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ABSTRACT

EXPERIMENTAL INVESTIGATION OF FAILURE MECHANISM IN
CROSSPLY AND FABRIC CURVED COMPOSITE LAMINATES

Cevik, Ahmet
Master of SciengeAerospace Engineering
Supervisor: Prof. DiDemirkan Coker

August 2021129 pages

Laminatedcurvedshapecompositeparts which are used in the spar and ritis
aircraft and wind turbine bladese subjected to high interlaminar tensile and shear
stresses These stresses cause delamination and subsecgohnttion in loae
carrying capacityln this study, failure mechanism of crgsly and fabric curved
composite laminateander pure transverse loadiage examinedxperimentally
using an irhouse designed test fixtuigtresdield over the curved beam is obtained
with finite element analysd§EA) and analytic solution where multilayered theory
is used.Dynamic delaminatiorof the crossply and fabric curved specimens is
recordedwith a high-speed camerathere the failure sequence is captured and the
crack tip speeds are calculatédr the crosply laminates, on Misesstrain field is
obtained with digital image correlatiqiblC) methodwhere thestrain fieldsare
found toagree wellwith elastic FEAup to aspecifc loadingat whicha population

of matrix cracksnucleate Detailed fractographyfdhe tested specimens is carried
out with digital microscoped-inite element analysis wittD HashinFailurecriteria

is also successfully predict the radial cracks observed in the micrographs ef cross
ply curved composite laminates. Howeuéie meandemng crack patltould not be
properly prediced with 2D Hashin Failure Criteridn fabric curved composite



laminatesthe failure is observed to occur duertter-ply and intraply crack growth

In fabric laminatesthe crack tip travels in a fluctuatingamnerat speeds reaching
intersonic speeds wheremmscrossply laminateshe crack tipspeed reaches about
Rayleigh speeds

Keywords: Curved CompositeDelamination, Failure Mechanism, Fractography,
Crack Tip Speed
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CHAPTER 1

INTRODUCTION

Composites materials consist of two or more componeiselyfibers (carbon,
aramid,glas9 and matricegepoxy, vinyl ester,polyeste}. Fibers are the main load
carying members while matrices bind fibers together to create the methamn
enablesload transfer between fibers. For example, steieiforced concrete is a
composite material where the steel bars act as fiber and concrete acts as matrix.
Composite mat@als can be designed to satisfy the requirements by combining
different fibers and matricesCarbon fibefreinforced epoxys used in aerospace
applications due to its high fatigue resistajijeKevlar reinforced epoxis used in
military applications due tdts high impact resistanci], andglass fibers with
polymer matrices are used in many areas dudei higher durability, electrial
resistivity, acid corrosion resistancetc. [3]. In addition to combining different
matricesand fibers, composite materials are also manufactured by stacking with

different orientations to obtagtesiredstrength and stiffnesas shown irrigurel.1.

>~ Unidirectional 0°

—=) Transverse 90°

==

Biax +45°

Unidirectional 0° [%]

Figurel.1l. Stacking of the composite plies with different orientafin



As shown inFigure 1.2, two other great advantages of compositeemals are
significantly higher specific stiffness and specific strength compared to metals &
metallic alloys. These propertigsake the composite materials desirable for weight
savingthatis crucialin aerospace and wirmbwerindusties

Consequentlyas time progresses usage of the composites increases in aircrafts and
wind turbine. Figure 1.3a show that after 2000, at least 20 of the airplane
components in some of the w&lown aircrafts are made of compesi, andrigure

1.3b show that composite materials replace metallic compomaetsthe years in a

series of aircrafts.
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Figurel.3. (a) Increasén the percent of composite used in the aircraft and (b) The
percent othe material type used in the Boeing air@.aft

In theaerospace and wind power indiesr composite materiareused in such as
primary loadcarrying structures Thus, they are prone to faik if they are not
designed well, ankinowing the failure mebanism of the composite materiayital

for safe design. Iirigure 1.4, the main failure modes observed in the composite
materials are showtkiber failure is the most severe mode since it leads to the total
failure of the strutire.However, delaminationsuallyoccursbefore the fiber failure
occurs [6]. Delaminationand matrix cracking are the common failure modes
observed in composite materials. Matrix crackiogmallydoes not led to the total
failure of the structureandinduces delaminatio Delamination isa highly crucial

failure mode since it leads to the reduction in #hiffness and strength of the

structurg[7][8].

Ply to ply interface

Matrix cracking Delamination Fiber failure

Figurel.4. Failure modes observed in the composite materials: Matrix cracking,
delamination and fiber failui®]

Recent technologies in the manufacturing meéshof composite materials enable
production ofcomplex shape structures. One of these complex shape structures is
the curved shaped swWomponentsrom which aircraft sparribs andwind turbine
blades are constructesis shown irFigure1l.5. These curved structures are prone to



delamination failure mode since high interlaminar tensile and shear stresses arise in

thar curved region.

Angle-bracket

Wind turbine blade

Figurel.5. Curved sulcomponents in wing turbinaade or aircraft wing10]

In this study,experiments are conducted to investigate the failure mechanism of
crossply and fabric curved composite laminatender pure transverse loading.
Experimentof crossply and fabric caved composite specimease recorded with
high-speed cameraand crack tip speed are calculatdebr crossply curved
composite laminates, digital image correlation method akso used in some
experiments By using digital image correlation method;situ von Mises strain

field is calculated and compared that obtained finite element analysis. For both cross
ply and fabric curved composite laminatiee detailed fractography is carried out.
The postmortem micrographs of tHailure pattern of the specim@s cur ved r egi on
and armsare examined in detailThe microscopic observatioms crossply and

fabric curved composite laminatesre supportedby conductingfinite element

analysisand investigating theoretical and numerical studies in the literature.



CHAPTER 2

LITERATURE SURVEY

In this sectionpreviousexperimentahnd numerical studies about the curved beam

will be given chronologically.

Very early study about curved beams was made by Chang and Sptibgdrhey
investigated the &ct of the geometryinner radius, angle of the curydpad
direction and stacking sequence on the strength of the curvedhyedeveloping
finite element code to find strains and stresses in each ply. To determine the strength
of curved beam, theysed TsakHill failure criterion for in-plane failure mode
(matrix failure) and ChanrgndSpringer failure criterion for owutf-plane failure
mode (delamination failure). As understood from the name of delamination failure
criteria, it is proposed by the autBpandit is in the form of
I
W Y
where’ ; and _; are radial and shear stress, and Y and R are the radial and shear
strength.For five different stacking sequences, the change of the strength with
increasing the inner radius to thickneaso is plated as showikrigure2.1a-e. For
each stacking sequence, effect of 3 different curve angfe 60 and 120) and
load directionon the stregth is also presented. Lodgpe is called as inward and
outward as regard to that itaeases oincreases the curve angtespectivelyFor
all stacking sequee, strength of the curved beam under outward load is lower than
that under inward loadror theoutwardload, delamination failure mode is observed
in all stacking sequencé-or the inward load, however,delamination failure is
observedor only small ratios of inner radius to thicknebs the higher ratios, in
plane failure mode is observeHffect of the moment length arm and stacking

sequence on the strength of curved beam aesvshin Figure 2.2a-b, respectively.



Strength of the curved beam decreases as the moment arm length increases, and
placing ninetydegreeply on the middle of the thickness of curved beam improves

the strength of theurved beam.

Two studies were performed by Sun and Kelly to investigate the failure in curved
composite laminated 2][13]. In the first study12], the failure load of the curved
composite laminates was predicted experimentally and numerically. Schematic of
the test setup used in the experiments showRignre 2.3a. Experiments were
conducted with curved composite laminates having 3 different gigsstacking
sequence: layup H [0/90./90s/0]s, layup | [®/90/0/90/0/90} and layup J
[03/903/02/903/0]s. Layup H and J were chosen to observe matrix failure mode while
layup | was choseto observe delamination failure mode. To calculate the failure
load numerically, TsaHill and combined Tsai Hill/Maximum radial stress criteria
were used to predict the failure load due to matrix crack and delamination,

respectively.
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In layup H, radial matrix cracks, shown kigure 2.3b, were observed in the first
ninety-degreeoriented grouped plies and these cracks were attributed to high
tangential tensile stresses due to bending of the specirhentesults of the Hill
criterion agreed very well withhe experimental results in terms of failure load and
failure mode They concluded thaj due to the curvaturdiigh interlaminar tensile
stresgsact on the curved region of the specimen, and it leattseetdelamination,

i) matrix cracks does not lead the loss of load carrying capacity of the specimen,

but delamination induced by these cracks result in total faolutlee specimen.
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Figure2.3. Schematic of the experimental setup

In the seond studycarried out by Sun and Kelly13], propagation of the
delamination is investigated by calculating strain energy release rate (SERR) with
crack closure integral techniquEhe radial matrix crack observed in layup H @nd

can propagate ifour possible bran@s shown irFigure2.4a. SERR was calculated

by extending crack a small amount for each braible branch direction 2 gave the
maximum SERR, which means that the delamination will propagétat direction.

For the delamination propagated in that direction, change of SERR with
delamination crack lengtivasobtained as shown figure2.4b. Same procedure is
applied for thedirection ofpropagatiorof delamination oberved in layup |, shown

in Figure2.4c, and SERR versus delamination crack length was again obtasned
shown inFigure2.4d. From the trend of the SERRmusDelamination crack length
graphs, they congtled that delamination propagation in curved composite laminates
is unstable since SERR values increases with increasing delamination length, and
crack is arrestedvhen SERRvalue decreases to below critical value whish

sufficient to propagate delamimna.
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Figure2.4. (a) Possible branch direction for a radial matrix crack (b) Graph of the
SERR vsCrack lengthof the delamination induced by matrix crack (c) Crack tips
for delamnation and (b) Graph of the SERR vs Delamination crack length

Martin investigated the failure in unidirectional curved composite laminate both
experimentally and numericallj14]. To observe the interlaminar tensile failure,
unidirectionalcurved composite laminategere used. Experimentseneconducted

with setup shown ifrigure2.5a,and failure sequence observed in curved composite
laminate is shown irFigure 2.5b, 15t delamiration occurred in the 46 % of the
thickness, then"? delamination occurred in the 23 % of the thickn@susing the
analytic solution method, the location where maximum radial stress occurs is found,
and it is observed that the first delamination ocanrthe interface which is the

closest to the location of the maximum radial stré&gsough the thickness, radial

10



stressdistributionfor acurved laminate with an initial delamination is obtained with
finite element analysis shown Figure2.5c. It is observed that"? delamination is
also triggered from the radial streskich reaches approximately same magnitude
with the radial stress leading to th&delamination.
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Pivot
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Figure2.5. (a) Test setugb) Failure sequence in unidirectional curved laminate (c)
radial stress distribution through the thickness

By using virtual crack closure techniqusttain energy release rate is obtained for

thepropagation of twarack front, which is shown ifrigure2.6a. This grajm shows
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that the delamination grows in bathrectionssimultaneouslyBy usingFigure2.6a,

Strain energy release ftwtal delamination length is obtainad showrFigure2.6b.

This plot shows that the propagation of delamination is unstable while the crack
reache$o @ mtwhere the curved region ends. After that point, delamination grows
in the stable manneFromthe ratio of the rade | strain energy release ratetie
critical strain energy release rdtigure2.6¢c shows, it is concluded that propagation

in two crackfrontsis model dominated.
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Figure2.6. (a) Crack length versus Normalized strain energy release rate (SERR)
for both crack fronts (b) Normalized equivalent SERR for delamination (c) ratio of
Mode | energy release rate to equivalent SERR

Martin and Jackson investigateckflailure in curved composite laminates having a

stacking sequence of490s/0s]s to predict delamination onset and propagaficsj.
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Experimentalsetupis same with that used [d4]. Static and fatigue experiment
were carried outin Figure2.7, failure observed in the tested specimen is shown and

matrix crack is observed.

. ’ R P shar _~ Interlaminar
=5 NP & i - i
vhcr@'%@ﬂmz tension failure
o : _~— Delamination
" from matrix
crack
80° plies
0° plies

Figure2.7. Failure modes observed in the tested specimen

For the four possible branch direction of the matrix crack strain energy release rate
is calculated with virtual crack closure technique, #adtchange with the crack
lengthgrow is shown inFigure2.8. Higher strain energy release rate is obtained for
the crack growth in the direction of b1. Thus, the matrix crack propagates through
the direction of b1 then through the direction a2 which gives the higher strain energy

releasaate after the direction bl.
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Figure2.8. Strain energy release rate versus crack length growth for the possible
crack branches
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The failure ofthe singleL joint with adhesive between the curvature dmelbase

plate under bending wagvestigatedby Feih and Shercliff16]. Effect of the
bending moment arm (61 mm and 70 mm), stacking sequence and radius of curvature
on the failure strength of thehiece was investigate&ingle-L joint specimen and
schematic of applied loading ass shownFigure 2.9a-b, respectively2D finite
element model was created with ABAQUS. Fiber and matrix failure were predicted
using Hashin Criteria, and UMAdode was implemented in ABAQUS to carry out
progressive damage analysis with constant degradation variables. In addition to the
fiber and matrix failure, onset of delamination was predicted using -Nangs
Criterion which is a strengthased failure crérion. As shown ifrigure2.9c, tensile

matrix crack followed bgompressive matrix crack was observed in the simulations.
Location of the matrix cracks is seerFigure2.9d, tensile matrix crack occurred in

the inner 45° ply while the compressive matrix crack occurred in the outer 45° ply.
Delamination occurred in the interface between the second 0° piahgly. For

both 70 mm moment arm and 61 mm moment arm, delaimmédilure load was
overestimated by %17. This discrepancy was attributed to the residual stresses that
occurred during the manufacturing. By decreasing fiber strength by 15%; Tong
Norris criteria was calibrated. They found that failure strength decraagedius of

the L-piece decreases. As for effect of stacking sequence, it is observed that
placement of the 90° ply on the middle of the specimen imptbedailure strength.

In addition, effect of combined tensile and bending moment displacemeng on th
failure strength of tpiece joint was analyzed, and it was shown that failure strength

increases in the presence of combined loading

(a) (b)
Figure2.9. (a) Single L-joint (b) Schematic of théest setup
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Computational andexperimental investigation of the delamination onset and
delamination growth of ishaped CFRP composite laminates were carried out by
Wimmer et a[17]. Stacking sequence was chosen a38{/0s/90s/0s]s to observe
delaminaion failure mode. For prediction of the delamination onset, finite element
model (or specimen) without initial delamination was used. Using puck criteria,
delamination initiation curvesolid line shownin Figure2.11a, was obtained, then
using VCCT, delamination propagation curdgashed line inFigure 2.11a, was
obtained. Intersection point of these curves were called delamination emergence load
(2.34 mm) and critical initiadelamination size (0.6 mm). Using delamination
emergence load and critical delamination size, load displacement cunshapkd
curved beam was obtained as showirigure2.11b. FEA model of the tshaped
laminae was loaded up to the delamination emergence load (pshavinin Figure

2.11b) then critical initial delamination size was introduced into the FE model. It is
observed that load reduced to poirgf®wnin Figure2.11. Delamination grew in

an unstable manner from point 1 to 3. Additional delamination on the outer curved

region of L-shaped beam ocaed (point 4shownin Figure2.11b). For delamination
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onset case, comparison of the numerical load displacement curve with the
experimental ones is shown fRigure 2.11c. Unstable crack growth and'®
delamination in outer curved region were albserved in experiments. Numerical
results, however, overpredicted the experimental results in terms of failure load and
stiffness of the kshaped laminate. This discrepancy was attributed to the non

constant thickness and slipping of specimens.
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Figure2.11. (a) Delamination initiation and delamination propagation cybye
Loaddisplacement curved obtained from finite element anafgsisomparison of
load displacement curve obtainedrfr experiment and finite element analysis

To simulate the delamination growth, seanialytical approach developed by the
authors was implemented in ABAQUS. Quadratic criterion for mixed mode fracture
was used in the approach. FE models having a diffeméial idelamination size (1

mm, 3 mm and 5 mm) were created. Load displacement curve of all models is shown
in Figure2.12a. Unstable delamination growth was observed in the analysis of initial
delamination size o mm while delamination growth is stable in the analysis of
delamination size of 3 and 5 mm. Snap haekaviortheoretically possible occurred

in the analysis of 1 mm delamination size. For delamination growth case,
experiments were carried on specimenyydiaving delamination size of 3 mm.

Comparison of the numerical load displacement curve with the experimental ones is
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shown inFigure2.12b. Initial stiffness of three specimens agree with the prediction.
Structual response of specimen 5 was also in good agreement with the prediction in
terms of failure load and growth stability. Overpredicting of the failure displacement
and failure load in specimen 4 and 6 is attributed to the slipping of the specimen and
creatng blunt delamination front. In addition, delamination kinking observed in

experiment matched with the direction analytically predicted.
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Figure2.12. (a) Load displacement cursebtained fronthe nodels with different
initial crack length(b) comparison of load displacement curves obtained from

experiment and finite element analysis with a 3 mm initial crack length

Gozluklu and Cokef18] investigated the propagation dynamic delamination in
unidirectional curved composite laminates, with initial crack, under end normal load.
2D Explicit finite element analysis was carried out with cohesive zoogdno
simulate the propagation of delaminatiédfiter the curved beam Isaded implicitly

to a certain displacemeint the elastic part of the loatlsplacement curvenalysis
continueexplicitly. Propagation of delamination simultaneously over the both arms

is shown in Figure2.13.
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(c) (d)

Figure2.13. The propagation of the initial crack through both arms

In addition to the propagation of delaminatidie effect of the thicknessf the
curved beanon the failure process examinedyy keepng the inner radiusf curved
beamconstantjts thicknesss doubled, andinite element analysis was carried out.

As shown inFigure2.14, it is observed that the doubling the thickness of the curved
beam leads to another cragkich initiates in the transition region between the curve
region and horizontal arm. This crack propagates through the curve region and

horizontal arm, then coalesce with initial crack.
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Figure2.14. Failure sequence observed in the thicker curved composite laminate
with an initial crack

GozluKu et al. [19] experimentally and numerically investigated the intersonic
delamination in fabric curved composite laminates, havingckist sequence of
[0/90]es, under static loading. Graphite/epoxy woven fabric laminates with was
manufactured. By using the test fixture showrigure 2.15a, shear loading was
applied to the horizontal arm of the curved laminatddle vertical arm was
clamped. To prevent the reaction on the vertical arm in the x direction, fixture is
mounted to slide rail via linear ball bearings. By using high-speedcamera
propagation of dynamic delamination is captured, and crack tip Spseuly is
obtained. 2D explicit FEA was carried out to simulate the dynamic delamination with
cohesive interface elements. Bilinear cohesive zone model proposed by Miu et al.
was implemented via ussudbroutine with Chan&pringer criterion for
delaminatbn onset and Benzeggagh and Kenane miRede fracture criterion.
Initiation and delamination in simulation and experiment can be s&éguire2.15b.

In the experiment and simulation, delamination initiated from a point loc&ed 1

and 13°counterclockwise from center of curved region. In terms of location of the
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observable crack tip (Left (L) and Right (R)), experiment and simulation were
consistent. To calculate the crack tip speed from simulation, two different crack tips
wereused. First crack tip was chosen as observable crack tip where the damage term
is one. Second crack tip was chosen point where the damage ternisde6quasi

static loadingcrack tipspropagating through the vertical and horizontal ezacha
speedof about 4000 m/svhich is faster than shear wave speElde sheaMach

waves emanating from the crack tip where damage term is 0.6 at the \aamtical
horizontal armand reflection of the waves from the wall of arnsi®wn in Figure

2.15. Moreover, oblique angle of the shddach wave increase with decreasing

crack tip speed.

(c) (d)
Figure2.15. (a) Novel experimental setup desigribfiComparison finite element
result with numerical results in terms of crack initiation and propagétidin shear
Mach waves emanating frothe crack tip where damage parameter is 0.6 at
vertical and horizontal arm.
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Tasdemir and CokdR0] experimentallyinvestigated the static and fatigue damage
mechanism of crosgly curved compositelaminates having two different layup
configurations. These configurations are/90s/03]s and [&/90s/03/903/03]s which
arecalled as thin and thick laminates, respectivéixperimental fixture shown in
Figure2.16ais designed and manufactdre applythreetypes of loadend shear
load, end normal load and bending momeéntthin crossply curved composite
laminates delamination induced by nra¢ cracksin the '90° grouped pliesshown

in theFigure2.17a, are observed both under static and fatigue loadiinger static
loading, straight matrix crack reaches thgper0/90 interface by making sharp-45
50° kink. In fatigue experimenthowever, matrix crack reaches the 0/90 interface
by making meandering pathllowing the manufacturing defects the thick cross
ply curved composite laminatetamage is obserdeo occur in thédorm of straight
matrix crack inthe 1% 90° grouped pliesunder static loadingvhile meandering
matrix crackin the 2990° grouped plies under fatigue loadisigownin the Figure
2.17b. Investigatingthe differencein the failure locatiorunder static loading and
fatigue loadingit is observed thathe failure in crosply laminates occurs in where
failure index according to the Ts@u criteria is maxmum under static loading

while it occurs inwhichthe radial stresses is maximum under fatigue loading.

Bolt

2]

Freely

rotating T
pin ™

———
!-}
3 <
Specimen k
F 4+~ Ri
E

yA

Figure2.16. Experimentafixture designed.
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(b)
Figure2.17. (a) damage pattern observed in thin laminates under static and fatigue
loading p) damage pat¢irn observed in thick laminates under static and fatigue
loading
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CHAPTER 3

METHOD

In this study, experiments are conducted with ciplysand fabric curved composite
laminates under pure transvelsading,andfinite element analyes are carried out

to find thestress field over the curved beam to understand the failure of the curved
composite laminatelsetter In this chaptermethodologes used inthe experiments

andfinite element analysiareexplained

3.1 Experimental Method

3.1.1 Material

Unidirectional and fabrispecimens are manufactdrevith Hexply AS4/8552 UD
prepreg and Hexply AS4/8552 5 Harness S@tif) prepreg respectivelyHexply

8552 epoxy hs good impact resistance and damage tolerance for aerospace
applicationg21], and H&Tow AS4 is continuous carbon fiber having high strength

and strairff22]. The epresentative view of these maadsis shown inFigure3.1.

B BN B NN
BN B R B nE
N _BENN.
2 H NN AER
Ll I E N
Figure3.1. Representative view of unidirectial(left) and 5 HS weavprepregs

(right)
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The properties of these matesiate givenn Table3.1 andTable3.2

Table3.1 Material properties of Hexply AS4/8552 UD prepf2g]
Bin | BomBas |\ v | vy | C127Ci3 | Gas } tp Gic
(GPa)| (GPa) (GPa) | (GPa) | (kg/m® | (mm) | (N/mm)
135 | 9.6 0.32 |0.487| 53 3.4 1580 |0.188| 028
Table3.2 Material properties of Hexply AS4/8552 5 HS prepi24j
E11= Ex Ess Vi2 V15=Vo3 G G23=G13 | tp
(GPa) | (GPa) (GPa) | (GPa) | (kg/m?®) | (mm)
64 8.5 0.046 0.3 4.9 3.7 1570 0.28

prepreg argivenin Table3.3 andTable3.5.

The material strength fatexply AS4/8552 UD prepregnd Hexply AS4/8552 5HS

Table3.3 Material strength of Hexply AS4/8532D prepreg
my my Y Y Y Y ooty oy
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
2207 1531 80.7 199.8 114 80
Table3.4 Material strength of Hexply AS4/8552 5HS prepreg
ny my Y my Y Y my my %
(MPa) | (MPa) | (MPa) | (mpa) | (MP3) | (vpa) | (MPa)
1800 -1350 75 53 -250 80 79
The wave speed of these matesia calculated by usinthe[25]
o
B (3-1)
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whered® s the longitudinal wave speed parallel to the fibérsis the longitudinal
wave speed perpendicular to the fibensdc is the shear wave speed;, €22 and
Ces are the stiffness matrix componerftsr an orthtropic material, the stresgrain

relationship can be expressed as

1

n (D -
. n(Z) @ O T T T o
v L " i i 1
- |(¢) (»;L:) (»;L:) n n il e
e |(rl.) w w ~T[ Tt s il [ (3'2)
O BT | SRS | SR | QR S | GRS 1 4] (S
T um oMo om oo mal o
u Vuynm o o o o om oow VY
In transversely isotropic materiah, @ ando ® & 7Tc.[26].Stiffness

matrix componentscij, can be expressed in terms of material properties;

~ p OO . . p UL . . p OV
® ooy " © 00Y @ 00V
. 0 O L . . 0 O 0 . - 0 (
© —Hoy "® ~ooy " ©® —ooy &3

~

® ™Oh ® ™Oh & ©

In 2D planestress casg, ,T andt will be zero, and the stress$rain relationship

reduces to
” (1’) (I) T[ =
. ® o 1 -
T n m o | (3-4)
where
- . . @] . . v O
® p L L h @ P L L h ® p L L h
. (3-5)
0
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Rayleigh wave speedo can befoundby solvingthe euation belowj27]

~
g

&) &) &)
T P = P = C 5 T (3-6)

This equation gives the one real solution where the Poigss Uy, igih theaange

of m U T™®. Rayleigh wave speed parallel and perpendicular to the fibers are

calculated by inserting®ando into theequation, respectively.

For the materials Hexply AS4/8552 UD and Hexply AS4/8552 5HSgvepeeds
are given infable3.5 andTable3.6.

Table3.5 Characteristic wave speeds oétarial Hexply AS4/8552 UD

F(mls) | @ (mis) | & (mis) | & (mis) | & (mis)
Planestress 9277 2474 1831 1745 1562
Planestrain 9377 2852 1831 1745 1652

Table3.6 Characteristic wave speeds ofit@rial HexplyAS4/85525HS

GR(m/s) | @ (m/s) | & (m/s) | &R (mis) | @ (mis)
Planestress 6391 6391 1767 1678 1678
Planestrain 6434 6434 1767 1678 1678

3.1.2 Specimens

Experiments are conducted with specismdmaving a stacking sequenceof
unidirectional w ftt hw T and fabric T @ 7t ¥t @t v. The stacking
sequence of the fabric specimensh®sen to be similar to that currently used
commercial airplanesSample specimeamand nicroscopic vievs of thar stacking

sequenceare givenn Figure3.2.
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(@)

(b)
Figure3.2. Sample specimens angcroscopic viewsf their stacking sequences

(a) Fabric specimen, (loyossply specimen

3.1.2.1 Manufacturing

Specimens are cut from manufactured curved composite platasd layup
technique with vacuum baggimgusedo manufacture both unidirectional and fabric
curved composite plateBetails of theananufacturingprocessareas follows;
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Prepregs g laid up on théluminum male tool in the desired order

Then release film and breather fabric are laid on the prepregs, and all
layup is clamped with vacuum bagging.

After the vacuum baggindhe tool is sentto the autoclave for curing
cycle.

In autochve, the pressure is increased to 6.9 bar at the room temperature,
at that pressure temperature is increased tG W@ a rate of 0.83
°C/min, resins cured at these conditions for 3 hours, ttretemperature

is decreased with a rate of 85C/min wkten the pressure is gradually
decreased. The process last 10 hours in total.

After the autoclave process, manufactured curved composite plates ar

cut into specimens.

More details about the manufacturing process can be fo20]if28]. In the next

section, the geometry of the specimmeiill be mentioned.

3.1.2.2

Geometry and Laminate Properties

The geometry of the curved specimens is showifrigure 3.3. L1 and L. are arm

length, wis width, t is thickness and is inner radiusSpecimen dimensions are

given inTable3.7. These dimensions are nominal. Dimensions of each specimen are

measured before the experiment.
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Figure3.3. Geomety of the curved beam specimen

Table3.7 Dimensions othe specimens

L: (mm) | L2(mm) | Ri(mm) | w(mm) | t(mm)
win 90 150 10 30 3.196
T Ut Ft dt dmdt v 90 90 8 25 5.04

Using classical lamination theory (CLT)emeral laminate properties of each
stacking sequencare calculatedAccording to CLT, constitutive equation of a

laminate is expressed as

or

5

Sa 0 0 0 0 0 5y
1ea IE 9 9 'O 9 9 I,II Fon
(N} |:| Ip o) o) o) 0 0 I_,II[I |:|
b T s 6 6 O O Oy " (3-7)
0 o 1D 0 0 O O O ny
W o 6 6 0O O oul v
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(3-9)

where

A is the extensional stiffness matrix,

B is the extensionddending coupling matrix,
D is the bending stiffness matrix.

Forsymmetric laminatesnatrix [B] will be zero, anenly matrix[A] is required
obtainlaminateproperties Thus, thdaminate properties depend on ot matrix
[A] andcan be calculated by usitige equationg29]

o 0 0 0 0 0 O 0 0 0 0 O 0 O
" Q 06 0 0 Q 0 0 0 0 0 (3-9
0 0 0 0 O 0 0O 0 0 0 0 0O 0 0O
Q Q 0 0 o) Q 0 0 0 0 0 (3-10)
- 0 po pgd 0 0 O 0 0 0 0
Q ™ Q o 0 0 0 (3-11)
5 0 0
b 0
5 0 (3-12
5—
0 O .
0
0 —_—
0 5 (3-13)
=—
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Forunsymmetridaminates, laminate properties depend omhaktiffness mataes

whereh is the ply thickness.
[A], [B] and [D] and equations will be

O O 0 0 O

O 0 0 :0 0

O 0 0 0 0

O O O :0 0

S ) o
— — —
a & a |G a G
0000 :0:0:0 000 x0:0:0000
00 OO0 0 :0:0 000 0:0 000
0000 0000 0000
ko0 OO0 O 0:0 O 0O 0:0 O OO
ko0 OO0 0 00 O 00 0:0 000

O :0 O 0 O

Lo O 0 0 0
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Laminate properties of each specinagagiven inTable3.8.

Table3.8 Laminate properties of each stacking sequences

Ex (GPa) | Ey (GPa)| Gxy (GPa)| vy Vyx
wfn fwm 68.99 76.41 5.3 0.0404| 0.0448
TUn Ft Ut drdt v 38.5 38.5 16.57 0.35 0.35

3.1.2.3 Specimen Preparation

To make a precise observation during the experinoeatrse and fine grinding is
accomplishedor each specimeny usingabrasivegrinding paperdavng agrid size
of 400, 800, 1000, 2000 and 400he machire disc is adjusted to 300 rprach
grinding stage lastetbr four minutes in total, andhe rotation direction of the

machine disas reversed in every one minute
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Beforeand afterthe experimets, specimens are examinetth Huvitz HDS5800
digital microscope Sample micrograptaken from the specimerabric 2before

and afteithegrinding processan be seen iRigure3.4.

Figre3.4. Curved region of the secimen bef@edt) and after(right) grinding
process

In the experiments highpeed camera was astor the crack tip speed calculation
and digital image correlation methdebr crack tip speed calculatiaime specimen
surfacewascoveredwith white sprayto make the crack tip visibl€&or digital image
correlation method, unique speckle pattern over the specimen surface id. neede
Thus,black paint is sprayed with airbrughthespecimen surfacghichwasalready

painted with white spray

3.1.3 Test Matrix

Test matrix is given iMable3.9. The experiments with specimanmbers90/0-1,
90/0-2, 90/G:3 and90/0-5 were conducted by UydP8]. These emeriments were
recorded withhigh capture rate tobtain propagation of dynamic delamination in
detail and calculatéhe crack tip speedistory. The experiments with specimen
number®0/0-6, 90/0-8 and 90/6 were conducted for this thesis the experirents
90/0-6 and 90/68, digital image correlation (DIC) methadasused to obtain ksitu
strain field.Capture ratavas adjusted t20,000 and 15,000 wbtain images having
highresolutionfor theDIC methodln the experiment 909, dynamic delaminatio
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is captured using high speed camera with 420kHpsthe fabric specimentiree

experiments were conducted with a high speed imagesdedat 420,000 fps.

Table3.9 Test Matrix for crosply and fabriccurved laminates showing specimen

number andhigh speed camera informati@riests conducted by Uy428])

Layups Specimen| Capture Ratel Resolution| DIC
90/0-1* 465,000 64 88 No
90/0-2* 465,000 64 88 No
90/0-3* 465,000 64 88 No
Tt T ho Tt 90/0-5* 420,000 64 96 No
90/0-6 20,000 512 680 | Yes
90/0-8 15,000 768 @1 | Yes
90/0-9 420,000 64 96 No
Fabric 1 420,000 64 96 No
T @t fr @t @it v | Fabric 2 420,000 64 96 No
Fabric 3 420,000 64 96 No
3.14 Experimental Seup and Procedure

To investigate the failure of curved composite laminates under pure transverse
loading,anin-house designest fixture, shown ifrigure3.5, is used The support

plate is mounted on the rail guideway, which oawve on linear rail, anthevertical

arm of the curved specimen is clamped between the squeezing plate and the support
plate withabolt. The horizontal arm dhecurved specimen is mounted on the freely
rotating pin ortheloading fixture, connected the machine grip with bolt and nut.

The bading fixture is fixedn the direction of the movement thfelinear guideway.

As the displacement applied tre horizontal arnincreasestheloading fixture pull

the vertical arm to itselDue tothe sliding movement oflinear guideway on the

linear railandt h e rptatianiheload parallel to the horizontal arm is prevented,
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and only the load which is transverse to the horizontal arm (pure transverse loading)

is applied orthe specimen.

Curved Specimen Loading Fixture

Freely Rotating Pin

Rail Guideway
Squeezing Plate

Linear Rail Support Plate

Figure3.5. (Left5 Novel test fixture designed for pure transverse loading and
(Right) CAD Drawing of fixture

The &perimentalsetupis shown inFigure3.6. Experiments are condwxt with10

kN ShimadziElectromechanicalest Frameln all experiments, Photron SA5 High
speed Camer a i s us etde hghispeedthiynaaas Gdfustegiax per i me
420k-465k fps with a resolution of 686 pixelsand64 88 pixelsto capture the
dynanmic failure The camera trigger is adjusted to center mode where the camera
saveghe images from-2 second before and after when the trigger is puliedur
experiments with fabric laminates, test speed is chosen as 2 mm/min. Tispééegh
camera imags are taken with a resolution of 86 pixelsat 420k fps by using 50

mm lens, and the camera is positioB&¢g3cm far from the specimen surface. As for

our experiments with crogdy laminatesjn two experimentsn-situ strain field is
obtained just bfore the failure event by using digital image correlation mefhioe.
high-speed camera images are taken by using 100 mm lens with 62.5 mm distance
ring, and camera is positioned 41.5 cm far from the specimen suBfefmee the
experiment started, the age of the specimen is taken as the reference image. After
the experiment started, the deformed images of the specimen are taken at every 10
seconds until the failure event. In the experiment-8)A&st speed is chosen as 2
mm/min and the failure everd captured at 20k fps with a resolution5df2 680

pixels.In that experiment, themovemenof the specimen betwedne snapshots are
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too large.This large movement of the specimen might leath#ohigh strain which
makes the pogtrocess with digital inge correlation method difficullhus,thetest
speed othespecimen 90/@ decreases to 1 mm/min. The upper part of the specimen
90-0/6 is also out of the frame toward the end of the experiment. Thus, in the
experiment 90/4B, the resolution of the imagéncreased by decreasing capture.rate

In the experiment 900, high-speed cameris usedto observe the propagation of
dynamic delaminatiorframeby-frame. Highspeed camera imagese taken by
using50 mm lenswith a resolution of 6496 at 420k fpsard camera is positioned

81.5 cm far from the specimen surface.

For the posprocess of DIC images, Ncorr, open source 2D Digital Image
Correlation program, is us¢d0]. Subsetadiusis chosen 120 pixels,and sibset

field is created itheregion of interesfcurved region of the specimenith a 1 pixel
overlapping Displacementield is obtained by correlating subsets in the reference
image with the deformed imag8train field is calculated with a strain rasl of 6
pixelsby usingdisplacementield. Subset radius and strain radius is chosen so that
thenaisy dispacement and strain data can be eliminated.
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Figure3.6. Experimental stup used in the experiment
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3.2 Finite Element Method

For better understanding of the failure observedthia experiments 2D Finite
element analysis is carried owtth ABAQUS\Standard Considering the red box
shown inFigure 3.7a, D finite element model shawin Figure 3.7b is created.
According to theexperimental setup, the length &nd L. are equal to 40 mrfor
crossply laminatesand27 and67 mm for fabric laminates, respectively simulate
loading condition reasonablyeferaence point is created in the bottom point of end
line of the horizontal armThis reference point ikinematicallycoupled with the
right edge of the horizontal armia Interaction Module in ABAQUS Then
displacementoundary conditions applied tothe retrence pointln the finite
element model, theottom edgeof vertical arm should be free in thediection
while the reference point is fixed in thedkectionaccording to the experimental
boundary conditiondHowever, in our finite element mog#ies two conditios are
interchangd. It means thathevertical arm is fixed while the reference point is free.
This is becausthe relative distance between the reference point and the bottom edge
of the vertical arm is importanThus,our finite element bundary conditions also

simulate the pure transverse loading

L, , Kinematic Coupling

1 /v
: 1 Reference Point
y uy

¥
=== u=u,=0

a b
Figure3.7. a) Experimental boundary conditions amD finite element model

generated
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Each ply is meshed with 2, 3, 4 and 5 elemémtshe mesh convergence studys

the number of mesim which each ply is modeled increases, the mesh number of
each arm anthecurved region also increases proportionally. Stress distribution and
load-displacement curves are comparedd anis observe that the results
approximatelythe same in all mesh refinement. Th@smesh per ply is used in the
finite element analyse® save from the computational timEhe meshed curved
region isshown inFigure3.8a-b for crossply and fabric curved beam, respectively.

In both curved region and arms, 2 elements peaysed Thenumber of mesh in
tangential directiorin the curved region and the arnssdetermined so that the
elements can have an aspect ratio of ithe finite element model of crogdy
specimensb elements per 3° for the curved region 850 elements for tharms

are usedln the finite element model of fabric specimeBglement peB° for the
curved region anti48-295elements for theertical and horizotal arm respectively,

is used In the finite element model of fabric specimdnsode bilinear plane stin
guadrilateral elements with reduced integration method known &ARCHN
ABAQUS libraryis used fothe element typeln the finite element modelf aross

ply specimens2D Hashin Module provided by ABAQUS is usedadtin criteria
gives result for the element type with plane stress formulation. Tieiglement
type is closen as 4hode bilinear plane stress quadrilateral elements with reduced
integration method (CPS4Rdr the finite element model of crepsy specimens.
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}v 5 elements per 3°

2 element per ply

(@)

',

N
‘-’;:s
2 element per ply 3 elements per 3°

Figure3.8. Mesh refinement in the curved regimm (a) crossply and(b) fabric
curved specimens

“a

In addition to themodels created with experimental boundary conditionty the
curved region is also modelled considerihgboundary conditionsiith whichthe
analytic stress field is derived.oad applied to the arm of the curved beasn
transformed to the upper end thfe curved regiorand creates shear load and
bendig moment This shear load and bending moment is appieethe curved

region separately. Thehestresscreated by these loadse superimposed.
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In addition to obtaining the stress field over the edrlseam, Hashin Damage model
is used to capture the tensile matrix cracks observed ircritesply curved

composite specimens.

Hashin Failure criteria distinguish the fiber and matrix failure both in compression
and tensile load. In our case, only thestenmatrix failure is crucial. This is because
the high tensile stressaston the inner region of the curvature

In progressive Hashin failure criteriajtiation criteriafor the tensile matrix crack

is as follows:
Matrix Tension in 2direction ,, T :

” ” T

° ¥ W (319
Matrix Tension in 2direction ,, T :

” ” T

° v W (320

., and, are stressesm the transverse direction to the fiber and thickness
direction, respectivelyand™Y and"Y are the material strength corresponding to
these stresseegespetively. T is the transverse shear stress, ‘ahd the material

strength corresponding to ttransverse shear strength.

Damage evolution witthelinear softening response for Hashin Damage Criteria is
shown inFigure3.9.,, and s the displacement and stress at which the initiation
criterionis met andhe damage stast These parameters and  are defined by

the elastic stiffness and strength of the materials@e dissipted fracture energy
during the complete failure and equals the area of the triangular giteguire3.9.

For the tensile matrix failure, it equals Mode | fracture energy which is 0.28 N/mm

for our material] is the dsplacement at which the elements are completely

damaged. It depends on thedhd, and can be calculated by using the formula:
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¢'OF, . Point B describes any point on the linear softening curve AC trend

damage parameter at poBitan be calculated with

Q
10 1 (3-21)
where
1 0 &6 O - "MeEqa QQI Qwo Q¢ ¢ (3-22)
1 0 &6 O - Mtd QA Qwo Q¢ ¢ (3-23)

0 is the characteristic length which provides a constitutive law défias stress
displacementelation and calculated by ABAQUS. and- are straingn the
transverse direction to the fiber and thickness direction, respectivelig. the out

of-plane shear strainStress corresponding to displacementis

Q1 C’m' 0 T -
n 1 b (3-29)
Q1 C’m' 0 T -
: T (3-25)
Oeq
Equivalent
Stress _
re ol A (d=0)
B (d)
Gc
A
C(d=1) .5
0 5gq 5£q Equivalent “

Displacement

Figure3.9. Damage Evolution in Progressive Hashin Dan{&8aé

41



3.3  Analytical Method

Ko and Jacksorn32] proposed a analytic solution for the stress filecbver the
multilayeredcurved beamBy developingMATLAB code for the solution proposed
bythem thestress field over the curved be@wbtainedThe code is validated with
finite element analysjand comparison of result obtained frdm &nalytic solution
with finite element results are given in APPENDI Timoshenko[33] and
Lekhnitskii [34] was also proposed a solution for the stfiedd in the curved beam,
andthe methodology used by Ko & Jackgsmelated with tatusedby Timoshenko
and Lekhnitskii Thus,the derivation of the analgtstress field solution proposed by

Timoshenko, Lekhnitskii and Ko & Jackson is giverdatail.

Ko & Jackson derivethe stress field famo different types of loadhe pure bending
moment and end shear thdn addition to thesgypes of loadthe stress distribution
over the curved beam under endrmal load was derived by following Ko and

Jackso Ongethodology.

In all proposed solutions, the Airy Stress Function method is used to derive the
stresses over the beam. Stress and strain equations in terms of airy stress function are

given below

Stress equations:

p'Q %o P 'Q %o

” Y T~ 3 ; (3‘26)
Q1 1 Q—
'Q %o
3-2
g (3-27)
Q pQ %
— -7’ 3-28
& Te (3-28)
Strain equations:
[90) p V) 3.29
- ’Q‘l !O ” !O ” ( - )
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e 3-31
F 1 — Qi i OJr ( )
3.3.1 Ti moshenkods Curved Beam Soluti on

Timoshetko [33] found the stress distribution over an isotropic curved beam. To
estimate the airy stress function giving the stress field over the curved beam, the
compatibility equation is written in polar coordinates and solved fdn kmd case;

pure bending moment and shear load. The compatibility equation in polar coordinate
is expressed as

Q pQ pPpQ Q% pQ% p Q%

a il a9 iai i o
Pure Bending Moment Case:

T (3-32)

The curved beam under pure bending mamgrshown inFigure 3.10. Bending
moment (M) is applied to each encamd k are the inner and outer radii of the curved

beam, respectively.

Figure3.10. Curved leam under pure bending moment

The bending moment will be constant at each esession over the beam, and stress

distribution does not depend on angtelhus, the compatibility equation reduces to

43



Q pQ Q% pQ%

a T4 i (339
The general solution of that differential equation will be
% 6 611 61 6111 (3-39)
Constants (¢ Cz, Cz and G) can be found by using the boundary conditi(B&)
below
i) Radial stress in the inner and outer radii is zero;
by 1 mand, i 1 BC1
i) Sum of the normal forces at the ends is zero while they create a total
moment U ;
, Qi mand, , 1 Qi © BC 2

iii) Shear stress is zeab the boundary;

T ) BC3

After finding the constants and inserting them into the stress equatibnsand

t , the stress field over the curved beam under pure bending moment is obtained as

[ Lol N
” — — 1l I= 1 11= 11l/I+ 3-3
0 i i i i (3-39)
10 [ oo oA . .
» -— —l 1= 1 1 1= 111+ 1 | (3-36)
0 i i i i
T— m (3-37)
where
" . . R T‘l
0) | | TL 1 I_ (3-38)
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Shear End Load Case:

The curved beam under shear load can be sdégune3.11. The beam is clamped
from the lower end while shebbad V is applied to the upper endamnd e are inner

and outer radii of the curved beam, respectively.

Figure3.11. Curved beam under shear load

At each crossection of the curved beam bending monigmiroportional tad E-F
and the normal stress (or tangential stress in that case) is proportional to the bending
moment based on mechanics of materials. Thus, in the curved beam under end shear
load, tangential stress dependstB—+ and this condition can be satisfiaith the

stress functiodowhich will be
% Qi OB+ (3-39

When the stress function is inserted into the compatibility equation, the ordinary
differential equation below is obtained
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Q poQ Q0 pQ'Q 0
P P P = (3-40)

The general solution of that ordinary differential equation will be

% O i 61 61 61l 1 (3-41)

Constants ¢ C; Czand G can be found by using the following boundary conditions:

Radial stresses at the inner and outer radii are zero

(i)

, ih— m , ih m BC 4
(i) Sum of the kear stresat the upper end equals to the fovGe
t ol e BCS
(i)  Shear stress at the inner and outer radii is zero
BC6

t ih— mh tyih= ™
After finding the constants and inserting them into the stress equatibnsand
, the stress field over the curved beam under end shear load is obtained as

-l-
@, i i |
” S l \ \ O E_l- (3'42)
V) l |
w . i i |
@, i i |
t— =1 = _ Ri-6 (3-44)
) l |
where
173 \ 1 N A i Ti
V) | | | | —
I (3-49)

46



Normal End Load Case:

The curved beam under shear load can be sdégune3.12. The beam is clamped
from the lower end whilaormalloadP is applied to the upper england g are inner

and outer radii of the curvdmkam, respectively.

Figure3.12. Curved beam under normal load

Timoshenko did not derive the stress expressions explicitly for that case but did

explain how to obtain the stress field. Stress fundem the form of

% Qi AT-© (3-46)

gives the stresses on the curved beam under both normal end load P and bending
moment M. By subtracting the solution of pure bending moment case from the
solutionobtained by that stress function, stresses for the curved beam under normal
end load can be obtained.

3.3.2 Lekhnitskiidés Curved Beam Solution

Lekhnitskii [34] derived the stress field over an anisotropic curved beam under pure

bendng moment, end shear load and end normal.load
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Pure Bending Moment Case:
For an anisotropic curved beam, the compatibility equation in terms of airy stress

P 'Q %o " Y P 'Q %o . P ‘Q %o
0 ® Tgos ¥ T anas
Y P 'Q %o

function is written as

. Q%
“qa “Yia o—
v P 'Q %o Y pQ %o "
i Yig % ® o
ok’ o X’ o X’
ﬂg_/ & ﬁ?f” @ 6 3;2/9 (3-47)
[ | | —_
C(b C(b & p’Q%o & p'Q%o
p’Q%ol Q— I QI
Tt

AR o

In pure bending case, airy stress function F does not depenrd ®hus, the

compatibility equation reduces to
v Q %o PQ% ., PQ% . P Q%
“a “ia a ol " (3-49)
and general solution of this ordinary differential equation will be
[AP-REY 74 vy 7‘ vy 7‘ IR
Ol 0O Ol Ol wl (3-49)
After finding the constants by using teameboundary condition8C 1, BC 2 and
BC3as Ti moshenkods solution, stresses
0 p @ i P O O .
- - 3'50
R o TSR o o 1 Y (350
0 p O . i P O . QO .
- — Q = — Q — 3-51
) Qi P P W W p W © (351
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(3-52)
where
N 0TI 0 70 (3-53)
© 1A (3-54)
P O 0O p & W p @
ST Tee a6 T b (3-59

End Load Case:

The curved beam under end load, P, can be seéigime 3.13. | is the angle

between the load P and its shesd component.

Figure3.13. Curved beam under normal and shear load

For normal and shear load components of the end load P, stress futetions | O

and%. i i "Qtare proposed. Thernresses created by the end load P are found by

superimposing the solutions obtained from these airy stress functions.

1As it was said by Ti magiseh thensikessdisld restltHirant endsnbrma s s
load and its coupled moment, not only end normal load.
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To find the form of airy stress function, the compatibility equation used in pure

bending moment case is rewritten for an orthotropicenmedt

PQ% p ¢ p Q%
o qQ O O i Q9 Q= 0i & OiQ

P QU P Q% p p Q%o

O O i QiR Oi q (3-56)

The ordinary differential equation above is solved for eachsaiegs function, and

the general solution is found as
01

% %o i AT-© % i OB+ 061 6i
6111 A6 61 6i 61 611 1 OBF (3-57)
where
y O . O
0 P g P G 5 (3-59)
The constantd 5 5 andd are found by using the same boundary cood#BC
sol Wt MBranddé To find th

4,BC5andBC6as Ti moshenkoods
boundary condition at the end where load is applied is rewristen a

0 (3-59)

and other boundary conditions are identical vt 4 andBC 5 in the shear load

case.

After finding the constas, stresses are obtained as
0 i ) v s

— N — ' 3-60

v W P w OB+ | (3-60)
0 i o . v s

— 0 = - ' 3-61

" o P ° g poiwmeE+| (3-61



~1 g4

T %l %) @ p @ AT O | (3-62)
Where
o i (3-63)
Qzp b p HID (364

In the solution proposed by LekhnitskiQand 6 are the anisotropy parameters.
These parameters give the correct stfieedd for the oneplied layup or the layup

where all plies are oriented in the same direction.

3.33 Ko and Jacksondés Curved Beam Solutio

Ko and Jacksori32l appl i ed Lekhnitskiids methodol
multilayered curvedoeam by considering the interface boundary conditions (or
continuity of stresses and displacements at the interfaces). As shbwurie3.14,

stresses are derived for a semicircular curved beam under bending moment and end

shearoad.i andi are inner and outer radii of the curved beam, respectively.

Figure 3.15 shows the flayered curved composite part. indicates the radial

locations. ForQ mand™Q ¢, radial locations are inner riad and outer radius,
respectivel vy, a n dl1) showhtleerinteifaces laetwaea plies( As, € r
shown inFigure 3.15, stresses and displacements of plies are the same &t the i

interface.
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Figure3.15. Boundary conditions and notations used in multilayered theory
Pure Bending Moment Case:

Stress function proposed by Lekhnitsk %is ysed to obtain stresses
%ol 0 Oi 0i 0i

(3-69)

where
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QO & 070 (366

For that stress function, constant will vanish from all stress and displacement
equations, and these equations will depend on the conthiit,andd . For nth
layer curved beant, z o unknowns must be found. The boundary condgitmfind

theseot unknowns are

i) For'Q mandQ ¢, radial stress at the inner and outer radii are zero
L 1 BC7
i) For i = 11), attheisterfacas, radial stress, radial displacement and

tangential displacement of the adjacent plies are identical

BC8

iii) Sum of the normal forces at the ends am® xe¢hile they create a total

moment O ;
i1, 17Qi i, 1 Qi 0 BC9

wherei is the neutral axis of the curved beam.

By solving system foequations consisting of 3n equations, the constaris and

0 for each layer are found, and stresses are obtained.
End Shear Load Case:

For end shear load case, the stress function proposed by Lekhnitskii is used
O 61 6i 61 6i1 1 OB+ (3-67)

where

53



y O , O
o] p o p QU o (3-68)

0 will vanish from all stress and displacement equations, and the boundary

conditions used to find thee unknowns will be

) For'Q mandQ ¢, radial stress and shear stress at the inner and outer

radii are zero

., Lh— mandt ih— ™ BC 10
.1 mandt i h—
i) For i =1-1), aRtheéinteffanes, radial stress, shear stress, radial

displacement and tangential displacement of the adjacent plies are

identical
, 1h— , i1h—andt ih— Tt 1h—
6 ih— 0 1ih— BC 11
6 ih— 0 1h-
iii) The sum of the shear forces at the ends equals t¥'the
t ihQi ® BC 12
Radial stress and shear stress equations are identical to each other in terms of r. Thus,

when one stress equation is satisfied, the other stress equation is also satisfied.

When the system of equation consisting of the boundary conditions above is solved,

the constanté ho andé for each layer are found, and stresses are obtained.

3.34 Stress Distribution over the Curved Beam under End Normal Load

Stress distributionver the curved beam under end normal kamvn inFigure3.12

is derived by using the stress functiéproposed by Timoshenko
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% Qi AT-O (3-69)
As it was mentioned irChapter3.3.1, this stress function gives the stress field
created by end normal load P and its coupled moment M. Thus, stresses created by
the couple moment are subtracted from the ones obtained by using stress fénction

The couple moment M is equal to

C (3-70
according to ESDU35].

The constant§ i 5 andd are found by using the same boundary cimakBC
4,BC5andBC6as Ti moshenkods sol wWthi Mrandé To fi nd

boundary condition at the end where load is applied is rewdten

The methodology used by Ko and Jackson is followed to derive the strékses.
boundary condition8C 10 andBC 11 is usedin conjunction with the below end

normal loadboundary condition

, 1hmtQi 0 (3-71)
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CHAPTER 4

RESULTSFOR CROSS-PLY CURVED COMPOSITE LAMINATE S

4.1 Experimental Results

Loaddisplacement curves obtained from the experiments are givagure4.1. In

the experiments 90/0, 90/03 and 90/66, multiple load dropareobservedin these
experimentsone or two delamination occurs simultaneously at one load Alfi@p

each load drophe stiffness of thespecimas decrease$n the experiment 90/6,
90/0-8 and 900-9, more than three delaminations occur simultaneously at one load
drop. Thus, specimens lose their load carrying capacigingte load drop.The
experimentof specimen90/0-6 is stopped after therft failure. An additional
delaminationoccurredbeforethe specimen is not unloaded .ylettheexperiments,
crackling soundareheardduring the loading, andcreasess the loading increases.

In the experiment 90/9, high crackling sounavhich leadsto small load drop is

heard.Load-displacement data could not be taken from the experimeni290/0

In all of the loaddisplacement curves, ndimear behavior is observedecause
excessive displacement which leads to incréalee angle of theurvedregon so
much as shown ifrigure 4.2. The lbaddisplacement curve obtaindcbm finite
element analysis (FEA) is also drawn wikie black dashed line. There is no load

dropseenin FEA since delamination is not simulated in the gsial

The failure loads and the displacement corresponding to the first failure load are
given inTable4.1. The specimens where multiple load drops are observed reach 76
82 % of their first failure loadThe 3" failure in specimen 90/8 occurs at 32 N,

which exceeds the previous failure load 08 31 High load drop of 321 Mccurs

in the specimen 90/1 after the  failure. This high load drop is attributed to two
delaminations occurring sequentially durihg ttourse of the load drop.
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Figure4.1l. Load displacement curve obtained from experiments and finite element
analysis (FEA)

Figure4.2. The image of thepecimen 90/ just before the failure.
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The averageof thefirst failure load of the specimen where multiple load drops occur

is 574 N while that of the specimen where multiple delaminations occur in a single

load drop is 9B N.

Table4.1 Displacementlaiure) corresponding tosifailure load anddilure loac

of crossply curved composite laminates

. 18t Failure 2" Failure 3 Failure 4% Failure
Specimen |- tawe (MM) - dow | Load oy | Load vy | Load (v
90/0-1 189 562 450 439
90/0-3 16.8 416 317 324 226
90/0-5 231 745 614 322 254
90/0-6 295 1020
90/0-8 309 806
90/0-9 310 1081
41.1 In-situ High-speed Camera Images an@he Crack Tip Speeds

In the specimen 90/, multiple load drops are observetigh-speed camera images
correspondingo theseload dropsareshown inFigure4.3. After the firstload drop,
theexperiment is pausedndhigh-speed camerlianages are taken. Thghecamera

is readjusted for the"2load drop. Tle proceduraepeatedor each load dip. The
radialblack linein theimageshelps us to distinguisihe angular position of the point
wherethe crack nucleatesThe 1% picture of each load drop shows just before the
onset ofcrack nucleation2™ & 3 pictures are takerthe4.76 >s & 9.52 >s after the
crack nucleationlt is observed that the first failure occurs in the inner ply of the
curved region, andgubsequentailures occur inthe outer plies in ordeas the

displacemenapplied on the horizontal arimcreases.
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15t Load Drop

o m m m

3" Load Drop
Figure4.3. High-speed camera images corresponding to load arogesrved in the
crossply specimert0/0-5.

f

/

4™ Load Drop

" S
s
s
|

In the specimen 90/0, four delaminations occwsequentiallyin asingleload drop
and the higkspeed camera imag correspond to these delaminatiarsshown in
Figure4.4. The 1% pictures at eachrow of Figure4.4 shows just before th@nset of
delamination The 2"¢, 39 and 4" delaminatiors occurafter 7.14t s, 28.57t s and

83.33t sthantheinitiation of 15 delamination respectivelyAs it was observed in
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the experiment 9048, thefailure locationmoves from the innesideto the outer

side of the curved region.

1St
Delamination

2nd
Delamination

3 mm

t=11.90 pus

3rd
Delamination

3 mm 3mm

t=28.57 us t=3333ps

4th
Delamination

3mm 3mm 3mm

t=83.33 s t=85.72 ps t=88.09 s

Figure4.4. High-speed camera images corresponding to sequential delaminations
occuring during the course dheload drop in the crosgly specimen 90/@.
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High-speed camera pictures obtained during the first éivagd in specime®0/0-5
are shownin Figure 4.5. In the experimentthe capture rate is 420,000 fpshe
interframetime is 2.38>s. In the first picture failure is not yet started'he ¢ack
theninitiates in the curved regiand propagates through the vertical and horizontal

arms.Crack tips are pointed out with red arrows.

Figure4.5. Propagation of the crack during the first load dmhe crossply
specimerd0/0-5




The cack tip speeds are calculated with the kégleed camera images obtained
during the first load droplhecrack nucleation point could not be captured. Thus,
is taken as the migoint of the crack tipat t=2.38>s. The cack tip positions are
calculated in the unit dhepixel. Then by calibrating vertical arm lengthelength

of the pixels is foundand crack tip positions are convertedrtitlimeters

The gack tip position othelower and upper crack sg@reshown inFigure4.6a-b,
respectivelyThe aack tip speedshown inFigure4.6c-d, arecalculated by using
thecentral difference method tbecrack tip positios. Thelast speed data, however,
is calculated by usinthe backward difference method.

Thetrend ofupper crack tip spesabtained m bothexperimens 90/0-2 and90/0-5,
aresimilar to each otheifn these experimentspper crack initiates with a speed of
905 m/s and 570 m/sespectivelyThen in both experiments, the crack slows down
to 478 m/swithin 4.76>s andB.60>s, respectivelyAfterwards the crack acceleres
and reachsthe maximum speaf 1363 m/s and 1104 m/sthietime of 15.05>s
and 11.90>s. Thenthe crack tip speed stattio slow down, and this indicates the
crack will probablybe arrested in the horizontal arm. As for the lower crackinip,
both experimerst90/0-2 and90/0-5, it initiates witha speedof around 525 m/s and
propagates ith that speed for 2.38s. Thenthe cracktip speeds up t6€147 m/s at
thetime of 8.60>s in the experimeri0/0-2 and 1188 m/s dhetime 0f11.90>sin
the experimen®0/0-5. After that point the trend of the crack tip speed in the
experiments diffexntiatesfrom each other. In the experim&/0-2, lower crack tip
speed slows down by 120 m/s then speeds up to 167avhith is slightly more
than Rayleigh wave spegice.,1652 m/sin the experimen®0/0-5, 1188 m/s is the
maximum speethat cracktip reachesAfterwards the crack tip speestbws down
830 m/sthenspeed up t01014 m/s.
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Figure4.6. Crack tip position and speed history for crpgglaminates(a) upper
cra tip position, (b) lower crack tip position, (c) upper crack tip speBdower
crack tip speed

4.1.2 Digital Image Correlation Results

In the loaddisplacement curve of experiment 9@0sx displacement valueare
indicated agetters a, b, c, d, e anchéshown inFigure4.7. Von Mises strain field
independent from the coordinate systetalculated with digital image correlation
methodand isgiven inFigure4.8. Thelettersof the figure correspondo the letters

shown in loaedisplacement curve

At the displacement of B.mm (Figure 4.8a), light-blue spot(~6530 >strain) is

observed in the inner side of the curve reghsihe displacemenihcreases t43.33
mm (Figure4.8b), three more spotswo of them in the outer side thfe curve region
and one of them in the inner side tbe curve regionare also observed As the

displacement increases, straomcentréion at these spofts gettingclearer (Figure
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4.8c-d). At the displacement value of 28.3 mniridqure 4.8e), high strain
concentration occurs at the lower spot in the inner side of the curved asd2@400
>strain. Just before the failur&igure 4.8f), higher strain concentration of 29500

t strain occurs in the upper spot in the inner side of the curved region.

1200

—90/0-8

1000 F

800

600 r

Force (N)

400 r

200 | a

O 1 1 1 I 1 1 1 1
0 5 10 15 20 25 30 35 40 45
Displacement (mm)

Figure4.7. Six displaement values indicated at tlmabtidisplacement curve of

experiment 90/6B.
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Figure4.8. Von Mises strain field over the curved region of specimen-8@i&ix
displacement valued (a) 6.67 mm, (b) 13.3 mm, (c) 20 mm, (d) 26.7 mm, (e)
28.3 mm and (f) 30.1 mm

In Figure4.9a-b, von Mises strain field just before the failuFequre4.8f) and high
speed camera images just after the failure are dorethe specimen 90/8. In the
experiment, capture rate 15000fps. Thus,theinitiation location of thedynamic
delaminatiorfailure could not be captured wittigh speed camer@he red pots in



the inner side of the curve region shown in %o® Mises strainiéld coincide

approximatelywith thefailure region.

Figure4.9. (a) von Mises strain field just before the failure émHigh-speed

camera images just after the failure

Von Mises strain distribution is taken frohroughthethicknesssectionof d=45°,
shown inFigure 4.10, for six different displacement value€omparison of thee
strain distribution is given ifigure4.11. In the displacement value of 5 mm, the
specimen is not loaded so muemd this might lead to the higioisy datain the
digital image correlation method hus the strain field athat displacementalue
misleadghe general trend of thhroughthethickness/on Mises strain distribution.
Exceptfor the strain field athe displacement of 5 mm, von Mises strain increases
asthe displacement increased all displacement values, vanises strain at the
inner side is higher than thaftthe outer sideand strain decreases to thil-section

of thicknessVon Mises strain at the inner side increaBesn 0.012 mm/mm to
0.023 mm/mmnas the displacement increase from 25 mm to 30 mm.hidjisstrain
increase can be attributed gtrain concentration which leads to the failure of the

specimen.
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Figure4.10. Throughthe-thicknesssectionwhere von Mises strains is obtained.
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Figure4.11 Throughthe-thickness wn Mises strain distributioabtained from

digital image correlation methat six different displacement values.
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41.3 Postmortem Micrographs

The mpstmortemmicrographtaken from aestedcrossply specimeris shown in
Figure4.12. The gacks are highlighted with a black marker to make them more
visible. The original micrograph is also given in the APPENDBXIn the first
ninety-degreeoriented ply, radial matrix crackand delaminatiorare observed
Delamination lead#o splitting of the F'and 29 plies This delamination, however,
do notpropagate at the interface so muichthe 29 (3" ply) and 3% (5" ply) ninety
degreeorientedplies meanderingnatrix cracks are observed In the 3 ply, crack
meanders in the region which is located betw8@h and 52° counterclockwise
relative to theransition line from curved region to horizontal arm. In tfieH, this
meandering behaviarccurs at the region between°2éhd 57°.1t is observed that
the region where the meandering behavior occurs is closer to the horizontal arm than
the vertical arm. After meanderinthe cracks reachhe upper 0/90 interface and
propagates to the arnibhe aack patterns observed ihe 7" and 9" pliesarealso
similar to each otheiThe adackdid not propagate inside the ninatggree oriented
ply. It propagatesit the lower 0/90 interface, thereaclesupper0/90 interface by
making kinks. In additiorio the major crack shown in the plies, secondary radial
matrix cracks are observed in thimety-degreeoriented pliesThese radial cracks

are tilted and approximately reach @& they getloser to the vertical arm
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Horizontal Arm

Curved Region

—) \/ertical Arm

Figure4.12. Micrograph taken from the specimen sample after the experiment

Figure 4.13 contains the posnortem micrograph of the curved region of the
specimen90/0-6 and two closaup picturesof the damage region In the upper
regionclose up picturethe cracks meander in the S0oriented ply In the bottom
regioncloseup picture it is seen thdiber breakage occurs in ti289 ply having 0
orientationandthe first ply splits from the adjacent 0/90 interfacRadial matrix
cracks observed in thés' ninety-degree oriented plarealsopointedby smallorange
circles. The radial cracks are not evenly spaced.
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Figure4.13. Postmortem micrograph taken from the cadvregion ospecimen
90/0-6

Figure 4.14 contains the posnortem micrograph of the curved region of the
specimer®0/0-8 and two closeaup picturesof the damagelhe damage occurs in the
specimen is similar to the that observedha specimen 90/6. In both closeup
picture fiber breakage shown.The 29and 3 90° oriented plies break into pieces
Radial matrix cracks observed in th&riinety-degree oriented plglso pointed by

small orange circles.
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Figure4.14. Postmortem micrograph taken from the curved regiospdcimen
90/0-8

4.2  Finite Element Analysis Results

42.1 Elastic Analysis

After the experimental observatioase donestress field over the curved beam is
obtainedfrom finite element analysis (FEA) to eluciddtelure mechanism of the
crossply curved composite laminateBangentialdirection ofthe curvedregionis
defined byd asshown inFigure4.15.
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Figure4.15. Tangential direction of curved beam defineddby

Stress distributionshown inFigure 4.16, is obtainedat a displaement ofL8 mm.
Tangential stresgs tensile in the inner region while it is compressive in the outer
region due tdhe bending momenthatincreass theande of the curve Maximum
tangential tensile stregs 0° pliesis 1084.49 MPaat the section ofi=80° while it is
about85 MPa which s close to the material strength in the transverse diredtion,
90° pliesat the section af = 8. Rddial stresss approximately zero at the arrasd
all over thannerand outer radiof the curved beanit increagsin themid-thickness
of thecurved regiorand reaches the maximum stress453 MPaat the section of
72 in the 8" interface between"8and 9" plies.In the shear stredgeld, four spot
points are observed at tmear theboundaries of the curvepart and the arms
Maximum positive shear stress occurs at the red psifit. 79 MPawhile minimum
shear stress occurs at the blue spot pErRl3.66 MPa Radial and shear stress
are approximately zero in the inner regwhile high tangential tenld stresss act

on that region. Thusne of the reason of the radial matrix craickihe inner ninety
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degree oriented pkshownin thepostmortem micrographs might blee tangential

stress

og (MPa)

1084.49
912,22
739.94
567.66
395.39
223.11

50.83

-121.45

-293.72

-466.00

-638.28

-810.55

-982.83

Figure4.16. Stress field obtained fdine crossply curved composite laminates:
(a) Tangential Stress (b) Radial Stress (c) Shear Stress

Throughthethickness stress distribution at the sectiodef4 5A i s taken from
element analys and compared with analytic solution as showRigure4.17. For
thetangential stressegs, , there is a got agreement between tla@alytic solution
andfinite element(FE) modelwith analytic boundary condition®8Cs). Analytic
solution gives higher tangential stress tharRfBenodelwith experimentaBCs, and
themaximum errois 16 %. Tangential stresses are much highed® orientedplies

than in the 90%rientedplies, andit decreaseffom inner region to the outer region
linearly at the plies havinghe same orientatianFor the radialstress,, , analytic
solution andFE model with analytic BC givedose resultsThe error is less than 6

%. The error between the analyticsidbn and FE witrexperimental BCs, however,

is much higher and is approximately %7/ Radial stress is low at thernier and outer
region of the beam, aridcreases to the mithicknessThe 7", 8" and 9" plies have
approximately same radial strességt the shear stres$, , analytic solution and

FE model with analytic B@re in good agreementhe error iséss than 3%. The
maximumerror between the analytic siibn and FEwvith experimental BCss so

high and is approximately 50 .%he trends of radial stress and shear stress
distributions are the same. However, the shear stress values are significahgly near

7 times lower in comparison.
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As it was mentioned in the section ®fL.4 plane stress elemardre used in the
analysis. The stress distribution for the plane stress and plain strain elements is
approximately samelhroughthethickness stress distributions for these elements
are compared and given in APPENDCX

Von Mises strain field is obtained from the elastic analysis at a sect 67 for

six displacement values and showmrigure4.18. von Mises strain increases as the
displacement increases. The trend of the distribution is similar at all displacement
values. In the inner side of the curved region, von mises strain reach itaumaxi

In the displacement of 5 mm, its maximum value is 0.0023 mm/mm, and it reaches
0.018 mm/mm in the displacement of 30 mimwardsthemid-thickness, von Mises
strain decreases, and in all displacement values, the minimum von mises strain
occurs approxnatelyat the same location wherermalized througlthe-thickness
direction,r, equals 0.51. Twardthe outer side of the curved region von Mises strain

increases again.
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Figure4.17. Throughthe-thickness stress distribution at the sectiod &f 4 f6r A
crossply specimens(a) Tangential Stress (b) Radial Stress (c) Shear Stress
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Figure4.18. Throughthe-thickness von Mises strain distribution obtained from
finite element analysis at six diffetedisplacement values.

4.2.2 Elastic Analysis with Stiffness Reduction of Inner Plies

In Figure 4.19, the interfaces where the delamination occurs are shownl1sThe
delamination occurs in thednterface (between the%3and 4" plies), andthe P
three pliesare separatefiiom the specimen. Thehe 2" delamination occurs in the
4™ interface, andtwo additional plies are separatedrom the specimens. The
following delaminations occur in the next interfaces in order, and addipbesare

alsoseparatedrom the specimen. Delaminations propagate up to the location where
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the specimen is clamped toe fixture in vertical arm or mounted to the loading
fixture. In 90 oriented plies, radial cracks also occand in the arms the ciac

growth into the @ oriented plies. Considering these experimental observatiass, it
assumed that treeparateglies afterthedelamination occurs does not contribute to

the stiffness (load carrying capacity) of the specimen.

4th Delamination— — — — e — — — — — — — — — — — — — — — — —- —_

3"9Delamination — — — —

4“1
Stiffness

3rd ;
Degradation

Stiffness
Degradation

Figure4.19. Interfaces where the delamination occurs and the plies whose stiffness

are degraded.

To simulatethe abovesituation in finite element analysis, additional models are
created by degrading elastic modules of the adispio 100 MPa in both directions.
Additional material properties are defined férahd 90 oriented pliesFigure4.20
shows the material definition in the finite element models created for each
delamination. Dark and light ey represent the nedegraded Dand 90° material
properties, respectivelyDark and light red represeithe degraded “0and 90°
material properties, respectively. The degraded material proparéefined for
both curved region and armis the load-displacement curves obtained from the

finite element analyses are giverFigure4.21.

78



r

1% Stiffness Degradation 2"dStiffness Degradation
3'd Stiffness Degradation 4™ Stiffness Degradation
Figure4.20. Material propertynap for thestiffnessdegraded finite element

models
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Figure4.21. Load-displacement cungobtained from the finite element analysis
with degraded material property
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4.2.3 Matrix Damage Progression using Hashin Criteria

To predict the failure patterobservedn the micrograptof crossply specimens
Hashin criterigbuilt-in ABAQUS is usedHashin criterias defined only 90 plies.
Mesh refinemenstudy is condcted Finite element models are created with a
elementhumbes of 2, 4, 6 and 8 in each plizigure4.22 contains thenitiation of
the tensile matrixdamagen 2-directionat these modeldlt is observed that matrix
crack initiates at the section #£87° in the F' ply having ninety-degree orierttion
At this ply, radial and shear stress is nearly zero. Tihgsan be said thaangential

stresses lead to initiation of these matrix cracks.

)

2 elementger ply 4 elementger ply

.

6 elemens per ply 8 elementger ply

Figure4.22. Initiation of tensile matrix damage 2ddirection for different mesh
refinement
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In Figure4.23 andFigure 4.24, the progression of the matrix damage at these models
is given for two different displacement values of 20 mmd22 mm.It is observed
that the matrix crackasre noin evenly spaced mannensall mesh sizes’he number
of radial cracks and their throughe-curvature direction at the'!ply change with

mesh size.

2
Elements

per Ply

Displacement 20 mm Displacement 22 mm

4
Elements

per Ply

Displacement 20 mm Displacement 22 mm

Figure4.23. Progresion ofthetensile matrix damage atdirectionfor the mesh
refinement of Zlementger ply and £lementgper ply
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I | I id
L ]
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Figure 4.24. Progression of tensile matrix damage -gir2ction for the mesh
refinement o6 elementger ply and elemetnger ply

To observe the crack path orientation in detail, the propagation of the erarks
from the model meshed with 8 elements in each ply are presented for additional
three displacement values of 24, 27 and 30 mm as showigime 4.25. At a
displacementalue of 24 mm, damage in the"290° ply is also shown. As the
displacement increases to 27 mm, matrix crack evolves all ovef@e® dly, and
matrix crack stagto initiate in the 39 90° ply. At the displacement valuef 30 mm

in the first three90° plies, radial matrix cracks are seéi.all thesedisplacement

values, the matrix crack indrection does not occur.
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(@) (b)

()

Figure4.25. Progression ahetensile matrix damage atdirection for the mesh
refinement oB elementper plyat a displacement value of: (a) 24 mm, (b) 27 mm
and (c) 30 mm
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4.3 Discussion

The experimental and numerical results of the ephgsurved composite laminates
are compared in terms skquential failure mechanisrdamage patterand von
Mises strain fied.

The comparison of the loatlsplacement curve obtained from specimen 40édd
90/0-9 with thoseobtained from the finite element analysis is showRigure4.26.

The stiffnessof 90/0-1 after the ¥ and 29 load dropagreeswell with the finite
element results. In thexperiment 90/, a high load drop is seen during thé 3
loaddrop since two delaminations occurred simultaneously. Thus, the load
displacement curve taken from the finite element analysis conducted wit{ the
stiffness degradation modeldensistentvith the experimental stiffness after tHé 3
load drop.In experiment 90/®, sequentially four load drops occurred during the
course of the loadrop. Thus, the stiffness of this specimen is in good agreement
with that obtained fronthe finite element analysis conducted with tHestffness

degradation model

1200

—90/0-1
—90/0-9
1000 — No Stiffness Degradation

1st Stiffness Degradation

2nd Stiffness Degradation

800

[~ — —3rd Stiffness Degradation
= =4th Stiffness Degradation

0 5 10 15 20 25 30 35 40 45
Displacement (mm)

Figure4.26. Comparison of the loadisplacement curve obtained from the
experiment and finite elemeanalyses
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By considering the good agreement of the {dephlacement curves, the failure
mechanism can be summarized.

i) In the F'90° ply, radial matrix crackoccur due to high tangential stress,
but these cracks do not lead to any load drop,

i) In multiple load drop casehematrix cracks initisghg in the 29 90° ply
induce delamination, which propagates through the interface bet#feen 3
and 49 plies. This delamination leads to a reduction in the-adying
capacity of the laminate since the first thmies do not contribute to the
load-carrying capacity of the laminate, anymore. Note that radial stress is
so low that it cannot lead to pure delaminatiédter delamination
occurs, stresses are redistributed and the same process mentioned in
number ii,occurs for the next 9(plies

iii) In single load drop case, the first delaminatomtursat so high loads
thatit creates an impaeffecton the specimen. Thus, other delaminations
occurwithin micro-seconds after the initiation of first delamination.

iv) In our stacking sequenoé w it hw 11, the laminate loses its all load
carrying capacityafter the delamination occurs in threerfacebetween
the 9" and 18 plies

Damage patterns obtained from both experiment and finite element analysis are
shown inFigure4.27. Radial matrix cracks occurring in th&4d0° ply shown in the
postmortem micrograph are predicted by Hashin Failure Crit&ha. meandering
crack path occurring in the"2and 3¢ 90° plies shown in the poshortem
micrograph, howewve is not predicted by Hashin Failure Criterieo explain the

meandering crack path, two studies evasidered
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Figure4.27. Damage pattern observed in the experiment and finite element analysis
for the crossply curved composite laminates
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The first studyinvestigateghe possible crack path of a crack in a brittle adhesive
layer between two solid layers, which is conducted by Fleck, Suo and Hutchinson
[36]. Figure4.28a shovs the schematic for a crack in an adhesive layleich are
constrained by the two solid layers. In our case, crack occurs in brittle matrix inside
the 90 oriented ply and this ply is constrainked two @ oriented plies as shown in
Figure 4.28b which makes our case analogues with the problem investigated by
Fleck etc.[36]. In Figure4.28a,”Y by and0 are the nossingular stress acting

on the solid layers, mode | and mode Il stress intensity factors, respectively. They
depend on the loading and geomejryis the residual thermal stress. As shown in
Figure4.29, the crack path depends on the locatiess and the change of the local
mode Il stress intensity factor with respectite distance between the crack and the
adjacent lower interface, (dKy/dc). Local Fstress is function that depends on the

“Y and, . In our case, adjacent flies are under tensile stress and tensile thermal
stresses arise in the 90° due to the curing protess, the local Ftress is positive.

To find the sign okY) ¥Q ¢he second study conducted by Xia and Hutchinson

[37] is considered

(KT
L oK¥
TO:J Ms, Vs -
=0
- d O =0 -
A P R TIRVA
< e
R~ [
(a) (b)

Figure4.28. (a) Crack inside an adhesive layer constrained by solid layer and (b)
Crack inbrittle matrix insde the 90° plyonstrainedy the0° plies
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Figure4.29. Possiblecrackpaths in a brittle adhesive layer

In this study, the curved beam with an initial crack length under pure bending
moment, shown ifrigure4.30, was investigated.itand h stands fothroughthe-
thickness location of the crackhe crack lengtls represented by-The change of
the strain energy release rate and mode mixity phase angle with¢hdength were
provided for different througthickness locations of the cractrain energy release
rate (SERR)and mode mixity phase anglé) depend on the local stress intensity
factors K and K. By usingthe provided data for SERR af@idstressntensityfactors

are calculated, separatelijhe change of mode Il stress intensity factor with the
crack length for different througthickness crack locations is plotted as shown in
Figure4.31 The througkthickness location athe crack is defined bgf which is
equal to Whz. As shown inFigure4.31, the mode Il stress intensity factor decreases
asq i n c,whicanseans that the:liecreasesp a crack lengthaf = 3 7ThiEsA
Q) TAQQ is positiveto the cracklength ofd = 3 7 AfterAthat crack length, it
changes sign and will be negatif@ ¥QQ is analogous t&) TQ ds given in
Figure4.28.
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Figure4.30. Curved beam with an initial crack length under pure bending moment
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Figure4.31. Mode Il stress intensity factor versus crack length at difféeheatigh
thickness locations of the crack

In our cas, it is known that the tress is positive an@) FQ ds positive up to a
certain crack length, then it changes sReferring toFigure4.29, for positive local
T-stress, meandering crack path occurs when the si§¥ ofQ dis positive and
crack tip reache the upper interfacehenthe sign ofQ) ¥Q dis negative This

situationjustifies the occurrence of the meanderiogack pathshown in the post
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mortem micrographn the finite element analysisesidual stress is not modell&d
recent studyarried out by Fu and Warg8] shows that the residual thermal stresses
on the 90 ply constrained by the°(lies lead to the change of the crack patius,

a possibleeasorfor the absence dhe meandering crack paiithefinite element
analysiscanbelack oftheresidual stresses.

Von Mises strairdistributionsobtainedrom the specimen 90/9and finite element
analysis(FEA) at the same displacement valage compare@ndgivenin Figure
4.32. At the displacement of 5 mririgure4.32a), there is dugedifference between
von Mises strain distributions obtained from experiment and FEA. As it was
mentioned irSection4.1.2 the data taken fro the digital image correlation method
is misleadingAs shown inFigure4.32b-e,in the displacement values of 10 mm, 15
mm, 20 mm and 25 myvon Mises strain distribution obtained from the experiment
are in good experiment witrHA resultsIn thedisplacement value of 30 mm, there
is a huge discrepancy between the experimental and finite element redutisis
attributed to the effect of the matrix craskon the strain field. The failure
displacement of the specimen 9@ @ 30.9 mm and this discrepancy is obsenadd
which the specimeiis close tdfailure displacementJp to a displacement value of
25 mm there is namarked difference between von Mises strain field distributions
obtained frontheexperiment and FEAAs the pecimens loadel, the matrix cracks
lead to the strain concentratioas shown in the von Mises strain distribution

observed in the experiment.
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Figure4.32. Compaison of the von Mises strain distribution obtained from the
experiment and finite element analysis at different displacement values of : (a)
5mm, (b)20 mm, (c) 15 mm, (d) 20 mm, (e) 25 mm and (f) 30 mm

91






CHAPTER 5

RESULTS FOR FABRIC CURVED COMPOSITE LAMINATES

5.1 Experimental Results

Threeexperiments are conducted with fabric curved composite laminates having a
stacking sequence oft @t ft @t @reft v. All experiments are recorded with a
high-speed camera at 420000 fps with a resolution of 964 pixels. Inthe
experiment of Fabric 2and Fabric 3 the curved regianof the specimensre
investigated with high speed camera wherneathe experimenof Fabric 1 the

vertical arm isnvestigatedAfter the first failure occurredhe experiment®f fabric

2 and fabric3 are stopped to avoitom the2" failure. The experimerdf Fabric 1

is continuedhfter the failure happenedadbtainstiffnessof the failed specimermwo
surfaces of the specimens are grinded, and fractography of specimens is investigated
with digital microscopy.

Loaddisplacement curves of the specimens are shovAgure5.1. The stiffness
of Fabric 2andFabric 3is approximately the sanwvath value 0f27.83+0.20 N/mm
while that of Fabric 1is lower than these specimensda254 N/mm. In each

experiment, sudden load drops are observed with delamination failure mode.
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Figure5.1. Loaddisplacement curves of fabric curved composite laminates.

5.1.1 In-situ High-speedCamera Imagesand The Crack Tip Speeds

Propagation of the crack tips to the horizontal and vertical arms in the specimen
Fabric 2is shown inFigure 5.2. Due tochosen frame ratethere is a 2.38s
difference between each frame. Crack tips are pointed out with red arrows. The first
image shows (t=0s) just before the failure occurs. As it was seen from the 2nd
image (t=2.38>s), the exact crack nucleation point could not be captured. Thus, to
determine the crack nucleation point, the same method as it was done-spbkiggh
camera images of cropty specimens is applied. As shown from the images, crack
extends in the vertical arm more than in the horizontal arm. Crack initiates
approximatelyat approximatley 31% of thickness at the curved regiomhich

correspondo theinside of the & ply.
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Figure5.2. Propagation of the crack during the first load drop for the fabric
specimerfabric 2

187.71>s after the initiation of Stfailure in the specimeRabric 2 the secondary
crack occurs as shown gure5.4. Secondary crack initiates at the curved region
at the outer side offfailurein the first load dop.
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