modes contributggnificantly to the complexity of the damage characterization task.
Moreover the multitude of material configurations resulting from the variability of fibers,
matrices, manufacturing methods, lamination stacking sequences and geometries makes the
develgment of a commonly accepted method to cover all these variations difidllt

Several experimental techniques have been used to obtain valuable information on the micro
structural level as well as on the mastauctural level damage development during fatigue
loading. Nevertheless, each wdrls been focused in one or more aspects for studying fatigue
damage effects on composite material during its fatigue lifetime. Early fatigue studies used many
nontdestructive techniques for the identification of damage patterns on the surface of and also
inside fatigued composite materials. The most common methods used ways, Xacoustic
emission, surface observation during fatigue loading or post mortem observation using scanning
electron microscope, ultrasounds and surface reghéa49]. However, the generally accelerated
enhancement of the hardware (mechanical and electronic asgketspftware (Data processing
anddisplay) and the development of modeembedded systems leadatsignificant improvement

of the results obtained by the aforementioned techniques and the development of new other
techniques. For instance, recent advances in digital photography and computer technology have
led to the develoment of digital image correlation (DIC) as an effective-oontact method of
measuring deformation.

Davi et al.[50] have combined different techniques to analyze fatigue damage mechanisms of a
woven hemp fiber reinforced epoxy composites for two different stacking sequences @at00]
[+45]7): optical microscopy, Xay microtomography observations, temperature field
measurement by infrared camera and acoustic emission monitoring. All these techniques permitted
a complete description of damage mechanisms developing in these hemp/epoxy composites. Ihab
et al.[51] used infrared (IR) thermography to build a simple predictive model of fatigue life in two
configurations offlax/epoxy composites layup ( [@]and [45]ss) by establishing a direct
correlation between the temperature increase and the number of cycles to failure at gieesame

level . They also used SEM to monitor crack density for a stress level aguliftermage stages.

In the case of [Q}laminates, the dynamic modulugasfound to increase with increasing number

of cycles. This hardening behaviohas beerobserved exclusively in flax/epoxy composite
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laminate that have platiased fibers. Montesaret al. [52] also used infrared thermography
technique to determine the strdifs curve and the fatigue threshold of a triaxially braided carbon
fiber composite material. Thestablished a direct correlation between the increase in temperature
at stabilization, the intrinsic dissipation energy (hysteresis) and the number of cycles to failure.
Other studies based on infrared thermographic techniques (passive and active appevache
carried out to characterize the fatigue damage of CFRP comp&siiédl] .

Dattoma and Giancan®5] evaluated fatigue damage from a theoretical viewpoint of energy
balance during the test by evaluating the hysteresis area, dissipated and accumulated heat and then
calculating the fatigue damage energy. Their work was performed on double notched rspecime
made from Eglass/epoxy using two different ftfield techniques thermography (via a FLIR 7500
camera) and digital image correlation (via a high speed camera with an image resolution of
320x256 pix€).

Broughton et al[56] used various measurement techniques including digital image correlation, to
monitor local ad global strains throughout the fatigue lifetime of epete composites machined

from quasiisotropic [45/0/45/90}s E-glass/913 epoxy laminates, and multiplexed fiber Bragg
grating (FBG) sensors to measure the residual stiffness resulting from #eesingrof number of

cycles. However, the study was restricted to monitoring longitudinal strain, specifically at the mid
section of the notched samples for a single stress level. The images were recorded during statically
reloading the specimen to a comdtepad at a frequency of 1 Hz using a single megapixel camera
after stopping the fatigue testing at set intervals of 10000 cycles.

Sisodia et alf57] used DIC for fulifield strain measurement of composites under fatigue loading
with the help of a high speed camera that captures images at a peak load level foydeery

They also used microscopy to track the micracks formation at certain milestone levels of load
cycles.

The aforementioned studies represent the very limited number of existing studies in the literature
that used DIC to describe the fatigue bebiawf composites generally. Even for monotonic tests,
there are only a few studies that used DIC to characterize the damage progression in notched
composites during tensile loadifi8g, 40, 58, 59].

Frequency response methods have been used as reliablesteffective damage detection
technigues when utilizing composite materials. Indeed, they are found to be a great tool for

identifying even small amounts of damage in composite structures through the change in natural
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frequencies, mode shapes, and dampatigs. Nevertheless, the potentially important information
about damage type, shape, size, location and orientation were lost since various combinations of
these parameters may engender similar frequency responses. However, a multitude of
experimental stdies were carried out on composite structures containing initially embedded
defects. Each study represents only one type of damage: delamination, transverse matrix cracks,
cutouts or impact failures with possible different locations and sevei@@e28, 60, 61].

Nonetheless, only a restricted number of sisdnave focused on establishing relationships
between fatigue damage, fatigue life, and changes in the modal vibration responses of composite
structuref62-65]. Bedewi and Kunf62] conducted experiments to determine the effects of
changes of modalgpameters, natural frequencies, and damping ratios on the fatigue life of
composite samples. They correlated these changes with the prediction of fatigue failure life for
selected composite specimens. They selected modes 5 and 6 to predict fatigue tifehdue
apparent sensitivity of these modes to the induced damage. They also suggested the use of damping
ratios to predict fatigue life as a backup approach to support predictions made using natural
frequencies. Abdtlkhier et al[63] performed plane bending fatigue tests on glass fiber polyester
composites with different lamina orientation: [§°[45°)z and [90°}. The fatigue tests were
interrupted at different fatigue life ratios and modal testing was conducted to determine the change
in modal parameters. The results showed that these changes offer a means for predicting the fatigue
life of composite structures. However, the latter two gsidinvolve the effects of out of plane
bending fatigue on the modal properties of composite structures. Moof6d} deweloped a non
destructive fatigue prediction model for matdaminated fatigue damage of composite laminates.
They related the natural frequencies of ciplgslaminates under tensig@ension fatigue loading

to the equivalent flexural stiffness reductiomigh is a function of the elastic properties of
sublaminates and the number of cycles. In this method, only the 90° plies undergo stiffness
reduction while the 0° plies remain intact. This relation indicates that there is an equivalence
relation between aesidual natural frequency and extensional stiffness reduction. They also
conducted vibration tests on [9°;]scarbon epoxy laminates to verify the natural frequency
reduction model. Kim65] established a vibratiehased damage identification for crqsy

carbon fiber epoxy laminates under fatigue loading. This structural damage identification uses the
structural dynamic system reconstruction method by using the frequencysedpactions of

damaged structure. The two previous studies represent the only available studies in the literature
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to study the effect of axidhatigue testing damage on the modal parameters of composite structures
during their fatigue life.

This study ha carried outan extensive experimental program to investigate and quantify the
damage development by measuring the residual properties throughout the fatigue lifelaflepen
guastisotropic [0£45/+45/90f T650/F584 (Hexcel) carbeifiber/epoxy laminatedoaded in
tensiontension fatigue. The current work focuses on the application of (a) the Digital Image
Correlation (DIC) technique to determine the strain profiles at selected locations of fatigued and
nonfatigued specimens and (b) vibration tests tewheine the frequency response of undamaged
and fatigued specimens.-Ky scansare performed to partially fatigued samples to investigate

damage details throughout the fatigue lifetime.

4.3. Materials processingand Experimental Methods

4 3.1. Tested mateials

Seven composite plates measuring 305 mm x 305 mm were autoclave manufactured using
carbon fiber epoxy Hexcel T650/F584 pnepregnated tapes with a quasbtropic [0°f
45°/+45°/90°]Slayy p. The pl ates wer e cur edcifieationgp3d]di ng t
The temperature was raised to 179°C at a rate of 3°C per minute and then kept constant for 120
minutes. Afterwards, the temperature decreased to the ambient temperature with the same heating
rate before releasing the pressure. A presstii89 kPa was applied during the duration of the
cycle to obtain a void free laminate. Specimens with the dimensions 140 x 25.4 x 2.3 mm
(Figure 4.1) were machined from the manufactured plates avoiding their edges using diamond
wheel saw blade. The edges of all cut specimens were subsequently ground uskugpaleder
grinding wheel to remove any large saw nicks on the edges which might inflilrendamage
development during the fatigue tests. A limited number of samples were tested in the unnotched
configuration to determine the strength of gtiastropic laminates. For the remaining samples, a
hole of diameter 6.35 mm was drilled using a watssled tungsten carbide drill bits. Sacrificial
frontal and backing plexiglass plates were used to clamp the specimens during the drilling process
in an effort to reduce damage from the machining process. Specimens were visually inspected to

ensure no daage was present at the hole prior to testing.
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Figure 4.1. Specimen geometry

4.3.2. Experimental procedure

There were three main types of tension tests conducted studigquasistatic tests of virgin
unnotched and notched specimens, tertosion fatigue tests of notched specimens, and-quasi
static tests of specimens from the interrupt fatigue tests.

All tension tests were conducted at a room temperature on an 89kN MTS load frame equipped
with hydraulically operated wedge grips. The load frame sefives were controlled by MTS
407 controller operated in external input mode. The desired load voltage signals were created by
a custom LabView program and National Instruments-&221 M series DAQ carthat also
recorded the load and strain response data. Stainless steel wire cloth (100x100 mesh size) was used
to prevent slipping of the unnotched specimens in the grips and fracture in the gripped region.
Masking tape was used to adhere the mesh to thples prior to gripping. The mesh cloth was
not used for the notched samples as failure tends to occur around the central notch. Unnotched and
notched samples were initially quassatically loaded to total failure to determine the average of
ultimate tense strength. All these tests were conducted in displacement control at a rate of 0.0254
mm/s with a gage length of 69 mm. The Correlated Solutions Digital Image Correlation (DIC)
system was used to obtain the fullplane strain field on the outer ply tfe laminate of each
guaststatic test.

Each fatigue test was conducted in load control using a constant amplitude, with an R ratio of
0.1 and frequency of 10 Hz. Each test was left to run to 106 cycles or to total failure, which ever
occurred first. Fagjue tests were carried out at 65%, 70%, 75% and 80% of the nominal static
failure load.
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Selected fatigue tests were interrupted after various extents of stiffness loss to assess the
damage effect on the strain field and the natural frequencies. Fortessshlevel, the specimens
were cyclically loaded to different percentages of the median life time, and frequency response
experiments are performed using a dynamic signal analyzer followed by sstpimstest with
3D DIC observation. After pausing thests and performing the suitable measurements with the
DIC and dynamic signal analyzer, loading resumed with the same fatigue loading conditions, and
so forth. In addition, other tests were also paused at various preselected cyclic intervals to obtain
the X-ray images.

In this study, average strain values were measured for all continuous and interrupted fatigue
test specimens using a clip gauge extensometer recorded over a gauge length of 25.4 mm
symmetric about the hole. The extensometer was mountetl ialmi num AVO shapes,
bounded to the surface with rubber silicone adhesive, and attached with rubber bands that enlace
the specimen to attain robust measurements during cycling. Two tapes were applied at the sharp
edges of the specimen in ordeptevent the rupture of rubber bands. The use of silicone adhesive
permits easy removal of the fAVO shapes and t|

measurements.

4.3.3. Digital Image Correlation

The Correlated Solutions DIC system was used taioltvo-dimensional contours of the strain

distributions(é'xx,eyy andf,) on one exterior face of the notched specimens during the-sfatisi

tests for virgin samples and those subjcteterrupted fatigue testing. To do so, a 3D
measurement setup was performed, using two Allied Vision Prosilica GX 1660 CCD (1600 x
1200) cameras, each with 2 megapixel resolutions and 66 fps capability, equipped with Nikon
lenses and mounted verticallyg a tripod for better spatial resolution. Prior to testing, the samples
were painted first with high heat Re®teum white paint and then speckled with black paint to
create a high contrast stochastic pattern as required for the DIC measurement. Thassample
illuminated using white LED lights that can conveniently be adjusted to provide even illumination
across the entire sample. Cameras are then calibrated for their position and orientation using an
appropriate calibration grid plate. A timed capture rodtivas adopted, using V&nap, to record
temporal equidistant sequence of images with the rate of 10 frames per second. A shutter time of

4.5 ms was used. An analog input channel was used to record load. Duripgogesting with
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Vic3D (Correlated Solubns) software, the deformation of the specimen in a region of interest
around the hole was analyzed using subset sizes ranging between 28 x Z8pixé&s x 35
pixel$ and a step size of 7 pixels. All strain results were calculated relative to thienfige
recorded at zero load.

4.3.4. Vibration measurements

Laser Doppler Vibrometry (LDV) is ra optical technique capable aiccurately measuring
vibration velocity and displacement of any kind of structure, in aimoasive way, overcoming

the problenof mass loading, typical of contact sensors as accelerometers and strain gauges.

In order to examine the effect of progressive fatigue damage on the dynamic properties of notched
composites, frequency response measurements were conducted on presempitsdai@gued at
different ratios of fatigue lifetimes for a selected stress level. These vibrational tests were
performed using a necontact single point laser vibrometer Polytec G506 coupled to the
modular Polytec OF\B0O00 vibrometer controller [32The composite specimen was clamped at

one end with an overhang length of 130 mm; the other end was free. A small piece of copper
reflective tape of negligible mass was applied to the tip of the specimen. The laser vibrometer
reference beam was alignedthvthe reflective tape. An external random excitation (Gaussian
white noise) is applied at the base (the clamped end) via a permanent magnet LDS V408 shaker
and a LDS PA100E power amplifier. The vibrometer sensor head measureschtieked laser

light from the copper tape of the vibrating composite beam. The controller processes these obtained
vibration signals through its embedded analog decodeO¥ [ obtain velocity information. A
National Instruments system with a PX461 (24Bit, 204.8 kS/s, Anput/2-Output) and a PXI

4462 (24 Bit, 204.8 kS/s,-Mhput) data acquisition module with antialiasing filters records the
velocity from the laser vibrometer and provides the output signal for the shaker. The Sound and
Vibration Measurement Suite in LabVieWID is used for calculating the results, displaying the
data, and saving the data. The FRF magnitudes and their relevant critical frequencies were then
highlighted over a preset frequency range of 6 kHz. Those obtained critical frequencies are the

modes othe notched composite structure under out of plane excitation.
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4.3.5. X-Ray Computed Tomography

In order to track the fatigue damage patterns, selected fatigue tests were also interrupted at various
stages of damage accumulation, as indicated by numbfatigfie cycles and the decrease in
effective modulus.

To enhance Xay contrast, an Xay solution penetrant comprising of 60g zinc iodide (98% pure),

10 ml distilled water, 10 ml isopropyl alcohol and 10 ml Kodak Pddo200 was painted onto

the speciran using cotton tipped applicator [33]. All surfaces of the samples (front and back faces,
lateral edges and the interior surface of the hole) had penetrant applied to them in the hope that the
dye penetrant, supported by capillary action, would peneasdateavities. Cracks and interior
delaminations which were not reached by the penetrant remain invisible inrne pfocess.

Before Xray scanning, the extra penetrant over the surfaces of the samples was removed using
light spray of isopropyl alcohol.

X-ray Computed Tomography (CT) was undertaken at thrayXimaging facility of Virginia
Maryland College of Veterinary Medicin. Helical scanning was performed using a -inbdye
Toshiba Aquilion 16( Model TSX01A, Toshiba Medical Systems, Inc) Computedndgraphy

(CT) scanner under the following settings: 120 kV tube voltage, 300 mA tube current, 2.00 mm
slice thickness, 0.50 mm slice overlapping interval, a gantry rotation time of 0.5 s and a
reconstruction matrix of 512 x 512. After acquisition of the spiral CT data, Multiplanar
Reconstruction (MPR) images were developed by the computer that was a part of the CT system
using a sharp reconstruction filter. Images were then displayed and edited using eFilm lite which
is an application used for viewingné manipulating digital images from various radiographic

devices.

4 4. Results and discussion

4.4.1. Quaststatic tests

Five notched quasstatic tests were conducted to determine ultimate tensile strength (UTS),
stiffness and strairRo failure. The DC technique was used in conjunction with all gtsdatic
tests to obtain the full #plane strain field on the outer face of the laminate. The correlations among
various grey values of digital images are analyzed by comparing the deformed @it umed
images to obtairthe displacement and strain fields surrounding the ng¢&f). After post

processing of captured images and asitjon of strain contours at different load stages, a virtual
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extensometer, a measurement tool within Vic3D with a 25.4 mm gauge length, was placed on both

sides of the hole in order to measure the local maximum strain to failure. The average notched

utss®, stiffness E, and maximum strain to failur€,¢ values were equal to 393 MPa, 37.74
GPa and 1.07% respectively with coefficients of variation 2.9%, 2.33% and 5%. The unnotched

tensilestrength of the laminatg" , was also measured using five test specimens and the average
value obtained was 581.35 MPa with a coefficient of variation of 4.7%. The average ultimate
tensile strength of notched specimen was usedegulesitly to calculate load levels for fatigue.

In addition, the longitudinal, transverse, and shear strain profiles in different sections, on the outer
layer of the notched specimens were determined for multiple stress levels using the DIC technique.
Figure 3.3 shows the strain profiles in different sections for various load stages of astptasi

test of one specimen. These curves represent the baseline results that will be used for further
comparison with strain profiles of fatigued specimen at diftelién times and different load

levels. Sections 1 and 2 labeled secl and sec2 respectively on all figures were drawn with two
lines in the locations schematically shownrFigure 3.3. The length of these two sections are 8

mm ard 22.35 mm approximatively. Section 2 is positioned 5 mm away from the top of the hole.
The transverse strain is negative because of the Poisson effect. The results obtained for the other
specimens are similar to the results shown for this chosen speé&igere4.2 shows the strain

profiles of all samples at the two extreme load cases 20% UTS and 95% UTS where the profiles
are expected to be noticeably different because correlations at low level load and high level load
are sensitive to many DIC parametersddssed later) and surface damage respectively.
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Figure 4.2. Strain profiles at 20% UTS and 95% UTS of all quasstatic tested specimens
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4.4.2. Fatigue tests

Constantamplitude tensiottension fatigue testgere performed at 65%, 70%, 75% and 80% UTS
using a stress ratio R=0.1 and a loading frequency 10Hz. Specimens were generally tested to failure
for this sectionTests with 65% maximum stress amplitudes were stopped because they did not
fail after 16 cycles. A minimum of four replicates were tested under each test condition.

A summary fatigue lifetime curve in which the fatigue data were plotted in terms of normalized

maximum applied stre¢s ../ $s) With respect to the ultimate tensileestigth (UTS) versus
the number of cycles to failurll, is given inFigure4.3. The line of best fit is given in the form

of

Smex =1 klogy, N, .

SUTS

wherek = 0.062¢. Significant scatteis observed in the tests conducted at 70% of the ultimate
tensile strength. While the resultskigure4.3 are based upon total failure of the samples, others
[67] have suggestiusing 15% stiffness loss to define failure. If such a definition is adopted, less
scatter is observed in the lifetimes. However, the definition of failure becomes somewhat arbitrary.
The resulting lifetimes are also very conseamgtas samples may exhibit 70% stiffness loss with
significant load carrying capability.
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Figure 4.3. Summary of fatigue lifetime results
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The damage induced during fatigue loading was assessed astapitsf sealtime monitoring of
stiffness degradation. During load cycling, the effective modulus E is calculated by using
I:max - I:min

E(N) = — A where €..x and g, represent the extrema straiaspeak andalley loads

F..xand F_, respectively. The longitudinal deformations were measured with 25 mm gage length

extensometer surface mounted with the hole centered in the gage length.

The loss of stiffness is obtad to characterize the effect of propagating damage and to relate it
with strain contours and frequency responses chakgpse4.4 shows a typical plot of effective
modulus for each normalized applied stress. The reductistiffimess occurs continuously over

the fatigue lifetime of composite coupons for 70%, 75% and 80% severities except for 65%
severity and lower ones in which stiffness reduction is limited to a portion of their total life. This
latter stiffness remains cdasit for the remaining truncated curve. The stiffness reduction
represents an excellent indicator of the damage development in composite mgaéiTdls
However, the rate of effective modulus degradation may be misinterpreted because of the
logarithmic axis for fatigue cycles. If we consider a plot of effective modulus versus fatigue cycles
(on alinear scale), the trend is described by a continuous decreasmgictirimpending failure,
indicated by a sharp loss of effective modulus. This response holds for all cases examined except
for the lowest cyclic stress level where theraptateau of constant effective modulus with fatigue
cycles. This observed behawris unlike the behavior seen|[i56] for the fatigue of noteed glass

fiber composites. The glass fiber composites exhibit a significant decrease in stiffness within the
initial cycles (described as phase |) followed by a period of nearly constant effective modulus

(phase Il) before the total failure.
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Figure 4.4. Degradation of effective modulus as a function of number of cycles for different
load levels

Some damage modes such as axial splits emanating from the hole on the outer surface of the
sample and delamination near thesfedges and around the hole are visible during fatigue loading.
The amount of stiffness degradation is quantified by the damage parabetefined by

D=1 -E(N)/ E, where E, is the initial stifness measured at the beginning of the test and

E(N) is the stiffness at the given cysle

44.3. Interrupted fatigue tests

44.31. DIC results
A number of quasstatic tests were performed for interruptedgia@d specimens, with peak
amplitude at 80% of UTS, at various life times. In each case, thegtatisiloads were limited to
the maximum loads applied during fatigue cycling. Among the possibldestnuctive techniques
(thermography, scanning electranicroscopy, acoustic emission, moiré interferometry and
ultrasound) available to localize or identify the damage induced by mechanical loading in high
gradient zones such as in notched composites, the DIC technique gives both good qualitative and
quantitdive information about the strain fields around the hole. Accordingly, three dimensional
DIC analysis was used for each test to determine the full field strain on the outer ply and especially

the strain profiles at selected sections.

52



Figure 4.5 shows the axial strairf, curves of one sample being fatigued at a peak stress

corresponding to 80% of the UTS which was loaded egtasically to 20%, 40%, 60% and 80 %
of ultimate stress after experiencing 0.1, 0.3, 0.5, Dand 1.3 of the median lifetime for notched
composites at that stress level. For different gatic load levels, the longitudinal strain profiles

obtained from interrupted tests were compared to the baseline resultsfatigonad specimen.

As expected,f,, is maximum at the hole due to the strain concentration introduced by the presence

of the hole. Clear offsets between the strain profiles around the hole and near the free edge are
observed. These offsets characterize trgradation experienced by the sample during its fatigue
lifetime. In general, the magnitude of the strain increases with fatigue cycles (as expected, because
of the presence of damage within layers). In addition, the magnitude of the difference between the

strains at the edge of the hole and near treedoge also increases.
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Figure 4.5. Strain profiles at different quaststatic load levels for specimen fatigued to

various life fractions
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During mechanical loading, including the fatigue cycling, interlaminar stresses develop and may
lead to local delammtion of adjacent layers. Subsequently, the layers act independently of the
multidirectional laminate. The presence of these local delaminations may explain the overlap of
the longitudinal strains at section 1 at fatigue lifetime ratios 0.5 and 0.7. Hove&ear strain
profiles at section 2 for these same time frames are clearly distinct. The importance of tracking

different strain components at different section locations will be discussed later.

Figure4.6 shows DIC results of fullield engineering strain contoufg(loading direction) of the

same sample fatigued with peak amplitude 80% UTS at numerous fractions of median fatigue
lifetime 0.1, 0.3, 0.5, 0.7, 1 and 1.3 and ke tquasstatic load level 80% of UTS. The
corresponding effective modulus degraded as a function of number of cycles is also presented in
the same figure. The gradients of strains across the region of interest (ROI) are well discerned, the
nuance of cola reflecting different strain values even closer to each other are clearly
distinguishable. Because the hole is a discontinuity on the measured surface of the sample, the
pixels localized around the notch cannot be used for calculating the strain fieldoddl
accuracies of strain values around the edge of the notch or proximity to specimen edges or even
across the sampleds width depend on many par
painting on the white painted surface, speckle patseirset size, step size, the lighting conditions,

the alignment of the specimen, the alignment and position of the cameras relative to the specimen
and the resolution of the camef@g]. Maximum axial strains are observed around the transverse
edges of the hole perpendicular to loading direction. Low axial strain zonescrass the
longitudinal edges of the hole parallel to loading direction. These observations are valid for
unfatigued specimen as well as fatigued specimen at various fatigue lifetime ratios. The regions of
highly concentrated strains near the hole idgritife emanation of axial splits from the hole
towards the longitudinal extremities of the samples. Uncorrelated regions were observed due to
the discontinuous displacement fields at the axial splits. The figure depicts the onset of cracking
in the surfaceply at 0.5 median fatigue lifetime and the development of the severe cracks in the
surface ply at 0.7 median fatigue lifetime. The figures clearly indicate the cracks developing along
the fiber direction reaching the longitudinal edges of the ROI of timpleaprior to failure. This

behavior is consistent with the results obtained for monotonic tests done by the reseajé@lers in
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Figure 4.6. Full-field longitudinal strain (€,) contours of fatigued specimen at different

lifetimes loaded statically at 80% of UTS. It should be noted that each contour plot used a

different scale at each median fatigue lifetime ratio.
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Figure4.7 shows DIC results of fullield engineering strain contou?§ of the previous sample at

various fractions of median fatigue lifetime 0.1, 0.3, 0.5, 0.7, 1 and 1.3. The DIC images for all
cyclic intervals show high values dfe shear strains along narrow bands oriented in the loading
direction and tangential to the hole, corresponding to the fiber/matrix splitting observed on the X
ray radiographs. The negperfect symmetry of strain distribution as well as damage development
is likely due to asymmetrical damage evolution around the hole, specimen thickness variation
along and across the specimen width and slight misalignment of the spelciraddition, given

the current layup sequence of -fi§,45,90]s,the surface damage duton would not be
symmetric. In fact, the surface stresses are heavily influenced b¥shely directly below the

top 0° ply The figure shows the initiation of fissure at 0.5 median fatigue lifetime surrounded by
high shear strain zone and the acclation of axial cracks at 0.7 median fatigue lifetime. The
DIC method can be used for anticipating the crack paths by measuring the uneven shear strain
distributions and localizing high strain concentrations and observing the process of cracks
developmentin notched carbon fiber composites throughout the cyclic fatigue life. The fiber

splitting is the failure mode that can be determined based on the strain diagrams.
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Figure 4.7. Full-field shear strain (€;) contours of fatigued specimen at different lifetimes

loaded statically at 80% of UTS. It should be noted that each contour plot used a different

scale at each median fatigue lifetime ratio.
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Due to the damage caused by the axialsspgtress redistribution occurred within the surface layer.
This distribution is confirmed by the tendency of the longitudinal strains at section 2 to increase
with increasing fatigue lifetimeFgure 4.8). The fatigue damage induced a decrease in shear
modulus and that caused the longitudinal strains to be virtually plotted at sections parallel to
section 2 closer and closer to the notch vicinity with increasing fatigue damage. This represents
the ircrease of effective axis length of the hole, resulting in a hole that performs like an ellipse
with the major axis aligned with the direction of loading. This effective major axis length increases
with increasing fatigue cycles, blunting the effect of mloéch. Shear strain profiles at section 2
were extracted also for the different fatigue lifetime ratios. The trends of the curves seem to be
consistent with increasing fatigue lifetime. In fact, local valleys decrease and local peaks increase
with increasng fatigue lifetime. This combined with DIC shear strain maps gives an idea about
the critical shear strain value that exhibit axial spkigure4.8 also shows the transverse strain

profiles at section 1 and 2. The transvess®ins at section 1 shows a reversal nature with

increasing fatigue cyclesd number &dewrpagesed t o

in magnitude near the hole edge and then tends to incosdisecaching a local zerslope before
decreasing back and becoming minimal near the specimen edge. Nonetheless, the variation of local
extrema is not consistent with increasing fatigue lifetime ratio, which makes evaluating the fatigue
damage severity from the obtained transversaves difficult. The transverse strain profiles at
section 2 seem to have the same pattern with the exception of the profile related to 1.3 median
fatigue lifetime ratio. The profiles corresponding to fatigue samples are distinct from the curve of
the wnfatigued one. However, there are only small changes in these profiles throughout the fatigue
lifetime making the transverse strain a poor indicator of fatigue damage.

It is shown in this section that the DIC technique provides qualitative and quantitédiveation

that can be used to predict and identify potential damage zones especially in high gradient areas.
Moreover, the high localized strains identified by the DIC technique were in good agreement with

damage captured by penetrant enhancedyXadographs discussed in the following section.
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Figure 4.8. Longitudinal, transverse, and shear strain profiles of fatigued specimen at

different sections locations

4.4.3.1. X-ray radiography results
Six notched specimens were cycled to preselected fractions of median fétityne With a stress
level of 80% UTS. Degradation of effective modulus was tracked for all specimens during fatigue
cycling. After the cyclic fatigue loading was stopped at the selected number of cycles, the
specimens were subjected to vibration tests nieasure frequency responsad DIC
measurementgnd then examined via-May computed tomography (CT). Variation in the damage
parameter maximum strain at the transverse edge of the haid, change in the'"8natural
frequency for all samples were sumimad inTable4.1.
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