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INTRODUCTION

This study is aimed at developing a numerical tmolpredict the fracture mechanics of
passively and actively coupled structural systehiese definitions are related to the wide
recently growing up in the technology of composi@terials equipped with functional
layers made of smart materials such as piezoalg@iectrostrictive, magnetostrictive and
others. Their main function is providing a locaheersion of energy for several goals. Very
often they are used as a sensor to monitor thie stadl dynamic behaviour of structures. In
active control of shape and of vibration energgupplied to the transducer, which applies a
suitable force or moment to the structure. Morepgaite recently conversion is activated to
store the energy by using some effect like vibrato temperature increasing, which could

be dissipated otherwise.

A critical issue of design of those systems is pn#von of damage propagation, in case of
cracking. This task can be performed in both tree @ PASSIVE COUPLING in which the

smart layer is only connecting the energy assatisdeghe deformation of the structure and
of ACTIVE COUPLING in which an external source afeggy is connected to the smart

layer and it converts this power into a suitablelation of the mechanical system.

To predict the crack propagation inside the mdtdhare are analytical and numerical
approaches already assessed in the literatureldssical applications where functional
materials are not yet used. Among analytical apgres, there are many procedures, which
require huge mathematical solutions and are e¥feat case of simple structures, while their
application to some complicated geometries is rathiferent because of the lack of
formulations suitable for each relevant and specifise. Numerical approaches were already

widely used in fracture mechanics and in severpliegtions, nevertheless literature show a



lack of procedures applicable to the smart matergich as the piezoceramics, which can be
used for both the PASSIVELY COUPLED SYSTEMS (enehngyvester and sensor) and the
ACTIVE DEVICES (actuators).

A main goal of this study is developing a numerit@dl able to predict the mechanical
behaviour of smart structures equipped with pieztgk layers in case of crack damage. It
could be used in the design activity for a consispgediction of the smart system reliability.
A comprehensive approach is described. As it isdusefracture mechanics the smart
material behaviour is described by calculatinggbecalled Stress Intensity Factor (SIF), the
J-integral and the crack propagation in fracturéhefelectromechanical coupling, in passive

and active configuration.

For this investigation the commercial software ABA® was selected. It implements the
Finite Element Method and is currently providingledicated tool for the analysis of the
piezoelectric phenomenon as well as a very efficesction for fracture mechanics. A
relevant obstacle to an easy development of thissiingation was the absence of a procedure
in the ABAQUS code to make cooperating the two dcabove described, dealing with
piezoelectricity and fracture, respectively. A xelet activity of this thesis was therefore
dedicated to a programming code, which could perfahe whole investigation, by
analyzing the crack propagation inside the pieztetelayers, when the electromechanical

coupling is fully considered.

The final goal was reached in some steps. At tiggnbeng modeling activity just considered
the pure metal. Single and mixed modes of crackqmation were analyzed to understand
how the code works in case of both static and dynamalysis. The AISI steel 4340 was
used in this first activity because it is widelyedsin mechanical engineering and several
references were available to validate the numepcatliction performed by means of the
ABAQUS code. After that some preliminary benchmiagkamong analytical, numerical and
experimental results available in the literaturedabdate the models, a deeper validation was
performed in case of welded joints in tight coopieratogether with the EPF School of

Engineering in Sceaux (France), where several vests completed.



In the next step, the case of composite materigh weramic and metal is considered, to
investigate the behaviour of crack inside the twatemals, which have different fracture

toughness. In particular, the speed of crack impiitgpagation inside the composite material
and the direction followed were calculated. Themllmum Nitride is used as ceramic metal.
This preliminary section of the thesis allows désng the main tools available in the

literature for fracture mechanics, How they couddifaplemented inside the ABAQUS code,
a preliminary procedure was assumed and validatedse of a single material, with double
layers of different materials, to predict the effetstatic loads and dynamic excitation.

In a second section of the thesis the case of pggamic materials was deeply investigated,
a preliminary description of some piezoceramicselicused in industrial application was
documented. A collection of typical values of meubal and electrical properties was
performed to allow comparing the performance of eamaterials. After this introduction,

which revealed that PZT-4 is still the material masalyzed and known in terms of

characterization, the fracture mechanics of piemoo& was analyzed.

Since the ABAQUS code cannot perform the fracturalysis in case of smart materials
because its not able to connect the electro-mecalapioperties of the piezoceramic to the
tool used for fracture analysis the ISIGHT prograsas used to connect these two tools
inside the ABAQUS together to perform the requiaedlysis. Programming the ABAQUS
code in case of coupled numerical solution to mtedimultaneously the behaviour of
piezoelectric material under the effect of electnmchanical coupling and the crack
propagation inside the material was rather diffieuld some procedures need to be assessed.
In particular calculation of Stress Intensity facémd J-integral was performed by resorting
to a dedicated tool, based on a suitable loop lestviee fracture analysis module and the
piezoelectric solution task, then a new loop wagplémented to analysis the crack

propagation.

In case of calculation of SIF and J-integral théuton could be found as a result of a
sequence of steps and by separating the pure meahamnalysis from the prediction of
electrical behaviour. It is known that if small rements of either loading condition or

displacements are applied to find the solutiors fossible for each value of force predicting



the solution in terms of displacements to be irgulithto the electrical analysis to predict the
voltage and charge distribution inside and acrbsspiezoelectric material and vise versa.
Therefore SIF and J-integral could be obtaineddbyirsg separately and in sequence the two
related domains. In case of crack propagationgbegiential approach can be even used but
it is also possible resorting to a piezoelectrierthal analogy by assuming that a thermal
gradient is equivalent to the voltage distributeomd properties of materials converted into

equivalent thermo-mechanical coefficient.

As a relevant result of this work a new tool foe ttoupled analysis of electro mechanical
piezoelectric structures for fracture mechanics veasumed and preliminarily tested.
Numerical results revealed that a very interesfpmgnomenon of “crack regression” is
exhibited by the piezoelectric material as its t@gnal may decrease after reaching a
maximum value as far as its analyzed as a fundidhe crack length and of voltage.

Future actions include a deeper experimental &gtito confirm some interesting
conclusions here drawn and a straight applicatioth@se design tools to vibration energy

harvester with piezoelectric materials.



Part One

The State of the Arts on Fracture Mechanics, tants codes



CHAPTER 1

BASIC CONCEPTS OF FRACTURE MECHANICS

1 Fracture mechanics

1.1 Nucleation of damage in structures

Static or dynamic loads may induce in structuralhponents made by brittle material a
rupture and crack propagates fairly fast. In casduatile material rupture follows a first
yielding, being associated to plastic strain [h]skveral applications damage is induced by
dynamic loads, thus making the structure undergthiegso — called fatigue phenomenon. If
fatigue is dominating in the failure process it dam recognized that are two steps, for
damage; a preliminary nucleation of crack on thdase, being associated to same local
phenomena of band slips and to plastic behaviesetcracks propagate through the cross
section of the mechanical component and inducenal forittle rupture of the structure.
Nucleation is controlled entirely by local stressesund slip or twin bands [2]. Crack
growth is governed both by the applied stress gatin the solid and by local stress. A
critical issue of design is crack propagation, itee number of loading cycles to reach the
rupture of the mechanical components and the celsfitime. It depends on the size and

shape of the structure and the external loadingeMenerally, for a given material under a
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given load, there will be a rate of crack nucleater unit volume and per unit time and a
certain speed in propagation. Therefore predidagonever easy. Cracks nucleate where are
in-homogeneities of material such as grain bouedasurface heterogeneities, pre-existing
micro cracks and dislocation tangles [3]. Theseiogeneities usually evolve in time being

associated to fatigue, work hardening, electro atign and void formation.

1.2 Fracture modes

Once the crack is nucleated on the surface of teehanical structure its growth occurs in
presence of a very high gradiant associated stiedds Three basic modes for crack growth
are defined in the literature and are shown in Eilg Mode | is the “opening” or “tensile
mode”, where the crack faces separate symmetrigatly respect to the ;xx; and %-xs
planes. In Mode I, the “sliding” or in “plane shie®w” mode, the crack faces slide each
other symmetrically about the-x, plane but anti-symmetrically with respect to thexx
plane. In the “tearing” or “anti-plane” mode, Motg the crack faces also slide each other
but anti symmetrically with respect to thex¢ and %-x3; planes. In several practical cases,
loads excite simultaneously two modes and maketthek propagation depending on a so-
called “mixed-mode fracture mechanism” [4].

It can be remarked that as crack propagates arcarteount of energy is released because of
the rupture of the internal ligaments of the malefThis energy released has a rate, being
termed G G, and G, respectively for the three modes. In mixed-modbj@ms the energy
release rates of different contributing modes ageally added to obtain the total energy
release rate [5].
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Fig. 1.1: Thredasic loading modes for a cracked body: (a) Modedening mode’
(b) Mode I, “sliding mode”; (c) Mode lll, “tearinghode”. [6]

1.3 Linear Elastic (LEFM) and Elastic Plastic (EPFMa€ture Mechanic

Literature proposed some analytical tools tcdict the fracture mechanics, which are be
on the assumption of the linear elastic behavidunaterial. In the s-called “Linear Elastic
Fracture Mechanics (LEFM)”, prediction of crack gth is based on the energy balar
Griffith states “crack grovh will occur, when there is enough energy availdblgenerat:
new crack surface.” The “energy release rate” iseasential quantity in energy balar
criteria. The resulting crack growth criterion &erred to as being “global”, because a ra
largevolume of material is considered. The crack groeriterion can also be based on
stress state at the crack tip. This stress fiefdbm determined in several cases throug
analytical approach. It is characterized by thenitgn of the “stresdintensity factor” (In the
following simply SIF) [7]

The resulting crack growth criterion is referredas“local”, because attention is focusec
a small material volume just around the crack Agsumption of linear elastic mater
behavior leads tinfinite stresses at the crack tip. In reality stis obviously not possibl

because in ductile materials plastic deformatioti @gcur in the crack tip region. Usir
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some yield criteria (Von Mises, Tresca), the craplplastic zone can be determined. When
this zone is small enough (Small Scale Yieldingy 5&EFM concepts can be used. Fig. 1.2

o= W% = constant
| Elastic Stress

/—‘ | Distribution

X

——___ idealized plastic
Zone

Fig 1.2: Plastic strain zone at the crack tip [8]

When the global stress-strain response of the mtigear and elastic (LEFM), the elastic
energy release rate, G, and the stress intengitgrfan the literature defined as K can be
used for characterizing cracks in structures.

To make clear to the Reader the approach propogedebLEFM, the following steps are
usually performed:

1. The critical stress intensity factors that cafnaeture for the material are first measured,
for the three modes df Kci, Kem).

2. Size and location of cracks in the structureammponent are detected.

3. The stress intensity factors for the crackshangtructure or component are calculated for
the foreseen loading conditions, these are comgartiee strength of the material.

In the elastic-plastic fracture mechanics (EPFMpatalled “yielding fracture mechanics”
(YFM), the fracture characterizing parameters hee“d-integral” and the “crack-tip-opening

displacement”, CTOD. Due to finite strength of mitls, there is always a small damaged
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zone around the crack tip. For metals, this damage is referred to as thcrack tip
plastic zone”. If the gie of the plastic zone is small enough that it loarcontained withi
the K-dominant region, we may uK and Gas the LEFM parameters. This condition is ¢
referred to as the “smadleale-yielding condition” (SSY) [9]. On the other hand, if thisre
is larger than the Klominant region, then the linear elastic assumpteme no more valic
l.e., LEFM is not applicable and nonlinear modelastmbe used. Fig. 1.3 shows th
different situations regarding the spread of crfglplastic zone. The fircone represents the
SSY condition. The second one shows the situatibarvthe crack tip plastic zone is lai
enough to cause some nonlinearity in the overafiaase of the component. However, if 1
nonlinearity is not very significant, it can be kéed with a noriinear elasticmodel, for
which a non-lineaelastic energy release reis expressed as @sually known as thJ-
Integral) is computed. However, there is a limithe validity ofJintegralwith regard to the
size of the plastic zone coiared to the J-dominant regiofhe energy release rate is
more constant in case of elastic plastic behavsmree it depends on the contour whict

selected for the definition o-integral.

ppess titet Pttt T1LS

.
L

EBSEWFE T Irlrlrlvlr 11111

Fig 1.3: From left, a) Linear Elastic, ElasticPlastic, c) Fully Plastic, d) Overall Plastic
[10]

For situations where the crack tip plasticity issadespread that even plastic ligaments 1
form within the component (Fig. 1.3 c) the appraf®iparameter would be the “cr-tip
opening dsplacement” (CTOD). Finally, when the loading casisverall plastic deformatic
even in presence of cracks (Fig. 1.3 d), the failomode is “plastic collapse” more th

fracture.
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1.4 Stress and strain distribution around the crac

Predicting the gie of plastic region is crucial, therefore manyhaut worked in this fiels

such as Irwin and Dugdale. Their estimations ofdtel-tip-plasticzone size assume that

deformation is uniaxial and plastic. Nevertheldbg, actual state of stress at thack tip
region is triaxial.In order to investigate how th2D state of stress can develop a roll
material, the interior of the specimen at the crépk as depicted in Fig. 1.4, is usue
considered [11].

L Slit 0

Fig 1.4: Stress distribution around tfrack tip [12

Due to very high stresses in this region, materradergoes a large extension along t,
direction and also tends to contract along the adirections to maintain the condition
constant volume required by plastic deforma

xx ¥ oyt 2z=0 (11)
However, material in this zone is part of a langexss, which stress undergoes lower witt
contraction. As a result, tensile stresses devieldpe other two directions, as shown in F

1.5. Thus, in the terior of the specimen, the material in the crapkrégion experiences

state of plane strain, being due to the constramizosed by the surrounding mater
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However, at the surfaces of the specimen therdearo stress in the; direction and a state
of plane stress exists. Due to the above motivatiah is clear that a very preci
determination of the shape and size of the plastie is rather difficult, because behavi

is locally associated to a plane stress or a @aaé conditior

Plane Stress/Plane Strain Transitic

According to the literature [13] the plane stris defined to be a state of stress in which
normal stress and the shear stresses directedngeepkar to the plane are assumed tc
zero and plane strain is defd to be a state of strain in which the strain ndrioahe >y

plane z and the shear -ains xz and yz are assumed to be zerdg 1.5)

T
=

Fig 1.5: Plane stress state in a continuum

As the above Figresents, for the plane stress and planen:

XXy Yys» Xy 0

2= = zy=0 (plane stress)

2= x= =0 (plane strain) 1.2)
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In case of principal reference frames the two aggioms simply define the

1,20 1,20

3=0 (plane stres: 3=0 (plane strain) (2.3)

For a given crack tip, it can be found that plaségion around the tip is larger on f
surface, where the state of plane stress holdssasaller in the interior of the compone
where plane strain occurs. (Fig 1.6his phenomenon has very important implications
toughness evaluation, i.e., different toughnessiesalmay be measured depending on

dimensions of the specime

Plane strain
T~ Plane stress

Fig 1.6: The different plastic zone size in platraia and plane stress [:

It has long been observed that thicker componentiesseprone to be cracked. This eff
can be attributed to the size of crack tip plagtime relative to the thickness. In tl
components, the plastic zone is large comparedhto thickness, whereas ithick
components it is very small. In general, fractuodéghick specimens are more brittle
appearance (being flat with no evidence of dugjiliwhile the fractures of th specimen

often show 45° shear bar over parts of the fracture surface.
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4  Plane Stress
{Thim)

s (K.)

Fracture Toug

Plane Sirain
(Thick)

A Ek

G

Fig 1.7: Difference in toughness across the thiskred specimen [¢

Thickness

Moreover, as Fig. 1.7 shows in the case of plaresstthe planes of maximum shear st

are located at angles 45° from the directions of; and 3 as well as the Mohr’s circl

can describe. Although in the plane strain conditi; and , have the same magnitude as

plane stress, the third principal stressz=

Plane stress 3=0
1=1UVE(1— 2— 3)

2=1E(2— 1— »)

Plane strain 3=0

3=1UE(3— 2—- 1)=0, 5=

(1+ 2

(1% 2)

(1.4)

(1.5)

(1.6)
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1.5 Stable and unstable propagation of crack

Very often a crack already exists in the mechamoahponent before it goes into service,
therefore the issue of design is predicting howfttigue failure process will proceed with
the incremental crack growth and when the finattiree will occur. Most fatigue failures are
in the low stress region (much less than the ysttdss) where the LEFM is likely to be
valid. Hence, the LEFM principles can be appliedptedict incremental fatigue crack
growth. In fact, extensive fatigue tests on a wrddety of materials show that the SIF is a
much more effective parameter in describing fatigugpagation than the stress amplitude
[16]. The key point of these tests is that the oiterack propagation, measured in terms of
incremental crack growth per cycle of loading, isnarily a function of the range of crack
tip stress intensity [17]:
da/dN = f( K) (1.7)

The most widely used expression, proposed by Haris,

da/dN = C(K)" (1.8)
In which C and m are constant coefficients dependenthe material properties and are
obtained from experiments. The standard methodddigue crack growth tests can be
found in ASTM E647. The most commonly used specinmeratigue crack propagation

studies is the (CT) or compact tension specimen sg 1.8).

Fig 1.8: The (CT) or compact tension specimen figdie crack propagation [18]



Basic concepts of fractureechanics

As Fig. 1.9 shows a typical cre-growth-rate versus stress-intensigyige diagram include
three regions of different behavi19]:

1. The “thresholdegion” is attributed to very low levels ofK, where the crack does n
propagate. The “threshold region” is strongly iefhged by the mean stre

2. The ‘table propagatioregion” where the crack grows incrementally acaagcto the
Paris law.

3. The *“final unstableegion” where the crack propagates more rapidlyeroin a les:
uniformly incremental manner. In the unstable ragigarious mechanisms are respons

for the increased growth rate, which loads uncdletlo

da/dN (m/cycle)

lD--I &
Regionl Regionll Region I
1o Paris low
dafdN=C (A K)™
s :
KmaxEKc
10
: Shedding AK
[y n
i
162 5
=1
i Quick dropped AK
- || :

AKy, AK., log AK

Fig 1.9: Typical crac-growth-rate versus stress-intensiginge diagram [1!
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1.6 Toughness of material

Toughness describes the amount of total energyreghjfor the material break. In general, if
the material requires a lot of energy before bregikihen it looks like “tough”. If only a little
energy is needed to break the material it is wedkittle, depending on whether the material
exhibits a yielding phenomenon followed by a plabghaviour as load is increased or not.
Toughness is the resistance opposed by materidletdroken. When crack propagates
through the structure, fracture occurs. The amadrenergy absorbed during the fracture
depends on the size of the component, which isdirokhe amount of energy absorlp=at
unit areaof crack is constant for a given material corregfsoto its toughness.

High toughness is particularly important for comeots, which may suffer impact (cars,
toys, bikes, impact tools and hammer), or for congmés where a fracture would be
catastrophic (pressure vessels, aircraft). Toughmases with temperature, some materials
change from being tough to brittle as temperatwerehses (e.g. some steels, rubber). A
famous example of this problem in steels was th#eships that broke in two in cold seas
during the Second World War; some dangerous eminigiet occurs in hydrogen storage
[20].

Detailed toughness tests use specimens with imiteadks, and measure the energy per unit
area as the crack grows. This can be applied tmailérials, and the selection charts show
toughness data measured this way. Simple toughestssuse specimens of fixed size with a
machined notch, and just measure the energy needwdak the specimen.

Crack grows as soon as the crack tip stress ex@edscal value. The SIF determines the
amplitude of the crack tip stress for a given gemynand loading case, thus allowing to
assume that a crack grows when K reaches a cntadaé. This implies that a crack growth
criterion can be formulated, where the SIF is camgdo this critical value. Therefore value
of the SIF has to be calculated. The critical vahas to be found in some experimental
measurements. It is referred to as “Fracture Toeghf, K, where an additional subscript is

used to describe the fracture mode analyzed: K, Kiic [21].



Basic concepts of fractureechanics

2 Classical fracture criteria and parame
2.1 The Stress Intensity Fac

A major activity in the design process based ootin@ mechanics is the determinatior
the Stress IntensgitFactor (in the following simply SIF). In the folving sections some

the pertinent analytical, experimental, and nuna¢meethods are discuss

Analytical determination of SIF

SIF can be coupled by an analytical approach inesmetevant cases. case of an infinite
plate with a central crack of length ‘2a’, undemade stress, the calculating of SIF is ¢
follow: (see Fig. 1.10)

ARRRRARRAN

LTI

o
Fig 1.10:An infinite plate with a central elliptic crack [}

Because the linear elastic fracture mechanics appros based on elasticity, one «
determine the effects of more than one type ofit@pdn the crack tip stress field by linea
adding the SIF due to each type of loac The process of adding Slolutions for the same

geometry is sometimes referred to as “principleugderposition’ The only constraint on tr
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summation process is that the SIF must be assdcvwaith the same structural geomet

including crack geometry. Thus, for the geometshown in Fig. 1.11, the equation is

follow:
t 444 IR i i o
oyt
= hnmil T oy
b R
Fig 1.11: The geometries of superposition of K espion [8

Ka+Kg= (1.9)
Ka+0= — (1.10)
Ka= (1.11)

The stress distribution around the tip in mode déscribed by Westergaard [23] as foll
(Fig 1.12):

¥ l.'I
.,
Tyy
Oy X3
T.x_].-' _/f' O,
T o
a
0 G
—
_E-_TEJ”D X

Fig 1.12: The stress distribution around the ctgzi{24]
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i=—="1() (1.12)
xx =—==C0s~- (1 sin -sin—) +... (1.13)
yy = —= CO0S~- (1+ sin-sin—) +... (1.14)
xy = —= COS- COS— Sin- ... (1.15)

For distances close to the crack tip (@.1a), the second and higher order terms indidayed
dots may be neglected. The | subscript is usecdtote the crack opening mode, but similar
relations apply in modes Il and Ill. Above equatiatow three factors relevant to depict the
stress state near the crack tip: denominator shows the singular nature of the stress
distribution; approaches infinity as the crack tip is approachwith a — dependency.
Depend on angle; it can be separated if a suitable factor is ohiieed. f=cos /2 i (1

sin /2 sin3/2) +.... Factor K contains the dependence on applied stress the crack
length a, and the specimen geometry. Thdaktor gives the overall intensity of the stress
distribution, hence its name. For the specific aafsa central crack of width 2a or an edge
crack of length 2a in a large sheet,®& ~ and K = 1.12 ~ for an edge crack of
length ‘a’ in the edge of a large sheet. Expression K, for some additional geometry are
given in Table 1.1 The literature [25] contain eegsions for K for a large number of crack
and loading geometries, and both numerical and rempatal procedures exist for

determining the stress intensity factor is spe@fitual geometries.
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Table 1.1: Expressions of #r different geometries

Type of Crack Stress Intensity Factor, K

Center crack, length 2a, in an infinite plate

Edge crack, length a, in a semi infinite plate 1.12
Central penny shaped crack, radius a, in infihite Ki=2
body

Center crack, length 2a in plate of width W

Two symmetrical edge cracks, each length g, in
plate of total width W

— [ —

These SIF’s are used in design and analysis byrayghat material can withstand crack tip
stresses up to a critical value of stress intens#gymed K., beyond which the crack
propagates very fast. This critical SIF is then @asure of material toughness. The failure

stress tis then related to the crack length a and thedradbughness by:

f=——= (1.16)

Where is a geometrical parameter equal to 1 for edgeksrand generally on the order of
unity for other boundary conditions. Expressions foare tabulated for a wide variety of
specimen and crack geometries.

Typical values of (z and K. for various materials are listed in Table 1.2 [28,and 28]],
and it is seen that they vary over a very wide egingm material to material. Some polymers
can be very tough, especially when rated on pengdaases, but steel alloys are hard to beat

in terms of absolute resistance to crack propagatio
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Table 1.2: Typical values of Kfor various materials

Material type Material Kic (MPa. &)
Aluminum alloy (7075) 24
Steel alloy (4340) 50
Metal
Titanium alloy 44—-66
Aluminum 14-28
Aluminium oxide 3-5
_ Silicon carbide 3-5
Ceramic i
Soda-lime glass 0.7-0.8
Concrete 0.2-1.4
Polymethyl methacrylate 0.7-1.6
Polymer
Polystyrene 0.7-1.1
_ Mullite-fibre composite 1.8-3.3
Composite _
Silica aerogels 0.0008-0.0048

2.2  The Energy Release Rate

By the analysis of the energy balance, the enezlpase rate, denoted as G, was introduced.
It is defined by the energy necessary to make fthekdronts extending the crack length by a
unit length. It corresponds to the decrease oftdkal potential energy W of the cracked
body, when it passes from an initial configuratiith a given crack length, to another
configuration where the crack is increased by & efength “da” [29]:

G= & (1.17)
Wpot =W Wy

Where: Wy is the work of external forces and,Mis the total potential energy of crack

body and Wis strain energy of structure.
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Using the stress field in the singular zone, oneretate G to the stress intensity fact

C=rpr—+— (1.18)
With 34=E in plane stres
34=E/(1-? in plane strai

Shear modult

2.3 The J-Integral

The contour integral is the other way to charazéethe singularity of the stress field in -
vicinity of the crack, which one cededuce from the law of conservation of energy. In

crack linear elastic an integral of contour cardbgned as follow [29
56
J= Wey—- j=—ds (1.19)
58

Where W is the density of strain elastic energy ¢ is a contour around the crack. T
crack is supposed as straight following the cradk n is the normal vector to the conto

ij.n; is the applied stress to the contour Ujis the corresponding displacement. (See
1.13):

(2) (b)

Fig 1.13: (a) Arbitrey contour surrounding the crack t
(b) Area to be employed to calculate t-integral [30]C C; XY G ny
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The J-integral as the difference in potential epéh{pot of two cracked bodies is expressed
by:
<< ?@ABC < '(ABC

J= op, L9 - (1.20)

< <

By comparison with G defined previously, one caalire that in the case of an elastic

material or a very weak plastic deformation neardtack zone:

'(ABC
E<

J=G=D (1.21)
Relation between J and K

In LEFM, the stress and displacement componerttseatrack tip are known as a function of
the position relative to the crack tip. For multode loading, they are characterized by the
stress intensity factors KK, and K.

Because the J-integral is path-independent, tlegiation path can be chosen to be a circle
with the crack tip as its center. Integration otres circular path reveals that the J-integral is
related to the SIF.

For Mode | loading of the crack, it follows immettly that the J-integral is equivalent to the
energy release rate G. This means that J-integrabe used in the crack growth criteria of

LEFM as a replacement for K and G [29].

Plane stress JE=G_2 (1.22)
Plane strain J—F?:' G2 (1.23)

J-integral crack growth criterion

J-integral can replace the energy release rateelAM.and is related to the SIF. In NLFM,
where the material behavior is described by thegdrRamberg-Osgood relation [31], the J
integral characterizes the stress at the cracKttig. thus obvious that it can be used in a

crack growth criterion. Calculation of its value éssily done, due to the fact that the
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integration path can be chosen arbitrarily. Critwaues have to be measured according to

normalized experiments.
J=4 (1.24)
24 Crack Opening Displacement (CTOD)

In LEFM the displacement of material points in ttegion around the crack tip can be
calculated. With the crack along the x-axis, thepllicement pin y-direction is known as a
function of r (distance) and (angle), both for plane stress and plane straisplBcement of
points at the upper crack surface results fer and can be expressed in the coordinate X,

by taking:
r=a-x (2.25)
Where a is the half crack length. The origin ofstliy-coordinate system is at the crack

center. The crack opening (displacement) (COMy two times this displacement. It can be

easily appreciated that the opening at the craciQiroD), t, is zero [32].

u="— Kisin - (k+1-2c08 - )] (1.26)

Displacement in crack plane= ;r=a-x:

FIH LUF |

y V. DN (1.27)
Crack Opening Displacement (COD):
x) = 2uy(x) =2 o0 T DN (1.28)

M
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Crack Tip Opening Displacement (CTO
t= x=a)=0 (1.29)

This CTOD can be used in a crack growth criteribig (1.14), when plasticity at the cra
tip is takeninto account and the actual crack length is repldethe effective crack leng

Actual Crack Tip
{Stationary and Moving)

Y

Fig 1.14:Definition of the Crack Tip Opening DisplacemenT@D) [8]

3 Fatigue crack propagation and life of struc

When a subcritical crack (a crack whose S below the critical value) is under either cyc
or fatigue load, or is subjected to a corrosiveirmment, crack propagation will occt
Fatigue crack propagation occurs through repeatszkdip blunting and sharpening effec
which are in turn caesl by micro plastic deformation mechanisms opegadirthe crack tig
The application of repeated loading will cause kragmwth. The loading is usually caus
by vibration. To predict the minimum fatigue lifé metallic structures, and to establishe
inspection intervals, an understanding of the oitéatigue crack propagation is requir

Historically, fatigue life prediction was basedtbe Wdhlercurve (Fig. 1.15)
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Fig 1.15: Fatigue life prediction was basecWohler curve [3&

IP Q?IPRS - o
Where = Q—, and maxand mip are maximum and minimum of total cy«

It can be started with a plate that has no cracksarbject it to a series of repeated loac

betweerQOnin andQnayx it would observe three distinct stages. (Fig }
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Fig 1.16: Thre different stage of crack growth [.



Basic concepts of fracture mechanics

First stage is difficult to capture and is most rayppiately investigated by metallurgists or
material scientists law based on experimental elasiens. Most other empirical fatigue laws

can be considered as direct extensions, or refinesned this one, given by:

E

ﬁz C(K)" (1.30)
Which is a straight line on a log-log plot%? vs K, and:

K=Kmax K min= ( max min) f (g) o (1.31)

“a” is the crack length; “N” the number of load &g, “C” the intercept of line along da/dN
and is of the order of 0and has units of length/cycle; and n is the slobthe line and

ranges from 2 to 10. Equation 9.1 can be rewriisn

U<

K=—"1
VW UX YZ

(1.32)

The useful aspect of fatigue crack growth lawshat they can be used to calculate the
number of cycles required to propagate a crack faogiven initial size to some final size,
which is critical for failure. Thus if the initiaize isa and the final sizey it may be writen:

<a U<

— T —
N=[ =L VWAUI < F Y 2

da (1.33)

In the above equation (1.30) the geometric fact®® assumed to be constant because the
inclusion of a function ogwithin the integral sign will usually lead to a fioulation, which

cannot be integrated analytically. In practicejsitmore straightforward and very often
sufficiently accurate to solve the fatigue life atjan by splitting the crack growth history
into a series of crack increments. An average valilkin each step may then be used to
calculate and hence an averaffeis considered during each step. The average prtipaga

rate within the step can then be calculated froenRéris law. In the case of a pressure vessel,
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& may simply be defined in terms of a crack big erotg cause leakage, or one wh
results in the limiting fracture toughness beingcteed. Then, it will briefly introduce tw
software tools commonly used for fatigue crack glostidies. Thus, it is apparent tha
small error in the SIF calculation would be magedfigreatly asn ranges from 2 to 6.
Because of the sensitivity N upon K, it is essential to properly determine the nuna
values of the SIF.

However, in most practical cases, the crack shamendary conditions, and load are in s
a combination that an analytical solution for tHE 8oes not exist and large approximat
errors have to be accepted. Unfortunately, analyggpressions fcK are available for only

few simple cases. Thus the stress analyst hasteame formulas for them [3

4 Advanced Problem in Fracture Mechai

4.1 The Mixed Mode Operatic

A more complicated case is that of crack, whichwaghan angle with the loacg direction,
even in this investigation a key issue is findihg tmagnitude of the f-field stress at
which the crack start® grow, but even determining tldirectionof crack growth is crucie
[36]. (Fig 1.17)

Fig 1.17: case of angled crack [37]
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The first investigation is performed by resorting the methods described in previous
sections, while two are the general approaches tmegdredicting the direction of crack
growth. In the first one, it is assumed that crapiowth occurs along the direction
perpendicular to the maximum tangential stressratéar) the crack tip.

A second approach considers crack growth alongliteetion for which the strain energy
density is minimal, since this condition corresp®iid a maximum of energy release rate.

The strain energy density just around crack tiplmamvritten as [38]:

b
:E (21K * + 28K K + &K, :% (1.31)
ai= % [(1 + cos)(k — cos)] (1.32)
az= % sin [2cos —k + 1] (1.33)
tp= % [(k + 1)(1 — cos) + (1 + cos)(3cos — 1)] (1.34)

Where k = (3 4) for plane strain state, and k = (3 /(1+ ) for plane stress state, beings
Poisson ratio.
According to this criterion the crack starts towgrehen “s” reaches a critical value, referred

to as §, and the direction of crack growth is given wheis 8 minimum:

Eb _ E e
==0, =—>0 (1.35)

For instance, when only mode | is considered:

f2F

[Si () min=S ( =0) = aiKc’ S =5 K (1.36)

For the angled crack shown in Fig. 1.17, the stemiergy density can be obtained by means
of following expressions:
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= %\{?cos— D iEcos—]+ WL [D ?sin— + i—sin—]+ ; cog (1.37)
= W-LYcOs- + -cos—]+ W] [D -sin- D -sin—]+ ¢ sirf (1.38)
P = Wé\[ifsin— + ifsin—]+ W [iEco& +-c0os—] D sin cos (1.39)

Where, according to F. 1.18:

Ki= ~ sif, Ky= ~ sin cos (1.40)

(= Sirf (1.41)

4.2 Crack path direction under mixed mode loading

Many loading conditions in mechanical structuresdleto a mixed mode crack tip
propagation. Defects arising from fabrication pssss such as welding or casting, residual
tensile stresses, embrittled microstructures atigua may lead to have crack propagation
under the effect by combined modes I, Il and I11.

Broberg [39]discussed some aspects of the stability of thekgoath under pure and mixed
mode loads and concluded that crack paths rem@iigist under homogeneous remote stress
fields. However, engineering structures in servieeely experience such well-defined
uniform stress fields. Stress and strain gradiantsing from geometric features, multiple
cracks and non-uniform, non-proportional remotelfeommonly occur.

Applied mixed mode loading and interaction amondtiple cracks are main causes of a
major loss of directional stability. Highly anisopic microstructures can also lead to
significant changes in crack orientation but mdteroare responsible for local deviations, or
‘zigzags’, in the overall mode | crack trajectory.

The shape of plastic zone under pure mode Ill ¢doond differs substantially from that of
mode I. In mode lll, plastic zone is essentiallscalar and extends some four to six times
further ahead of the crack than the symmetricdinad shear distribution seen ahead of a

pure mode | crack at the same SIF. The centeretittular plastic zone lies somewhere
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between the tip of the crack and one radius distahead, depending on the work hardening
coefficient.

Furthermore, the extent of crack tip plasticitytansional loading, and hence the prevalence
of flat mode growth, is also dependent upon the sizthe cylindrical component; small
diameter shafts being more prone to flat crack ¢gnawan large shafts for the same stress, or
strain, intensity factor. In these cases, a lagg® of the applied torque to plastic collapse
limit torque of the shaft, as would occur in a dnthhmeter shaft, extends the crack tip
plasticity beyond that expected for the level o&ist intensity factor applied.

The path of a fatigue crack under proportional iogdfrom an initially mixed mode
condition, as created by angled or inclined craokkboratory specimens, is surprisingly
stable. One might expect major variations, as atfon of mean stress for example, but there
is little evidence to this effect. Neverthelesseréh are some differences in the crack
trajectory in specimens under identical test cooét These small-scale fluctuations in
crack path are worthy of detailed investigation, lountil recently, experimental techniques to
evaluate the strength of mixed mode crack fieldehaet been reliable enough to yield some
useful information.

Understanding the behaviour of mixed mode crackgeimeral, and the path of such cracks
requires a combination of high quality experimemaia and observations as well as robust
mathematical models. Good data on the crack tgsststate, crack closure and contact, and

the crack trajectory is hard to obtain and therelie®en much recent work in this area [29].

5 Functional materials and electromechanical cogpli

Functional materials exploit coupling among mutiphriables for example, by transforming

mechanical energy into electrical energy in pieeoic materials. Electromechanical

coupling coefficient is a numerical measure of ttwnversion efficiency between the

electrical and mechanical energy in piezoelectricatemal. Qualitatively the

electromechanical coupling coefficient, K (to bstofiguish from SIF) can be determined as:
) F

= jSj kI $*Smj +j')j RS)n+ jSj kI (1.42)
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5.1 Modified criteria and tools for the fracturemézoelectric materials

Piezoelectric materials have been extensively usesinart devices such as sensors and
actuators. The combined mechanical and electridsl@gve rise to sufficiently high stresses
in these devices, which result in catastrophicufail Piezoelectric ceramics have become
preferred materials for a wide variety of electtomand mechatronic devices due to their
pronounced piezoelectric, dielectric, and pyro telegoroperties. However, piezoelectric
ceramics are brittle and susceptible to crackingllegcales ranging from electric domains to
devices. Various defects, such as domain wall$n ¢graundaries, flaws and pores, impurities
and inclusions, etc., exist in piezoelectric cemniDefects cause geometric, electric,
thermal, and mechanical discontinuities and thukige high stress and/or electric field
concentrations, which may induce crack initiati@mack growth, partial discharge, and
dielectric breakdown, fracture or failure. Due ke timportance of the reliability of these
devices, an effective prediction of their reliayilis important for the design activity [40].
Fracture behavior of piezoelectric ceramics is noam@plex than in other materials, because
of the nonlinear nature of the mechanical and Béattproperties. There are new challenges
in studying the fracture behavior of piezoelect@écamics, e.g., determination of the electric
boundary conditions on crack faces, effect of eledields on the piezoelectric fracture
behavior, calculation of the global and local eyarjease rates, etc.

Analysis of fracture behaviour in piezoelectric eral is never simple because there is
much nonlinearity repurposed. Polarization is lshk the electric field nonlinearly.
Somehow relation between strain and electric fraelght because nonlinear above a certain
amplitude of voltage. Moreover material may exhéionlinear relation between stress and
strain. To face the problem of solving this kind ppbblem, some approached based on
micromechanical modeling of materials are used & as methods based on some
phenomenological approaches. This motivated thgelarumber of criteria proposed for
fracture of piezoceramics [41].

Modeling the piezoelectric material inside some F&dde exhibits the problem of inputting
the electromechanical properties of these mated®BAQUS is usually used to analyze the
fracture mechanics, but there are some difficuliiescase of piezoelectric materials.

Electromechanical properties can be inputted oslioading and boundary condition inside
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the software properly and also the fracture progemf piezo have to be assigned into the
model. Unfortunately this software doesn’t have aitable tool to connect the
electromechanical and fracture modeling togethkat$s why it was strictly required writing

a dedicated subroutine by using either Pythonights



CHAPTER 2

MODELING OF THE FRACTURE OF THE LINEAR ELASTIC
MATERIAL

1 Numerical approach for the description of fraetur

As it was already described in pervious chapteed are the modes of propagation of crack
which have to be predicted when an analytical @ggr is applied.

Opening sliding and tearing crack modes are aedlytiterature of fracture mechanics
provide some very well known and assessed modish will be here, briefly summarized.
If one assumed that a local reference frame cbeldlescribed as in Fig 2.1, the stress
components to be calculated are; , .

Being the local tangential component, expressed in tefm®rmal stress,,, is the radial
component along the z-direction, whileis the shear stress lying on the plane.

It is worthy noticing that analytical approachsisnply discretized inside the finite element
method, when the prediction of fracture behavisyperformed by a numerical solution. In
particular, the polar reference frame describedhi analytical approach is used and the
same stress component is calculated.
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Fig 2.1: Stress field at crack tip.[24]

The stress field at the crack tip is shown in Eiy For mode |, stresses and displacemer
the crack tip are given by Lawn [4
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Parameters K changes in case of either plane sirgdane strain as follow:
K=@B-)/(1+) Plane stress (2.3)
K=3-4) Plane strain (2.4)

In above equations, E is the Young’s moduluis the Poisson’s ratio, is the displacement

parallel to the r coordinate, and ig the displacement normal to the coordinate.ofding

to the literature stress and displacement equaio(s 1, 2.2) can be summarized as follow:

i =K % fij () (2.53)

K

U = Koi f() (2.5b)

TheK factor depends on the loading conditignand also on the specimen geometry(r,
u) For r =0, which is at the tip of the fracturesiagularity exists in the linear stress and

strain field.
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2 The Stress Intensity Factor

To calculate the SIF for mode | in a finite elememtsh three points of the crack are
considered as “A”, “B” and “C”. Under the uniqudeait of mode I, at a finite grid block
A-B, =180 andirap

Displacement parallel to the rcoordinate is ze@nly displacement along the
direction, being normal to the rcoordinate, is i@et From (2.1) difference of
displacements between points A and B is: [43]

Fr o IF Kogos
— .gF o
Up—Ua= 0 T3 (26)

Therefore SIF of mode I, Kis computed as

0
Ki=gTro— waUs—Ua) (2.7)

In case of pure mode I, there is no displaceméonigathe direction normal to the
coordinate, and us null. Displacement parallel to the r coordinase

. aqFl JIF Kogos
Uo—ta= —TF K (2.8)

And SIF of mode II, K, is computed as:

Ki=——m e (UB— Ua) (2.9)

Equations (2.6) and (2.8) are applicable for craskth symmetrical structure, i.e.

displacements at points B and C are identical ignitade and opposite in sign. In a
mixed mode I-1l free surface may overlying the frae [44]. Under mixed mode I-II

condition displacements at the two sides of thekcface are different. In the above
discussed case, displacement normal to the craiskatxpoints B and C, g and u,

respectively, are different; as well as displacenpamallel to the crack axis at these two

points, yg and ¢, at point C, = 180 anddrac
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Normal displacement wat point B only results from mode I:

Ug= LoFl P Kes (2.10)

0

as for point C

_ . gFl JF Kot (2.11)

where jg = rac. If one subtracts (2.10) and (2.11), and solveKfor

— (Us—UA) (2.12)
%60S

Under mode Il with asymmetric mix-mode loading citiod, displacement normal to the

crack axis is null at both points B and C. Howewdisplacement parallel to the crack axis

at point B is:
Up= WP fws (2.13)

0
while at point C

 oF JF Kot (2.14)

Uc= 0

These equations lead to:

K|= W % (UrB— uc) (2.15)

This approach is referred to as “displacementetation method”, which is one among
three methods widely used to calculate the strasssity factor in some FEM codes. In
the displacement correlation method, displacemeahtes computed at the finite element

grid nodes near crack tip are correlated with arelysolutions [45].



Modeling of the fracture of the linear elastic nate

3. Propagation Criterion for crack

The critical value of the SIF, K which is also recognized as fracture toughness
[Lawn, 1993], is a material property used to ddmcrihe resistance of a material to
fracture propagation. The fracture toughness ofaséenal is related to the strength of
bonds between constituent particles and the siz8awfs in the material. Fracture
toughness is widely used to describe fracture mafien through rock, and it appears to
be a valid predictor of fracture propagation in €sikie soils. In rock, fracture toughness
values are typically on the order of 1 MR&, whereas the fracture toughness of partially
saturated silty clay is less than 0.05 MRa[46].

Propagation criterion which, will be used in thisnw is that under mode I, the onset of

crack propagation will appear, and propagation @altinue as far as:

K Ke (2.16)

Propagation when will stop as soon as:

K, < K (2.17)

In case of pure mode-I fracture crack will propagat the same direction as it was
initiated. However, under mixed mode-I and modeiiltiation and propagation of a
crack depend upon both modes | and Il of the StFaaitical values. In the FEM analysis
to simulate mixed mode | and Il propagation the imaxn circumferential tensile stress,

.5 , near the crack tip [43] and some assumptionsaice:

1) Crack extension starts at crack tip along tlieatalirection.

2) Crack extension starts in a plane normal toctiva of the greatest tensile stress.
3) Crack extension begins wh@f.g reaches a critical material-constant value.

According to the theory [43]:

7+ =cos= (K, co$= —K; sin ) = Kic
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and

. =0 cos=[K,;sin +K; (3cos —1)]=0 (2.19)
Therefore from equation (2.23), direction of théiah fracture incrementg , can be
found from

K,sing+K, (3cosg- 1 =0. (2.20)
For instance, in case of mode |,

K, =0 (2.21)
K,sing=0 ¢g=0° (2.22)
Therefore crack will propagate in its own planewdwger, for pure mode II,

K, =0 (2.23)
K, @cosg-1)=0 =-705°. (2.24)

i.e. crack will tend to follow a skew- path with amgle of 70.5 degree. Under mixed
mode conditions, crack will propagate along a dioecidentified by an angle between
0° and 705° , according to the mixed conditionkf  aKg

4 Analytical approach of crack tip energy releas® for piezoelectric

material

Electrostatic, dielectric, piezoelectric and elasihavior will be accepted in the standard
form since they have been verified rigorously oneny years. The state of a material
will be assumed to be given by its strain s anghdigrization P and the behavior of the

material will be assumed to be linear and revessitith nonlinearities and irreversibility
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confined to the crack tip. The stored electrostatiergy in the material is due to its
polarization P, but it is useful for the calculasoof stored work to introduce the electric

displacement D such that [47]:
Di =gk +Pi (2.25)

Where g, is the permittivity of free space and E is thecsaic field. With these

variables, it is possible to accounsimultaneouslyfor the stored energy of
polarization and the interactionenergy among external and other charges
necessary to permeate the electric field & ithe space occupied by thmaterial.

xithe electric field is givery:
E=_ (2.26)

Where x is position in space andis the electric potential. The electric displacaeme

satisfies the condition:
-y, (2.27)

where q is the density of free charge per unit volume.olighout, we take,q= 0.

The strain Ss given by:

Sj=- (:“—7 ?7) (2.28)
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Where u is the displacement of continuum matewoaits. Stres€Esatisfies condition:

“T+h=0 (2.29)

Where b is a body force per unit volume and quesiesconditions are assumed. Singe q
=0, there are no Coulomb’s forces acting on fresrgd within the material. The effect of
forces acting on bound charges involved in the nation process will be treated as
being accounted for in the stored energy of thanmed state. Therefore, the body force
b is zero and the stress s balances only loadsedpgtternally to the body. In principle,

some of these external loads could be due to ektatic Coulomb’s forces acting on the
free charges at interfaces with electrodes or atbegaces. We will argue later that these

are sufficiently small and can be neglected.

The constitutive laws connecting the electric dispiment, stress, electric field and strain

are:
i = G (S — Ski)-&xiEx (2.30)
Di=eik(Sk - Sk) + jE + Pi (2.31)

Where Gy is the elasticity tensor at constant electricdfie]; is the tensor of dielectric
permittivities at constant strainjceis a tensor of piezoelectric coefficients, i$ the
remanent strain of polarization andi$the remanent polarization. The stored energy pe

unit volume (in the absence of remanent straingaidrization) is given by:

U== ;S +-ED (2.32)

We address the problem of calculating of the crgelenergy release rate in a loaded
compact tension specimen subject to an appliedtreleéield. The material is
piezoelectric, poled in the positixg-direction and transversely isotropic about therapl

axis. The needed relationships for plane strain:
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n =Cusy +C3si3 —e3E; (2.33)

33 = CiaSy + Cy3853 — €333 (2.34)

3= 2C483 — esE (2.35)
D, =2¢5S5; + ¢, E (2.36)
D; = €55 + 653555 +e53E; (2.37)

Where the datum for strain and electric displacegnethe polarized state. That is, the
remanent strain and polarization are present imtaeerial but because the remanent state
is the reference configuration for the measurenoérdtrain, ¢ and R are numerically
equal to zero. Due to plane strain and the fadtttieaelectric field is applied in thexs
plane, the straings si», and g3, the stressessand s3 plus the electric field component
E, and the electric displacement componeptal® all zero. The stress componentis
nonzero to maintain plane strain constraint, butas given above. W is the electrical

enthalpy given by:

W==(; S -ED) (2.38)

A is the planar area of the specimen, S is thenpdr of the specimen and D is the
displacement of one of the load points in the dioecof its prescribed applied force F.

The integral over is taken only where the tractians imposed in the case of the term
involving displacements and only where the surfetarge is imposed in the case of the
term involving the potential. Variation of the diapements and the potential are

constrained to be zero where they are imposed on S.
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The J-integral is used for the fracture mechanitalysis of the specimen. The form

suitable for piezoelectric materials is:

J=[_ [Wdxs+ (NDiE1— T, (?:) ds] (2.39)

Where is the contour from the crack tip on the lowerface to the crack tip on the
upper surface and is traversed in the directionvaha is the outward unit normal to the
contour and ds is arc length along the contour. Elementansiderations can be used
to show that for homogeneous materials J is palkegandent (as long as the contour
begins and ends at the crack tip and enclosespthenicompassing the singularity there)
and that J is equal tg the crack tip energy release rate on propagatidne crack. That
is, J gives the reduction of potential energy o gpecimen per unit area of crack
advance. [47]

5 Numerical tools

There are many numerical approaches currently adail to solve the problems
concerning LEFM and to calculate the SIF. Reseactivity in this domain has produced
a very large number of papers and it would be exétg difficult, and perhaps useless in
the frame of this thesis, to extensively reviewtlad literature on this subject. Therefore,
following state of the art only briefly includesmse of the basic references and proposes

a classification of proposed methods by defininggaries.

a) The Finite Element Method (FEM)

Usually, displacement-type finite elements (basedtlre virtual work principle) are
widely used. According to the so-called “direcpegach”, the SIF are deduced from the
displacement field, this is the case of the Crapkiing Displacement method (COD).

In the “energy approach” which is generally moreqgmse, the SIF are deduced from the

energy distribution in the proximity of the cradg,teither from the energy release as in
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the method of the Virtual Crack Extension or frone tJ-integral as in the Equivalent
Domain Integral Method [48].

b) The Boundary Elements Method (BEM)

In this method, only the boundaries of the solid discretized. The partial differential

equations of the Theory of Elasticity are transfedmnto integral equations on the
boundaries of the domain. Basically, the primarknowns of the numerical problem are
the displacements.

This is the case for the “crack Green’s functiorthnd”, the “displacement discontinuity

method” and the “sub regions method”. In dual mdthas been developed, which the

surface tractions as primary unknowns [49].

c) The Mesh less method

This method has been applied to fracture mechasimse 1994 and, subsequently,
different improvements have been introduced, faneple to couple this approach with
the finite element method, to ensure the continoftydisplacements in the vicinity of

crack and improve the representation of the simgulat the crack tip, by using an

arbitrary Lagrangian-Eulerian formulation to enritie displacement approximation near

the crack tip or to enrich the weighting functi¢B8].

d) The Extended Finite Element Method

The Extended Finite Element Method (XFEM) allowsmso discontinuities in the
assumed displacement field. Discontinuities cawmlipe to the presence of cracks and do
not have to coincide exactly with the finite elemedges: they can be located anywhere
in the domain independently of the finite elememrisin[51]. This approach is extremely
used in the recent literature of fracture mecharsndg is highly supported by the
ABAQUS © code.

5.1 The Finite Element Method

Many issues of structural integrity can be castpesblem of linear elastic fracture
mechanics (LEFM). These can include fatigue cramdp@gation and life prediction,

other types of sub-critical crack growth, residsi@ength estimation, and brittle fracture.
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In these and other related problems, it is esdeotibe able to predict the onset of cri
growth, and its rate, shape, and stability. thédielement method, as performed wit
modern highperformance and low cost computing environmentsg natural tool for

analyzing such LEFM problen
A) Singular finite elemen

A fundamental difficulty when modeling linear elastfracture mechanics (LEFM
problems through FEM is that polynomial basis fiored used for most conventior
elements cannot peesent the singular cre-tip stress and strain fields predicted by
theory. This means that mesh doesn’t assure themeathconvergence to the theoreti

solution, although it is highly refined around tdrack tip

A significant improvement in tt use of FEM for LEFM problems was the simultane:
and independent, development of the qu-point element. Crack tip displaceme
stress and strain fields are modeled by standagedirgtic order isoparametric fini
elements if one simply moves theement’s midside node to the position one quarte
the way from the crack tip to the far end of thensént. This procedure introduce:
singularity into the mapping between the elemepésmetric coordinate space and

Cartesian space [52]. The gratic quarterpoint element is illustrated in Fig 2
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Fig 2.2: The quadratic quar-point element [53]
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The introduction of quarter-point elements was @gnisicant milestone in the
development of finite element procedures for LERMith these elements standard and
widely available, finite element programs can besdugo model crack tip fields
accurately, with only minimal preprocessing reqdire

B) Extracting SIF and Energy Release Rate from FEM

Under LEFM assumptions, the stress, strain andatisment fields in the near crack-tip
region are determined by the SIF. Therefore, etitna®f accurate SIF is a fundamental
task of FEM modeling. A large number of techniqudes extracting SIF have been
presented in the literature [54]. Among those, fareg very often applied: displacement
correlation, virtual cracks extension, modifiedakralosure integral and the J-integral,

these techniques look more accurate and simples.

It is worthy motivated that techniques for extragtiSIF’s fall into one of two categories
above-mentioned. Some belong the direct approachieish correlate the SIF’'s with
FEM results directly and energy approach, which pot® the energy release rate. In
general, the energy approaches are more accurdteshaould be used preferentially.
However, the direct approaches are especially ussfia check on energy approaches
because expressions are simple enough to handaltidations. a brief description of

four mentioned techniques follow:

Generalized Displacement correlation methasl one of the simplest first techniques
proposed to extract SIF's from the FEM displacemdiotr a node of the mesh, by
substituting directly displacement value into thealstical expressions for near-tip
displacement, after subtracting the displacemeitseocrack tip. Usually, a node on the
crack face where the displacements will be greagestlected and thus the relative error
in the displacements is expected to be smallestgeAeralized form displacement
correlation method (GDC) can use any linear or cptad finite element type with
homogeneous meshing without local refinement. These features are critical for
modeling dynamic fracture propagation problems whecations of fractures are not
known a priori. Because regular finite elementsamh functions do not include the
square-root terms, which are required for accuwatetpresenting the near-tip
displacement field, the GDC method is enriched aviaorrection multiplier term. The
proposed method using quadratic elements is aectoamode-I and mode-II fracturing,

including for very coarse meshes. An alternativenidation using linear elements is also
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demonstrated to be accurate for -1 fracturing, and acceptable me¢II results for
most engineering applications can be ed with appropriate mesh resolution, wr
remains considerably less than that required byt wib®r methods for estimating strt
intensities [55]. The configuration for this sim@lpproach is shown in Fig 2
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Fig 2.3: Possible sample point locin for simple displacement correlation [

The virtual crack extension methcis an energy approach that computes the ra
change in the total potential energy of a systenmafemall extension of the crack. Uni
LEFM assumption, this is equal to ttenergy release rate. In general, the vir
extension crack is more accurate than the displanecorrelation approach for a giv
finite element mesh. However, as originally proghsanly a total energy release rate

computed. It is not separated the three modes of fracture [56].

The modified crack closure integral (MCCI) technig was originally proposed &
Rybicki and Kanninen [57], They observed that Irfwiorack closure integral could |
used as computational tool (Fig 2.4). Release iieecy release rate to the cretip stress

and displacement fields for a small crack increm
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Fig 2.4: Cracktip stress and displacement fields used in Irwackrclosure integral [5

The MCCI procedure has been extended for use vgfiieh ordetelement. Of particule
interest is its formulation for quadre-point elements is insensitive. These elem
express the cradhkp displacement and stress fields in terms of séawder polynomial

that were consistent with the qua-point behavior.

In general, for a given mesh the MCCI techniquedgi&IF’s that are more accurate tl
the displacement correlation approach, but lessirate than the-integral approach.
However, it gives surprisingly accurate resultsifersimplicity and requiresodal forces

and displacements only, which are standard oufpurts many finite element prograr

The J-integral is wellknown parameter of nonlinear fracture mechanicsdddrinear
elastic material assumptions, tt-integral can be interpreted as beequivalent to the
energy release rate, G. In its original formulatigrrelates the energy release rate «
two dimensional body to a contour integral. Thetoanintegral in the simple form c:
be shown to be patindependent providing there are ncdy forces inside the integratic
area, there are no tractions on the crack surfiade¢he material behavior is elastic [

C) Available tools and softwar

In the FEM, the structure is subdivided into diserelements. Different Element tyg
can be ued to cover the problem. Elements are connectem@, where continuity

displacement field is imposed. Displacements ateeatkpend on the element stiffn
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and computational of the nodal forces. For stradtyroblems, numerical solution
consists of computing nodal displacements. Stredsstrain distributions throughout the
body, as well as the crack parameters such as caifr,be inferred from the nodal
displacements. A number of commercial FEM packalgage the ability of crack
modeling and performing the fracture mechanics watmns. There is also some
noncommercial code, as the FRANC2D, which is dgyadoby the Cornell University,
being surprisingly easy to learn and offering maapabilities. Finite element analysis
can be carried out by several available softwde ABAQUS, ANSYS, and LS- DYNA
etc. These softwares are user friendly and givade wange of analysis options. Static,
dynamic, fluid, thermal and electromechanical peoid can be analyzed by means of
those codes.

In this thesis, the ABAQUS® was used, it can sdilvear and nonlinear problems. It was
designed to be able to investigate many links aflinearities such as geometrical
material or multi-physic domains. Some specializeddules allow investigation of
several behaviour of material in presence of piagti buckling, electromechanical
coupling and even fracture. Numerical tools arduatad to solve nonlinear problems by
an automatic updating of the set-up to assure tineenical convergence and an accurate

result.

5.2 The Extended Finite Element Method

The extended finite element method (XFEM), alsovkmas generalized finite element
method (GFEM) or partition of unity method (PUM) & numerical technique that
extends the classical finite element method (FEMpreach. Tools for solving to
differential equations with discontinuous functiomse included. The XFEM was
developed to analyze problems with localized festuwhich cannot efficiently solved by
a mesh refinement. A relevant application is modglof fracture in the materials.
Discontinuous basis functions are added to thedastanpolynomial basis functions for
elements that are intersected by a crack, to iectheé crack opening displacements. A
key advantage of XFEM is that in such problemsfithiee element mesh does not need to
be updated to track the crack path. Subsequenardsdias demonstrated the more
general use of the method for problems involvinggslarities, material interfaces,

regular meshing of micro structural features suslva@ds, and other problems where a
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localized feature can be described by an appr@pset of basis functions. It was shown
that for some problems, such an embedding of theblgm's feature into the
approximation space could significantly improve wemgence rates and accuracy.
Moreover, treating problems with discontinuitiestwKFEM suppresses the need update
and refine the mesh of discontinuity surfaces, tileviating the computational costs and
errors associated with conventional finite elenmaathods [51].

In XFEM, a discontinuous function and the two-disiemal asymptotic crack-tip
displacement fields are added to the finite elenmsggroximation to account for the
crack, by using the notion of “partition of unityThis enables the domain to be modeled
by finite elements with no explicit meshing of tlkeack surfaces. The initial crack
geometry is represented by level set functions, aobsequently signed distance
functions are used to compute the enrichment fanstthat appear in the displacement-
based finite element approximation. The method hasically been developed in

Northwestern University.

5.3 The Crack Box Technique

In order to use this technique one has to autoalbticreate a transition zone between
the “crack box” and the whole structural unchadgeesh. According to Fig 2.5 three

regions can be detected around the crack tip:

» Zone (A): “Crack box”. It contains a specific anggular mesh. It is affected by the
asymptotic solution at the crack tip. For elastdcalations, few elements are needed.
The crack tip is modeled with degenerated quadelements with one side collapsed
and mid side nodes are moved to the quarter peatest the crack tip to create a strain

singularity inil_((r Is the distance from the crack tip). For plastalculations, more

elements are needed to precisely determine theegral. To introduce Elsingularity for

perfectly plastic material strains, degenerateddrptec elements are also used but crack
tip nodes are allowed to move independently and sidd nodes remain at the mid side

point. For Ramberg—Osgood materials, it has beeoksdd that the latter mesh allows to

globally approximating thg% strain field (n is the hardening coefficient).
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» Zone (B): “Transition region”. It contains an opized linear (for elastic calculation
or quadratic (to increase precision for elastic plastic calculations) displacement fit
associated to triangular mesh obtained with theal®y triangulaon procedure from
NAG (Numerical Algorithms Group). This allows comtiag the specific crack box wi
the whole ABAQUS model, which can be either a 2Ddeicor a 3D shell model. Tt
border of this region is automatically defined afuction of the crac path previously

calculated.

» Zone (C): “Whole Model”. It represents a usualite element mesh. It is to be no

that this mesh is unchanged during the crack praipay

Fig 2.5: Crack box technique and different zoneuadocrack tip and difrent mesh [29]

Creation of a crack box by an automatic proceduas used in this thesis is to develo
numerical tool by using the ABAQUS® code. Some sta@ foresee

1) Meshing of the three regions for the initialal

2) Performing FEM calculatn. An elastic or elastiglastic criterion is used to calcule

the direction of the crack extensi
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3) Increasing the crack length in the calculategddion. The increment of cracka is
mesh dependent. Influence of the crack extensiam lma taken into account by
calculating the crack direction for different vatuef a until convergence. In this work
the crack box size was set at the crack incremaohtlze ratio dJ/da was then checked to
be lower than a prescribed value. This criterion t& introduced during the crack
simulation by subdividing the crack extension i tbase it is not fulfilled with the

default value.

4) Updating the local crack tip region mesh andneating it to the whole structure by
region B. Actually the region (B) works such a nmayicontour around the crack tip. It
looks like a static condensation of the structlethaviour to the crack tip region. This
technique is almost similar to boundary integralapns in which the transition zone

replaces the contour [59].

5.4 The boundary element method (BEM)

Boundary elements show considerable promise asamsnef both elastic and elasto-
plastic analysis of the crack propagation. The lblamy element method (BEM) is a
numerical computational method of solving lineartipa differential equations, which

have been formulated as integral equations (i.dbonndary integral form). It can be
applied in many areas of engineering and sciencdedimg fluid mechanics, acoustics,
electro magnetics, and fracture mechanics. Inrel@ntgnetics, the more traditional term
"method of moments" is often, though not alwaysiosyymous with "boundary element
method".

The integral equations may be regarded as an escdgtion of the governing partial
differential equation. The BEM attempts to use tieen boundary conditions to fit
boundary values into the integral equation, ratthen values throughout the space
defined by a partial differential equation. Onces tis done, in the post-processing stage,
the integral equation can then be used again tuledé numerically the solution directly

at any desired point in the interior of the solat@momain.

BEM is applicable to problems for which Green'sdiions can be calculated. These

usually involve fields in linear homogeneous mediais places considerable restrictions
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on the range and generality of problems to whichndary elements can be usefully
applied. Nonlinearities can be included in the folation, although they will generally

introduce volume integrals, which then require tr®dume to be discretized before
solution, removing one of the most often cited adages of BEM. A useful technique
for treating the volume integral without discretigithe volume is the “dual-reciprocity
method”. This technique approximates part of theegrand by using radial basis
functions (local interpolating functions) and cortsethe volume integral into boundary
integral after collocating at selected points distted throughout the volume domain
(including the boundary). In the dual-reciprocitfE®, although there is no need to
discretize the volume into meshes, unknowns aterhpsints inside the solution domain
are involved in the linear algebraic equations apionating the problem being

considered [60].

The Green's function elements connecting pair®ofce and field patches defined by the
mesh form a matrix, which is solved numerically.léés the Green's function is well
behaved, at least for pairs of patches near eauwbr,othe Green's function must be
integrated over either or both the source patch thedfield patch. The form of the
method in which the integrals over the source aeld fpatches are the same is called
"Galerkin's method". Galerkin's method is the obgi@approach for problems, which are
symmetrical with respect to exchanging the sournd &eld points. The cost of
computation involved in naive Galerkin implemerdas is typically quite severe. One
must loop over elements twice (so we depasses through) and for each pair of elements
it loops through Gauss points in the elements piodu a multiplicative factor
proportional to the number of Gauss-points squadddo, the function evaluations
required are typically quite expensive, involvimgonometric/hyperbolic function calls.
Nonetheless, the principal source of the computaticost is this double-loop over
elements producing a fully populated matrix [61].

The Green's functions, or fundamental solutions, @ften problematic to integrate as
they are based on a solution of the system equasiobject to a singularity load (e.g. the
electrical field arising from a point charge). Igtating such singular fields is not easy.
For simple element geometries (e.g. planar triam)ghmalytical integration can be used.
For more general elements, it is possible to desigely numerical schemes that adapt to
the singularity, but at great computational codtc@Qurse, when source point and target

element (where the integration is done) are fartapi@e local gradient surrounding the
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point need not be quantified exactly and it becopussible to integrate easily due to the
smooth decay of the fundamental solution. It is fieature that is typically employed in

schemes designed to accelerate boundary elemdseprecalculations.

The BEM is often more efficient than other methodsluding FEM, in terms of
computational resources for problems where thera ismall surface/volume ratio.
Conceptually, it works by constructing a "mesh" rotree modeled surface. However, for
many problems boundary element methods are signific less efficient than volume-
discretization methods (finite element method,téndifference method, finite volume
method). Boundary element formulations typicallyegrise to fully populated matrices.
This means that storage requirements and compuightione will tend to grow according
to the square of the problem size. By converse, RBdirices are typically banded
(elements are only locally connected) and storageirements for the system matrices
typically grow quite linearly with the problem sizEompression techniques can be used
to ameliorate these problems, though at the coatldéd complexity and with a success-
rate that depends heavily on the nature of thelpnolbeing solved and the geometry

involved.
Some BEM advantages can be highly defined:

The mesh is reduced in one dimension only.
Automatic satisfaction of the radiation conditiatsnfinity is assured.
Ability to capture high stress gradients is prodde

Easy implementation of elements modeling cracKiglls in fracture is offered.

Nevertheless the BEM exhibits some disadvantagesdingular integrations and need

appropriate fundamental solution [62].



Part Two

Prediction of fracture mechanics in passive stmastu



CHAPTER 3

MODELING FRACTURE MECHANICS IN SINGLE LAYER
OF METALLIC MATERIAL

1 INTRODUCTION

To assure a suitable design tool for fracture meicksausing the ABAQUS® code a
preliminary implementation in case of a single lagemetal was performed. To develop
this activity the AISI 4340 steel was selected amgmerical investigations were
performed by analyzing what happens during a stanffacture test upon three points

bending specimen.

1.1 Material selection: AISI Steel 4340

Practical industrial applications currently use madands of steel, being either cast
directly to shape, or into ingots, which are rebdand hot worked into a wrought shape
by forging, extrusion, rolling, or other procesgé8]. Wrought steels are the most
common engineering material used, and come iniatyasf forms with different finishes
and properties. Alloy steels are steels that excided element limits for Carbon.
However, they containing more than 3.99% Chromium eassified differently as
stainless and tool steels. Alloy steels also cangéments not found in carbon steels
such as nickel, chromium (up to 3.99%), cobalt, etc
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The typical elastic modulus of alloy steels at ra@mperature (25°C) ranges from 190 to
210 GPa. The density of alloy steels is about GRS and tensile strength varies
between 758 and 1882 MPa. The wide range of ulértetsile strength is largely due to
different heat treatment conditions.Among the nundfesteels used, the AISI 4340 is
quite popular and very often was used to test detsigl against fracture in the literature.
The AISI 4340 is a low alloy steel containing noalin 0.4% C, 0.8% Cr, 0.25% Mo and
1.8% Ni. Higher strength levels up to 1,03 GPa rhayachieved by suitable heat
treatment. It is often used in instead of AISI 4B4@he higher strength levels because of
its better hardenability. Due to availability tlgsade is often substituted with European
based standards 817M40, EN24 and 1.6528 34CrNiMbich are similar but have a
slightly lower nominal nickel content of 1.5% aniglrer nominal chromium content of
1.3%. The hardenability limitations of this gradkegth to which it will harden / obtain
the specified mechanical properties after heattrireat) must always be taken into
account when designing and selecting equipment. gdaent of the AISI 4340 is
described in Table 3.1.

Table 3.1: Composition of AISI 4340 steel [63]

Element Weight %
C 0.38-0.43
Mn 0.60-0.80
P 0.035 (max)
S 0.04 (max)
Si 0.15-0.30
Cr 0.70-0.90
Ni 1.65-2.00
Mo 0.20-0.30

Tables 3.2 and 3.3 show some mechanical, thernthkkactrical properties of the AISI
4340 steel.
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Table 3.2: Thermal properties of AISI 4340 sted][6

Properties Conditions

T (°C) Treatment

Thermal Expansion (1%°C) | 11.5 20-100 Oil hardened, tempered 630°C

Table 3.3: Mechanical and electrical propertie&kdl 4340 steel [63]

Properties Conditions
T (°C) Treatment

Density (g/cm) 7.7-8.03 25

Poisson's Ratio 0.27-0.30 25
Elastic Modulus (GPa) 190-21( 25
Tensile Strength (MPa) 744.6
Yield Strength (MPa) 472.3

Elongation (%) 22.0 25 annealed at 810°C
Reduction in Area (%) 49.9

Hardness (HB) 217 25 annealed at 810°C

Electric Resistivity (L3W-m) 248 20 -

The AISI 4340 steel is often used for structurglaations, such as aircraft landing gear,
power transmission gears and shafts and othertstalgarts. It uses in heavy-duty

axles, shafts, heavy-duty gears, spindles, pinslsstcollets, bolts, couplings, sprockets,
pinions, torsion bars, connecting rods, crowbavsyeyor parts etc. The Table 3.4 shows
the characteristics of AISI 4340 steel in differpmcess and situations.
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Table 3.4: characteristics of AISI 4340 steel iffiedlent processes [63]

Principal Design

Features

AISI 4340 is heat treatable, low alloy steel comitag nickel,
chromium and molybdenum. It is known for its toughs and
capability of developing high strength in the heatted conditiorn
while retaining good fatigue strength.

Machinability

Machining is best done with this alloy in the arledaor
normalized and tempered condition. It can be machiby all
conventional methods. However in the high strerogihditions of
200 ksi or greater the machinability is only froBP2 to 10% that
of the alloy in the annealed condition.

Forming

4340 has good ductility in the annealed conditiord anost
forming operations are carried out in that conditith can be bent

or formed by spinning or pressing in the anneatatés

Welding

~—+

The alloy can be fusion or resistance welded. Rredued post hea
weld procedures should be followed when welding tiloy by

established methods.

Heat Treatment

Heat treatment for strengthening is done at 152fltéwed by an
oil quench. For high strength (over 200 ksi) theykhould first
be normalized at 1650 °F prior to heat treatmeeé 'Sempering'

for strength levels.

4340 has very good cold forming capability so that working
should not be needed. Hot working in any but theeated

Hot Working N _
condition can affect the strength level. Consuét &loy supplier
in regard to hot working.

Cold Working The 4340 alloy may be cold workedthe annealed condition, hy
conventional methods and tooling. It has good dltycti

Hardening The alloy will harden by cold working loy heat treatment -- see

"Heat Treatment" and "Tempering".
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1.2 Test case fanodeling

Numerical model was aimed at predicting the behaviof material in a structur:
fracture test performed by bending a specimen. & loading conditions were analyz
to evaluate several parameters of fracture mechanah as SIF, -Integral, crack
propagation and life prediction. Specimen looks lik Fig 3.1 and is the -called “three
point bending specimen” (3PB). Dimensions are $jgetin Table 35.

Three modes were investigated in this analysisirsk $ample is operated in first mo

category of fracture mechanics, while the two atlreee operated in mixed mode fract

Table 3.5: Dimension of specimen

Specimen Lengtt Width Thickness Length of
Crack
Dimension 180 40 30 20
[mm]

A first loading condition corresponds to the firsbde of fracture mechanics (sin
mode). As Fig 3.1 shows load is applied in the neidd specimen being supported at
two ends. Crack located in the middle of specingrgth, and has a initial leth of 20

mm.

80 80 Piz ¥

L&0

Fig 3.1: Test with fracture mode “A” [64]
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The second test case corresponds to mixed modaatfife mechanics, which is sho
in Fig 3.2. Load is in the middle of specimen son@ged mode fracture is no mc

applied. Crack excited clos to the left hinge and has an initial length of 20r

Wmm P

—
WL

/

3Prq 20 s

120 s P :

et

180 mm

Fig 3.2: Test case of “mode B” [64]

A third case was then analyzed. Even in this on@x@d mode of fracture mechanics
operated. A Fig 3.3 shows, two load points witHeddnt amplitude of load are define
Load at left side is 3/8 of other one; supports @wsitioned differently witrpervious

case, no more and simply at the two ends of speciéial crack is 20 mm long. 3P/
86 24 18036 74

IF/B BGimen e Do

180 mem

Fig 3.3: Test case of “mode C” [64]
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2 Fracture analysis performed by analytical appr

2.1 Calculation of Stress Intensity Fac

To perform a fracture analysis the Stress IntenSaygtor (SIF) of the mode tested
preliminary computed. Magnitude of this parametepehds on several factors, such
the geometry of structure, the size of crack aadaitation and the loading ccition in
case of 3PB specimen and test mode A previouslyritbesl. (Fig 3.4

Condition for propagation i

Ki=Kic (3.1)

Where K is SIF for mode | and |c the toughness of material for propagation modedl

critical force Rrequired to have propagation is fou

AP &0 &0 Piz *

[80

Fig 3.4: Three point bending specimen’s sketch (3PB)

Fracture toughness of the AISI 4340 iic=48MPa. Expression for|Ks [65]:

KF% fll(é) (3.2)

™ ¥

>

“\= csp S o = o3y =
fll(@) = i,:?iw.[l'g“@ .D@ lce D § «f 3 zY o Y (3.3)

> >
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Where: s is the length of the beam (between tloestypports)
a is the crack height in beam

t is the thickness of beam

W is the width of beam

P is the force applied

f11 (&/w) is the geometric function, depending on @ \ah respectively.

As Fig 3.4 shows, a=20 mm, s=160 mm, t=30 mm, Wm0, while P is the unknown

force applied, therefore:

TMé

)= > S ap = o = 3y =
fu(g)=— T T [1.995 D 5 leeDiet o 2V o Y (3.4)
S0, i1 5 = 2.67.
K = fa(S 3.5
I—W 11(@) ( . )

Provided that k= 48 MPa, so critical load is:

Per=28.17 KN

To investigate the behaviour of the 3PB specimear] P was increased from low N up to

Pc, by some steps and Was computed.

P1=10 KN SO K=17.75 MPa
P,=15 KN (o) K=26.62 MPa
Ps=20 KN (o) K=35.5 MPa

It is worthy noticing that very often material umgees cyclic loading. In this case
distribution of stress inside the specimen and raddbe crack tip changes accordingly to
instantaneous load applied. This effect is impdrteimen plastic region is analyzed since

material undergoes tensile and compressive stribsmately, Moreover, fatigue of
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material affects the fracture behaviour, therefivaeture anlysis is faced an alterna
stress which lead to have an alternate

Maximum and minimum values of stress intensity dacturing the load period, usua
Kimax and Kmin are computed and their ratio is defined as R jmax / Kimin. Life of
crackedcomponent is strongly affected by the amplitude fraquency of cyclic load ¢
well as environmental factors, such as corrosiahtamperatur

An example of cyclic loading is shown in Fig 3.5h@ crack propagation is undergo

this condition stresstensity factor rang K, is analyzed instead of a single valu,,

like in statics.
1 — — — pr— r— r— r— r— — —
am
aF
=4
é 4
=
qE: {14
0.2
a1 L) L. L. L) L) L. L) L) L. L.
n] L5 1 1.5 z A5 3 35 q 3.5 5
Time [5]

Fig 3.5: Example of applied cyclic loading.

In particular dynamic definition of stress integdector K, is:

Ki = Kimax K imin if Kimn O
K| = Klmax |f K|min < O

K| = O |f K|max> O
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2.2 J-Integral

An alternative way of analyzing fracture mechanitsAbaqus is by computing the-
Integral. Jintegral allows characterizing the singularity bé tstress field in proximity ¢
the crack. In gure 2D cracked and linear elastic medium, Ric&8)@lefined as J tt

follow integral of contou

J= {(Wey Gn—lds (3.6)

Where W is the density of elastic strain energy ¢ is a contour around the crack t
Since the crack is supposed as straight alongxits n is the normal vector to tf
contour, j njis the applied stress to the contour u; is the corresponding displaceme
(See Fig 3.6):

A

(a) (b)

Fig 3.6: Integral path for the J integral [30]

As it was already mentioned stress intensity faetwat J integral are selected as fo

(for linear elastic media):
J=K? E’ (3.7)

Being E'=E for plane stress, E' = E/- %) for plane strain and E is the Youn

modulus, while is Poison’s ratic
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2.3 Crack Propagation in standard specimen under bg

According to the Paris’s law, the fatigue growtkerda/dN is related to ran¢ K, as in

Fig 3.7, being “a” crack length and N the numbeloafling cycle:

dafdM {m/icycle)

o,
Region | Regicn 11 Region 111
1= Paris low
defdi=C (A K"
i
Tl
1-*
i
1o L
B
i Quick dropped A K
i U-m | | | -
A Ky A K on log A K

Fig 3.7: Fatigue growth rate by Paris’s law |

Fracture behaviour is characterized by three re, crack starts to grow whe
Ki > Ky, i.e. the threshold value. After a preliminary nsgent growth, crac
propagates with a good speed eParis’ law can predict this behaviour. Only w

K, > Kc propagation suddenly becomes faster and uns

In region Il, Paris’ low states th
E
Iogﬁ =nlog K, +C (3.8)

Above equation (3.6) describes the original formiata

==C(K)" (3.9)
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C and n can be considered as the material propefaris also points out that for

metallic materials, often 2 < n < 4 (n is dimenstss). Like in other domains of

structural mechanics a safety factgraan be applied. It is always larger than unity, to
assure safety against collapse.

If safety factor is assumed to bgh.8, the other parameters are in the test case:
C=1 e-11 (MP%m), n=3 and so far ifK, = 17.75 (MN/mi’?), fracture behaviour of AISI
4340 is described b= = C ( K|)"=5.5. €.

It can be observed that if variables, are separiiedrack length “a” can be selected to

the number of cycles N as follows:

C———=Cc( DTV (3.10)

<¢ ¢ <E£<n&

[

This analytical approach is very useful if one wbylredict the number of cycles N

required to reach a certain length of:

LK r . K r
S
<r . <y .

?2-5IF

_ F
N=5or oy (

) (3.11)

In particular when K, = K¢ the number of cycles required for the rupture ttenal
propagation can be found. Nevertheless, a veryalésigner is prone to assume a safety
factor to avoid that this condition might occur.nde fracture toughnessXis usually

divided by the safety factor, for instanceh.8. In this case:

Kics= (Kic/ng)= 27.777 MN/ni.

According to the above interpretation maximum stresn be found as|k . -®f, f
is the function of geometry and in test case f=2tb&refore =26.596 2 7 MPa.
Model allows predicting the crack length for giveamber of cycles, if Igis used the
final length is @= 45.12 mm, which is bigger than the specimen width
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.« .«

N= P G2 )=34553%5.

§U ©% -« 2= F

Therefore it can be found that to have a completgagation of crack through the
specimen width (40 mm) are required 3.4553*e34500 cycles if load is P=10KN and

initial crack length is 20mm.

3 FEM analysis by means of the ABAQUS® code

3.1 Static analysis

In the PRE-PROCESSING activity of the FEM modelitigg specimen geometries
sketched. This is done by creating a “part” in vhtbe 2D geometry is first drawn,

elements are then defined, type deformable andsbkbhpe. As the sketch is carried out
by using various commands, like lines, auto triitketfetc. and result looks like in Fig

3.8.

Fig 3.8: Model of specimen created inside the pertlule of the ABAQUS

Material for the sketched part then is selecte@atly from the “material” menu, and
properties are inputted. In case of 4340 steek ilastic defined as having Young's
modulus equal to 210 GPa and Poisson’s ratio O/2®eover to predict even the plastic

behaviour curve- is given as in Fig 3.9.
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"0

Fig 3.9: Stress vs. strain curve of the AISI 434€e5[66]

Once the material and its properties are defirtechn be defined by using the “sections”

menu and selecting category “solid” and type “hoeramus”.

Sub-menu “instances” under “assembly” allows crepgome independent parts. Since
the model involves analysis of a crack, never @efinntil now, it can be defined in the
sub-menu “engineering features” under “assemblyfidng crack requires defining the
crack contour, tip and propagation direction. Imtipalar crack propagation direction is
defined through g-vectors, i.e. by selecting treckrstart and end point, respectively. As
soon as these parameters are defined data indtugdiox are filled. It is even required
specifying that analysis is being carried out falfisection of the model and singularity
parameters. For static analysis with elastic fnr@&ctanechanics, in the second-order mesh
options field, size is described by entering a gabf 0.25 for the mid side node
parameter, to move the mid side nodes to the quadiats. In the degenerate element
control at crack Tip/Line field, option “Collapsedement side, single node” is entered.
The type of analysis can be chosen from menu "Stapd analysis type chosen is

“general static”.

To prepare the post-processing ABAQUS requires eéWeld output requests” and

“History output requests”, being sub-menus of (tygeanalysis). Field outputs as J-
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integral and Stress Intensity Factors were selectgubrform the J-integral computation.
Ten contours were required.

Load is a concentrated force and can be createéaBBMQUS in the “load” menu, by
selecting the mechanical category and “concentrfae@” in type of selected step. Two
boundary conditions were defined in the “boundaoyndition-menu” concerning the

displacement/rotation conditions at the two support

Mesh assignment was done at the “Mesh part”, inigecircle around the crack, the
“sweep technique” was chosen while the technique pvaferred in the outer portion of
the specimen. The plane strain assumption was tedlanside the element options
(CPE4R). Fig 3.10 shows the model after meshing.

Fig 3.10: Meshed model of specimen

Solution starts by opening a new job inside theaeld “job” menu, computed results are
then analyzed by selecting the “result menu” wlikeestress intensity factor and energy
release rate are included.

Fig 3.11 shows some results of the ABAQUSO®© code stnelss distribution around the
crack tip, it should be mentioned that, stressritigtion in all cases inside the thesis is
Von mises stress.
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Fig 3.11: Stress distribution around the craclafter analyzing in Abaqus

Numerical results are obtained for the test caser@these correspond to those computed
by the analytical approach, as it shall be deepbcdbed later in this thesis.

3.2 Dynamic analysis

When applied load is cyclic a dynamic analysieuired. Procedure looks similar to the
static analysis, although some parameters have ahénged.

Value of 0.5 for the mid-side node parameters Iscsed instead of 0.25 to keep the
midside nodes at the midside poirdad in the degenerate element control at crack tip
field, “collapsed element side, duplicate node”sisggested. In the “step module”,
dynamic and implicit is the type of analysis steml @ proper time period and step
interval time have to be defined. In the generalasyic analysis the loading is “cyclic
impulse”. A tabular format is available in this noeto create the cycle for the specific

time period.

In static analysis, the axis which describes tHaevaf time strictly depends on the law of
increasing loading condition for bending imposedirty the fracture test, inparticular
absolute value of time, which are described insidegraph depends on the rate of the
applied load which can be different, test by tdéstcase of dynamic analysis, this is
related to the frequency of the cycles which sitmulhe fatigue condition, from this

point of you, inside the analysis, time axis dds&sithe sequence of loading condition
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and related crack length applied during simulationthis case the absolute values are

more significant because they are related to the tiistory of the cycles applied.

3.3  Preliminary numerical results of SIF and J-gn&d

After modeling the specimen inside the Abaqus caud running, results were collected
and discussed. A first comparison between the fse¢sults obtained through the FEM

and those found by the analytical approach is pgegan Table 3.6.

Table 3.6: Computation of SIF for several valuestatfic load

Load Analytical FEM FEM

[KN] [MPa] Plane stress [MPa] Plane strain [MPa] Error
10 17.75 17.35 17.35
15 26.625 26.03 26.03 About
20 35.5 34.7 34.7 2.2%

Stress intensity factor for several values of stitad were computed by the FEM code
and compared to those obtained by the analytigaloggh. It can be observed that option
about the plane state poorly changes the resultshendifferent between those analytical
and numerical approaches are quite small (2.2-2.3%9 investigate the role of mesh

refinement a dedicated activity was performed asalts are shown in Table 3.7.

Table 3.7: Stress intensity factor computed by Feelde with different number of

elements according to mesh size

Load case Number of elements  Stress Intensity FéRitme stress) [MPa]
10KN, Static 3970 17.12
10KN, Static 8654 17.27
10KN, Static 15230 17.35
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It can be observed that approximation improvesaitih an increasing computatior
effort Figs 3.12 and 3.13 show the value of energy reledsearal stress intensity fact
during the static analysis. As it was expected ggneelease rate nonlinearly grown
with load while SIF linearly follows the increasiggyalues of load

ENERGY RELEASE RATE[N/m] .

T?.m: -

Fig 3.12: Enrgy release rate as computed by Abz

STRESS INTENSITY FACTOR [MPa]
1

Time
Fig 3.13: Stress Intensity Factor as computed by Ahe

The number of contours used to perform the analggiseatly important to reach a go
approximationlIn particular, it is known that in case of pladbehaviour the results a

not independent on the contours seleFigs 3.14 and 3.15 present the energy rel
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rate and stress intensity factors for different bemof counters. First three contours

show fairly different values, it's due to the faloat they are too close to singularity.

e

10123 2452.1

Fig 3.14: J-Integral vs. number of contours

s

*

/0123 2452.1

Fig 3.15: Stress intensity factor vs. number oftoars

As Figs show contour selected to perform the coatput of J and SIF respectively has
to be sufficiently for the crack tip to avoid anymerical problem of singularity, but then
they are stable even when selected counters are fabifrom the tip. Cyclic load in

dynamic analysis was considered, some resultsdiected, Table 3.8 shows the value
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of stress intensity factor and energy releaseinat@o cyclic load conditions, 120 cycles
per minute and 240 cycles per minute, i.e. for eyakith different geometry. The value
of SIF in two conditions is so close and three nerabafter dot is used to show the

difference between these conditions.

Table 3.8: J-integral and Stress Intensity Faabonmuted by Abaqus with cycles of

different frequency

Dynamic Analysis Stress Intensity| Energy Release rate
factor [MPa] [K/N]
10 KN (120 cycles per min 17.852 1376
10 KN (240 cycles per min 17.854 1377

In this case, for given maximum load, SIK is very close to the theoretical value and a
little bit higher than in static analysis for givenesh size. This is a consequence of
selecting a large value in second-order mesh optiewertheless values are compatible
with the applied load. Following Figs present thrapip of stress intensity factor and

energy release rate during the time period undecyilic load (120 cycle/min).

,6785.90

8,0

Fig 3.16: Load amplitude factor vs. time for 12@leg/min
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The following Fig 3.17 presents the value of Stregensity Factor of steel in dynamic

load (120 cycle per minute).

0

Fig 3.17: Stress Intensity Factor vs. time

The following Fig 3.18 presents the value of Jgnék of steel in dynamic load (120
cycle per minute).

VNN

Fig 3.18: The J-integral values diagram duringtiime in 120 cycles
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The following Fig3.19 and 3.20 present the value of Stress InteRsityor and -integral

diagram obtained from Abaqus results in dynamid (240 cycle per min

"]

STRESS INTENSITY FACTOR [MPa]

Time

e e w0 u e

Fig 3.19: The stress intensity factor values diagra24id cycles/mi

Fig 3.20: The -integral valus diagram in 240 cycles/n
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3.4 Numerical investigation in mixed mode

In the second part of the analyses of 4340 stkelntixed mode B was selected to the
complete this preliminary investigation. Specimeedifor modeling activity is depicted

in Fig 3.2.

As Fig 3.21 shows distribution of stress is panttggular and no were symmetric like it
looked in mode A. Procedure follows in the numdricaestigation was the same of

previous case, but here load and crack locatiowliéflerent.

Fig 3.21: Stress distribution around the crackriiimode B

The J integral and stress intensity factor in cdd#th mode Il and | are described in

Tables 3.9 and 3.10.

Table 3.9: The J-integral for different contoursl amixed mode analysis

Contour 1 2 3 4 5 6 7 8 9 10

JntegraN/ml | 200 | 214.4 216 | 216.4{ 216.6| 216.7 216.8| 216.8| 216.9 216.9

Table 3.10: The Kand K; for different contours and mixed mode analysis

Contour | 1 2 3 4 5 6 7 8 9 10

Ki[MPa] | 6.904 | 6.658| 6.684 6.6916.694| 6.696| 6.696| 6.697| 6.697| 6.698

Ki[MPa] | 1.958 | 2.034| 2.042 2.04%2.046| 2.046| 2.046| 2.046| 2.046| 2.046
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Energy release rate and Stress intensity factghgpar contours are shownFigs 3.22
and 3.23.

STRESS INTENSITY FACTOR [MPa]

Time

Fig 3.22: The stress intensity factor values duringtitine

[ e s e — S e

Fig 3.23: The -integral values during the time.
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According to the above tables of stress intensittdr K could be set at 6.697*%@nd
K, at 2.046 and J integral to 216.8.

Mixed mode C was finally evaluated, specimen istadled in Fig 3.3 Numerical

investigation was performed like in previous caségy 3.24 describes the stress

distribution inside the specimen, while Table 3dblfor SIF and J-Integral.

Fig 3.24: Stress distribution inside the modelradi@alysis.

Table 3.11: The J integral value in different camgofor mixed mode analysis

Contour 1 2 3 4 5 6 7 8 9 10
J-Integral | 25.99| 28.05| 28.28| 28.34| 28.37| 28.38| 28.39| 28.39| 28.4| 28.41

[N/m]

Table 3.12: The Kand K, and different integral contours of mixed mode gsial
Contour | 1 2 3 4 5 6 7 8 9 10
K|[MPa] | 1.7371| 1.804, 1.811 1.8131.814|1.815|1.815| 1.815| 1.815| 1.815
Ky[MPa] | 1.7159| 1.782| 1.789 1.79 1.79A.792| 1.793| 1.793| 1.793| 1.793

As tables point out Kis about 1.18152 e6, and, is 1.7936*18the J integral is 28.4.
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3.5 Discussion about numerical results

Summarized results for mode A, B, C

Results collected in Tables 3.13 and 3.14 show $itand J integral in mode A are
larger than of other modes, Although in mode B they greater than mode C. Stress
intensity factor is depending on the sample geomsize and location of crack, and the
magnitude and distribution of loads. Larger valfi&kpand J in mode A are due to the
location of crack and loads, being leading to asstrdistribution around the crack tip

larger than in the other cases.

Table 3.13: Stress intensity factor in three matesdyzed.

Modes Stress Intensity Factor Values Kl [MP4]
Mode A 17.35
Mode B 6.69
Mode C 1.18

Table 3.14: J-integral in three modes analyzed

Modes J-Integral [N/m]
Mode A 1383
Mode B 216.8

Mode C 28.4
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Comparison of stress distribution in the three nscalealyze

(b)

(©)

Fig 3.25: Stress distribution around the crack tip mdm A, B and

Fig 3.25 points out that crack opening is fairlyfetient in the three analyzed mod
Location of load, constraints and crack in stresscentration is largein A, slightly less

in B and smaller in C. Therefore K tend to be brggetermediate and smaller in t

sequence.
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Analysis of numerical results and model valida

To validate the model developed inside the ABAQUE@le, the test case used
Kwiatkowski and Dbski [67] was used. The Authors of that paperqrened numerice
calculation of the stress intensity factor and hed t-Integral in case of the three po
bending of SENB (single edge notched beam) comgms@émples with a matrix rre of
two thermoplastics: PP and PA6 glass fiber. Numaérmalculations were aimed

predicting the experimental behavior and at deteimgi the conditions of crack proce
initiation of the composite material. Results wiren verified by experimentspecimen

analyzed and tested is shown in sketch of Fig

5 o 2
% | ||
Al

Fig 3.26 Sketch of the standard specimen SENB used as eassthy kwiatkowski an
D bski [67]

It can be remarked that the analyzed test cases ladike test more complicated than
characterized of the AISI 4340 steel because tHeBSiB composite material exhibits
non4sotropic behaviour because of the different matheal properties alor two
orthogonal directions. Nevertheless it could beraeppated that a good agreem
between the ABAQUS model here in developed andtéise case could confirm ti

validity of the proposed numerical implementati

After modeling the specimen inside ABAQUS code and once those properties of
composite were inputted, analysis was performedstone values of the initial cra
length. Numerical results of SIF were then compdoethose obtained in. As Fig 3.
shows values of Kagree with the te case.
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Experiments of
== e Dariusz Kwiatkowskl™

KI |MPavm)
-

— Preseot study”

1.5

a 0.3 1 1.3 2 2.5
CRACK LENGTH [mm]

Fig 3.27: Comparison (K, of SENB component material betwe
Kwiatkowski- D bski and ABAQUS results

Sensitivity analysis upon fractu

After a preliminary assessment of the numericatgdore in the Abaqus code, the t
was used tanvestigate the sensitivity of SIF and «integral on some parameters |
the magnitude of load, the thickness of the stmgctind the crack length. In the case
the computation of the-integral, both the conditions of elastic and et-plastic
behavior of material were considered. Material usedaaest case was the AISI 42

steel.
A) Influence of the loading condition on the failuréeria

Magnitude of applied load affects quite ethe energy release rate and the st
intensity factorof the proposed test case. The energy releasefratack was evaluate
by calculating the iategral. As Fig 3.28 shows for increasing valueapplied load the
energy release rate nonlinearly grows up, but Hsi@aption of elast-plastic behavior

involves a larger rate, in accordance with the liteea[68]

It can be noticed that for the material testededéhce is appreciable. Up to the criti
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value of load crack propagation is stable and diffiee between the two assumpti
looks limited. Above the critical load (= 28KN) propagation becomes faster
differences are more evident. For this materialitiieence of the plastic region arou
the tip tends to be relevant since the incremernbadlized energy is corresponding
quite high. Table 3.1Bresents values o-Integral for different load magnitude in bc

elastic and elastiptastic condition:

Table 3.15Values of -integral for different load magnituc

Loads [KN] 5 10 15 20 25 30 35 40 45 50

J-Integral
Elastic

[N/m] 332 | 133( | 2992 | 5320 | 8312 | 11970| 16299 | 2128¢ | 26943 | 33263

J-Integral
Elastic-Plastic

[N/m] 369 | 191« | 4818 | 9021 | 14483 | 21164| 29035 | 3807¢ | 48273| 59655

— | 1S

* g

—— "#$  %N"#$

Fig 3.28: Computed value o-Integral with thickness of 30 mm, crack length 6frfAm
made of AISI 4340
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* (+,

209 * -

Fig 3.29. Stress Intensity Factor vs. applied limadgpecimen with thickness of 30 mm,
crack length of 20 mm for the AISI 4340 steel

Above numerical results are agreeing with the drwalycomputation of the S.1.F., under
the assumption of elastic behavior. Fig 3.29 poous that relation between S.I.F. and

applied load is almost linear, for the given coafagion.

Table 3.16 collects values of Stress Intensity d¢iactalculated for several load

magnitudes in both elastic and elastic-plastic tiehs.

Table 3.16: Values of SIF for different load magdgs

Loads| 5 10| 15| 20| 25| 30| 35 44 45 50
[KN]

S.I.LF | 8.67| 17.35| 26.02| 34.7 | 43.37| 52.05| 60.72| 69.4 | 78.07| 86.75
[MPa]




Modeling fracture mechanics in single layer of mietanaterial

Influence of load was analyzed by using the samdamhdut with different materials, -

compare their performancFig 3.30 shows the case of the EH 36 s

* 4

. ——1"#$  N"#$

g | ——14$

Fig 3.30. Jntegral vs. load for specimen with thickness oind®, crack length of 2
mm, for the EH36 steel

As far as Fig 3.28 anfig 3.30 show the analyzed steel AISI 4340 exhibitshalvior
against the crack propagation fairly differentffieet of plasticity is included. This rest
is motivated by the mechanical properties of thkected steel, whose mechani
strength is fairly high, but the behavior is dugtiith a large plastic effect in the str
vs. strain curve (Fig 3.10). A suitable piction of the plastic region around the tip i
key issue of design of mechanical components méadeisomaterial. Moreover, in ca:
of stress concentration and notches the steel MB&) offers a good recovery of t

stress, thus increasing the potal life of the component against fatig

B) Influence of the crack length on the failure crd

Sensitivity upon the initial crack length was evaralyzed. Some values of crack len
were assumed to perform the numerical investigatimough the coiputation of the J-
integral first and the S.L.F Table 3.17 summarizes some values oftdgral in obtaines
for some values of crack lengths in both elastit @asti-plastic condition:
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Table 3.17 Values of -integral calculated for some crack leng

Crack length (mm) 5 10 15 20 25 30
J-Integral
Elastic
158.7 | 322.4 | 687.8 1330 288( 10984
[N/m]
J-Integral
Elastic-Plastic
168 364.2 | 850.7 1903 4742 19717
[N/m]
: ——1"$
& ——I"#$ %"#$

Fig 3.31: Jintegral vs. crack length for applied load of 10 Khickness of 30 mm ar
AISI 4340 steel.

Table 3.18resents values of Stress Intensity Factor foebfit crack length

Table 3.18 Stress Intensity Factor for different crack |drs

Crack length [mm]| 5 10 15 20 25 30

S.I.F [MPa] 8.86 12.24 17.35| 27.11] 49.71
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STRESS INTENSITY FACTOR

Plot Area

0 5 10 15 20 25 20
CHACK LEMGTH [mm]
Fig 3.32: Stress Intensity Factor, for applied load oKN) thickness of 30 mm and Al
4340 steel

In this case longer initial cracks induce an evidsfect uporthe Stress Intensity Fact
and energy release rate. It can be remarked thacantinuity in both the diagrams
Fig 3.31 and 3.32 respectively is detected in apwadence of the critical condition, 1
the unstable propagationcg=28 KN). This resli is motivated, by the facts that as cr:
length is increased for a given applied load, stréistribution around the crack 1
increases as well as the S.I.F. and the energysel@ate grows up. When critical value
load is reached, theldtegraland the Stress Intensity Factor show a magnifiesl iae.

the curve slope is much more evid

(@3] Influence of thickness on the failure crite

Above investigation did not consider yet the vaitigbof thickness of tested specime
being a significant parameter in terms of bendifighe structure, since it affects

transversal inertia and the crack propagation. Gigzen results were monred in terms
of S.I.F. and energy release rate. Fig 3.33 dessribe second parameter and sho\
drastic reduction as the thickness of specimenciseased. This trend is mainly due to

increased cross section of structure link undergbessame lad in all the simulation:
thus reducing the stress concentration around thekctip. It can be remarked tf
difference between the two assumptions of elastiel alasti-plastic behavior
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respectively disappears above a value of thicknelsigh is low« than the standard or
This result is compatible with the assumptions lahp stress or strain, usually propo
for different aspect ratios of the geometry of specimen. Table 19 resumes values of
J4integral computed for different thickness of cimens (in both elastic and ela-

plastic conditions).

Table 319: The value of Jategral in different thickne:

Thickness 5 10 20 30 40 50

(mm)

J-Integral

Elastic
47822 11955 2989 1330 747 .2 478.2

[N/m]

J-Integral

Elastic-Plastic
86719 21164 4828 1914 96:< 516.6

[N/m]

* g

——"#$

—o—1"#$  N"#$

Fig 3.33:J-ntegral vs. thickness of specimens for applied lob10 KN, crack length ¢
20 mm and AISI 4340 steel
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Table 3.20 shows values of Stress Intensity Fdotaeveral thicknesses of specimens.

Table 3.20: Stress Intensity Factor in differemtkhess

Thickness (mm) 5 10 20 30 40 50

L4

S.I.F [MPa] 104.11| 52.05 26.0: 1735 13.01 1041

* (+,

Fig 3.34: Stress Intensity Factor, for applied loAd0 KN, crack length of 20 mm and
AISI 4340 steel

S.I.F evenly follows the trend of the J-Integratianversely depends on the thickness of

specimen, for given loading condition.

All the numerical investigations above describediivabe some typical peculiarities of
the AISI 4340 steel, as the very good balancerehgth, toughness and wear resistance,
being suitable for several industrial applicatitikke heavy-duty axles, shafts, gears and

spindles or bolts, torsion bars and connecting.rods
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3.5 Crack propagation in Single and mixed mode

Crack propagation in steel AISI 4340 for three dbads of failure modes were analyzed
(single and mixed mode) is analyzed. This numerigaéstigation was performed by

section of the XFEM available inside the ABAQUS eaghd the related procedure was
assumed and tested.

In the “part module” of ABAQUS a first task is mdihg the specimen geometry, as it is
then it is possible drawing and locating the crbgkdefining the section and the initial
geometry. Even inputs in the “property module’yé&o be updated. In addition to the
Young modulus, Poisson ratio of steel material,d@ck propagation it is required the
maximum principal stress and fraction energy. e kind of steel, it was assumed 745
MPa for maximum principal stress and to compute filaeture energy, the fracture
toughness of AISI 4340 steel is used. It shouldtmarthat, it is not necessary to assign
any property for the crack. The crack and specimaisme are merged as separated

parts inside the “dependent module”.

The crack is created by ABAQUS through the “ intéian module” where the XFEM
method is used to model the propagation insidespieeimen. Dynamic implicit solution
is then used to analysis the model, by selectirg N&sGlom, on option. Steps for
calculation are kept small. Total time and stepetiane even assigned. Before applying
load and boundary conditions a refinement of meshbe performed and the analysis is
run. The ABAQUS code makes avaiable several ressltthe crack growth maps, crack

angles and crack propagation speed, being firgthgdbed.
Crack Growth Map

Crack growth direction and stress distribution gltime crack tip can be seen in the maps

and crack propagation attitude can be analyzedlygleethese maps.
Crack Propagation Angle

Once the crack has started, direction along whichropagates is a issue of failure
prevention. Unfortunately, no reference solutionisex since, as already stated,
simulations in which the convergence is achievedthose where just a single element
has been cracked. One single element cracked lastheught to do not provide any
valuable information about the actual direction avbck propagation. Thus, in this
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section, results are provided in terms of real engln order to uniquely identify the

crack growth direction.
Crack Propagation Speed

Along with the crack propagation direction, the @&t relevant parameter of crack
growth is speed. Evaluation of such parameter les Istudied for the three modes.
Crack growth is analyzed by the integration the ed@djuations in the time domain.

A) Crack Propagation in case of Single mode— MODE A

FEM model of MODE A specimen is introduced the kriaacture as shows in Fig 3.35.

HeElE L
=
S

Fig 3.35: The crack growth propagation map in made

Fig 3.36: The stress distribution when crack groimtmode A

The XFEM approach allows propagating the crack ssrthe specimen as the load

increases, in mode A the crack is propagating akatyaight line along from the tip and
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stress distribution around the crack tip is symioets in Fig 3.36. From previous section

it is known that a higher Stress Intensity Facsdiound in this mode.

//

0>5045824 *,-

<1(<

8,0 *:-

Fig 3.37: Crack length vs. time for mode A

Fig 3.37 shows the crack length vs. time for mode&CPack propagation has a moderate

increase in the time; at least propagation is statk controlled.
B) Crack Propagation in case of Single mode— MODE B

Mode B is conceived to induce a mixed mode propagabf crack as it can be

approximated in Fig 3.38.

Fig 3.38: Crack growth propagation map in Mode B.
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Fig 3.39: The stress distribution when crack groimtmode B

Crack propagation skewed of a 30-degree anglgpabéicause of the location of initial
crack, loads and constraints. Stress distributronrad the crack tip is no more symmetric

like it was in mode A although is here lower in mégde.

1(<= 0>5045824 *,-
N

//

8,0 *:-

Fig 3.40: Crack length vs. time for Mode B
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Fig 3.40 shows how is affected by the mode Il andrack propagation exhibits a sharp
increase in the beginning then a controlled andleta@ropagation, up to a critical

threshold at which it becomes instable.
(03] Crack Propagation in case of Single mode— MODE C

As it was described in sectionl, 2 Mode C is charaaed by a couple of action applied
at different distance from the crack and even kg dbnstraints are no more at the two

ends of specimen. These conditions make the cragagation mode mixed of Il and 1.

Fig 3.41: Crack growth propagation map in Mode C

L]]]

Fig 3.42: Stress distribution of crack growth in diéoC

As Fig 3.41 shows, direction of crack propagat®skewed of 45 degrees from the crack
tip, therefore effect of mode Il seems larger tmiMode B. Stress around the crack tip,
is lower than in modes A and B and values of Sthetensity Factor and energy release

rate are also the lowest ones here among the diffeeent cases.
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1(<= 0>5045824 *,-

8,0 *:-

Fig 3.43: Crack length vs. time for Mode C

As in mode B even in this case propagation showsethegions, A first short trend
presents a fast propagation at the beginning, pn@pagation become fairly slows up to a

critical condition at which if finally becomes undoollable.

3.6 Discussion about crack propagation in mode ACB

Fig 3.45 summarizes the dependence of angle ok gnapagation upon the failure mode
analyzed. Element size at crack tip is even comstl@s sensitive parameters of the
numerical method. Mode A shows a straight propagationg the Y-axis, while Mode B

exhibits a deviation 30° which increases up toidxase of Mode C.

Unfortunately when the propagation is deviatednidiging the actual angle is rather
difficult become a certain dependence work andiksh refinement is shown, especially

when angle is greater.

The analysis done in case of pure metal structutmth static and dynamic for different
number of cycles was very useful to assures thpobof fracture mechanics within the
ABAQUS code and to apply in next chapters to thearsmstructure. The sensitivity
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analysis shows that value c-Integral and S.I.F increase if the load magnitude erack
length are higher, while they decrease as thicknéspecimen is larger. Theintegral
allows a more déctive prediction since it includes even the ptalsehaviour of materia
Crack propagation is very suitable upon the fractaode in terms of speed and angl
propagation. Refinement of FEM mode is a crucidaitldor this kind of analysi
Elementsize in FEM is obviously very important for an effige prediction of stresses
strains inside the structure, in this case it makked thaeventhe angle of paragraph

affected by the mesh refineme
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CHAPTER 4

VALIDATION OF THE NUMERICAL PROTOCOL
DEVELOPED IN ABAQUS FOR FRACTURE OF WELDED
JOINTS

1 Motivation

Previous chapters described how some classicabapipes developed in the literature for
fracture mechanics can be effectively implemented the ABAQUS code by resorting
to the latest improvements introduced in some iteeersion of the code. At this point of
the thesis a validation of the proposed numermall lboked strictly required to assure an
effective application to the unexplored field ohdture of piezoceramic materials. It was
performed thanks to the collaboration between tbktdenico di Torino and the EPF
School of Engineering in Sceaux, France, and texmational partner in research activity
such as Prof. Tom Lassen’s laboratory in Norwaye Tield of application was the
prediction of crack propagation in welded jointsytgularly for offshore engineering.
Therefore in this chapter a short description o #pplication is introduced before
discussing the benchmarking operated among the AB&@nd other FEM codes are the

validation performed directly upon several expentaéresults.

Welding joints two or more metallic components bgams of used metal (welding rod)
into a fillet between the components or by raisihg temperature of their surfaces or
edges to the fusion temperature and applying pregfiash welding).
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Three are most the common types of welded joird§ [éutt, corner and T (Fillet), being

shown in Fig 4.1. Each type provides specific florcin product engineering.

Butt Joints are commonly used for pressure vessels, pipimgstand other applications,
which require a smooth weld face. Butt joints egtehe length or width of a part by

connecting the edges of two pieces of materidhénsame plane.

T-Joints consist of two pieces of material connected tonfer“T” shape. They require a
fillet weld and are common in many fabrication amhstruction applications, including

structural steel, piping systems, and equipmerridation.

Corner Joint consists of two pieces of material joined at theiges to form an “L”

shape.

7

Fig 4.1: Types of welded joints and welds usedégcteo slag welding: (a) butt joint, (b)

T-joint, (c) corner joint; (1) butt weld, (2) fiteveld, (3) weld for corner joint [70]

There are many welding processes, which are briefberibed here:

Oxyacetylene welding (gas weldingpmbustion of a gas is used as thermal source;
the most common gas used is the acetylene. Ittierarly versatile and affordable.
Oxy-acetylene welding is simple in concept - tweegas of metal are brought
together, and the flame with or without the additaf filler rod melts the touching

edges.

MIG and MAG weldingheat for welding is produced by forming an aronssn a
consumable metal electrode and the work piece.tialde melts to form the weld.

The main difference is that the metal electroda @mall diameter wire fed from a
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spool, and a shielding gas is fed through the tofAshthe wire is continuously fed,

the manual process is sometimes referred to asasmnatic welding.

Submerged arc welding (SAVBimilar to MIG welding, SAW involves formation of
an arc between a continuously fed bare wire eldetrand the work piece. Process
uses a flux to generate protective gasses andastago add alloying elements to the

weld pool. A shielding gas is not required

Electric arc: it is the most used in manual welding. The baseahand an electrode
made a circuit electrical energy are released atetactrode tip where the operator

can weld.

TIG welding Tungsten Inert Gas (TIG) welding is the procesblending together
reactive metals, such as magnesium and aluminumndgthe welding process, an
arc is formed between a pointed tungsten electandethe area to be welded (it is not

consumable).

Resistance welding point weldingheat is given by the Joule’s effect through the
current following between the electrodes and pi¢odse joint under pressure effect.
Welding is given by a localized melting of metatvween the two pieces. It is really

used in a lot of industrial and automatized apfilces.

Laser welding, Arc plasma welding, Electronic beariding: heat generated by a
laser in case of laser welding, or by gas in plastage in arc plasma welding or an
electron beam in the electron beam welding, tHendilmaterial is welded and the
joint components are connected. To give rough isgo& of those processes Fig 4.2

IS proposed.

Fatigue life prediction of welded joints is veryneplex, costly and time consuming.
Welding process naturally might introduce some Ikraxside the joint, therefore an
effective prediction of crack propagation in thase is even more important than analysis
of damage nucleation. Computation of Stress IntgnBactor (SIF) range, K, is
therefore a key issue of design.
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Fig 4.2: Impression of some industrial applicationsdusewelding processes [i

Non-destructive testing techniques usually are appl@edaneasure the existing crac

inside the welded joint. Design activity needs #eative prediction of time to failur

and crack growth histories leading to the failuf&][



Validation of the numerical protocol in ABAQUS ftvacture of welded joints

This estimation can be compared to the plannedcgetife and plan the maintenance
activity. This activity can allow a scheduling aefspections and making more efficient

and cheaper the maintenance operation.

2 EXPERIMENTS ON WELDED JOINTS

A preliminary experimental activity was performeg Brof Tom Lassen, at Norwegian
University of Science and Technology. Descriptibnests was deeply performed by Mr.
M. Fraldi in his M.Sc.D thesis [72].

Metallurgical properties of welded joint are resuihme Table 4.1 [73].

Table 4. 1: Chemical composition of the steel usaslelded joint [72]
Element C Si Mn P S Cu Ni Cr Mo Nb

% 0.08| 0.15] 1.40 0.006 0.002 0.01 0.2 002 0.01008)

Yielding strength of this material is 416 MPa whiénsile strength is up to 500 MPa.
Hardness has been investigated in many points egdumTable 4.2. “Base” refers the
two base materials; “weld” is associated to thedeeéltoe, “HAZ” (Heat affected zone)

indicating several cross sections at differentagise from nearest to welded toe.

Table 4. 2: Brinnel hardness of the tested weldet [72]

ZONE Base| Base | Weld | Weld | HAZ | HAZ | HAZ | HAZ
1 2 1 2 1 2 3 4
HARDNESS | 142 147 175 178 213 181 173 16pH
(HB)

Tests have been made on a cruciform welded jaiattstral in Fig 4.3. Plate has been cut

by flame and welded; furthermore has been maderantil relieving at 570 °C for one
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hour. Steel is a typical material used in constomcof off shore North Sea platforms,
being characterized by, a low carbon and accekb@ieling. These steels are also used

in artic building and in nuclear domain.

|
tn

100

AN

=
tn
—

N V

380

Fig 4. 3: Test specimen of welded joint [mm].

Several specimens were built up even to investidt€omponent life for some welding

processes used in those applications as:

Saw;
Fcaw (Flux-cored arc welding);

Smaw (Shielded metal arc welding) 57 and 76.

Saw, Fcaw and Smaw are all techniques of electcievalding. Difference among those
methods is use of flux in the Fcaw and of sticmaw. Measurement methodology used
in experimental activity is the so-called “Altermaj Crack Potential Drop” (ACPD);
Alternate current potential drop (ACPD) is measuaedurface of the conductive plate
and used to determine, by a non-destructive appr@mme parameters such as thickness
of plate, electrical conductivity and linear efiget magnetic permeability. To relate the
measured potential drop to values of those parametemodel is needed. Closed form

analytical expressions are derived for the ACPD suead between the two voltage
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electrodes of a foypoint probe. Alternate current is injected and &ctied by two currer
electrodesin this procedure allows measuring and the growiingension of crack,ycle

by cycle. Experimental setup is depictecFig 4.4:

TEST SPECIMEN SWITCH UNIT MICROGAUGE
(6) (5)
!
[ B >
(2)
2
(3) |
NI LOADCELL @) |k H

i PC UNIT

Fig 4. 4: Experimental set-up [74]

Some electrodes (1) are made in contact with theluctive surface of welded joir
some works as a sensor and other as an actuatgectd the currentTensile actions (2)
are applied by the testing machine and load is seg@nd monitored by the load cell (
Loading condition can be regulated by a contrad#gr Measurement of displacemen
done by the micro gauge (5). Switch unit (6)regddres under commands of “loi
cell” [74].

This architecture allows controlling step by stlee track propagation and applied Ic

Magnitude of tensile axial stress is about 150 |

Stress ratio of 0,5 (Stress ratratio of minimum stress to maximum s in one
cycle of loading in a fatigue te;

Frequency of applied load is 8 |

Strain gauges are disposed at 10 mm from the wedtgk

Frequency of AC current is 6 kk

Other environmental variables are set at normalrktry condition:
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As relevant result of test is the monitored evolutafncrack length versus the cycle
number as shown in Fig 4.5. Specimens used weesd4or each one a number of 6(

300 measures of crack length were perfori

CRAGK LENGTH IN FUMCTION OF CYGLES
I:II:IE T T T T T

T
*
[l
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0.5 & .

0.014

Crack length [m]
[ [
o = o
[ = £l
om — ra

0.005 .

0.004 -

0.002 .
D "

]

Oyzles number « 107

Fig 4. 5. Experimental results: crack length as fumctbcycle’s numbe

Fig 4.5 shows several curves, which differ for #meplitude of applied load. Each cut
includes a number of points, each one being cooretipg to a crack measurem

performed.

3 Numerical prediction of experimental behavi

Model of the welded joint tested was developed e ABAQUS code and all tr
required inputs were provided to calculate thesStiatensity Factor for different lenc
of crack. Some discrete values ofial crack length were used as 3, 5, 7, 10, 12 &
mm. After simulation performed by ABAQUS, the EXCEplogram was used to dre
the diagram of Stress Intensity Factor versus Cilaogth and an interpolation w
performed inside the Excel to obtain tfalue of K, for different values of crack leng

The MATLAB code was then used to extract numergzth from the Excel files and
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draw all the diagrams related to this analysis saglthe Paris’ law, life prediction and
those is shown in this section.

A) Modeling inside ABAQUS

Welded joint used as specimen was drawn insidépidue module”, two dimensions were
sufficient to explore the crack propagation, anty tralf of the whole specimen was
modeled since symmetry along the y-axis was impd3smperties of the steel were
inputted as E=210 GPa (Young’s modulus) and Poissatio is =0.3.

For each value of initial crack lengths crack getiimg direction and length were set up.
A suitable mesh size and distribution was impodséer some preliminary attempts, to
assure the required accuracy in results. Somelslefaselected mesh are described in Fig
4.6. Actually up to 20351 elements and 20814 nedee used.

Fig 4.6: Mesh details in the ABAQUS model perfornoédhe tested welded joint.
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Table 4.3 shows values of Stress Intensity Faatorpteted by ABAQUS for the list ¢

crack length above mentior

Table 4.3: SIF computed by ABAQUS c«

Crack Length [ K [MPa &]
0 6.26

0.003 21.05
0.005 28.05
0.007 36.90
0.01 56.15
0.012 75.71
0.015 125.59

14000

Y= SE40TN - BE2edax 4+ B333.6x0 5 656D
fd = 0935

12000

100 UG

BD.00

=000

SIF [MPavm]

40,00

20,00

.od
u ooz o004 O0de  DAODR 0.01 001 opidz 0.01a
Crack lemgth [m]

Fig 4.7: Interpolation of stress intensity factor vainexce

Interpolation function in Excel program allowed deising the SIF directly as function
crack length.Dynamic analysis was performed by computing thé function vs. the
crack length as is described in Fig 4.8. Each setsult with different colors is related

different welded techniqt
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Fig 4. 8: Stress intensity factor for different craekdgth:

Trend of SIF is either shown in case of a singleecas described in Fig £ It is very
interesting to remark that these analyses showbiladviour is quiet different in case
very short crak length as the curve shows. It can be apprecidtat trend is fairly
different in the first part up to 0.0004 m, in ccamigon to the next part of the curve; th

effect is a goal of some research act [29].

K vs CRACK LENGTH
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Fig 4. 9: Stress intensity factor value with Matlab &
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Crack propagation is described in diagrams like4=i@ in which relation between da/
and k is plotted. As it was deeply discussed above rigletion can be predicted by t
Paris’ low and its reent elaboration. The Fig 4.10 all the tests wepgumgosed th:
interpolation rather difficult. Each case could beparated and represented a

standalone test.

CRACK GROWTH

dafdi [micycle]

DELTA K[MPam'/2]
Fig 4. 10: Logarithmic plot of K as a in function of/d&l

From the previous analysis tl number of cycles applied to a crack length ofm
could be found easily as in Fig 4.

NUMBER OF CYCLES
0.016 T

0.014 4

0.012 .

001 - q

0.008 -

Crack length [m]

0.006 B

0.004 - &

0.002 - =

0 I | | I

Mumber of cycles x10°

Fig 4. 11: Crack propagation in terms of number of eyals crack leng
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4 Model validatiot

Once that fracture analysis was performed by theA@BS code and ouuts were
elaborated by means of EXCEL and MATLAB codes, lfiediction of this teste
welded joint was finally presented. To validate themerical results of ABAQU
perfectly, relation between number of cycles andckrlength was analyzed a

compared btween numerical and experimental procedure, réspsc

CRAGK LENGTH IN FUNCTION OF GYCLES
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Fig 4.12: Number of cycle vs. crack length in experitakresults (a) an

numerical results (b)
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As Fig 4.12 shows numerical prediction of specinida agrees fairly well with

experimental results, provided that material patarseare accurately set up.

This is the crucial issue of this modeling techeigbecause material properties were
deeply analyzed in laboratory, while sometimeseal @ffliction it looks rather difficult
having a precise characterization of the material.

As a result of this validation it can be remarkiedttcomputation of J-Integral is fast and
automatable, by modeling the specimen inside thiéwace and even complicated
geometries can be easily analyzed by means oagiisoach. Accurate results are assured
by a suitable selection of Mesh size and refinemdoteover a good agreement between
numerical prediction and experimental activity wkmsind because of the precise

characterization of material, which is not alwayaikable in practice.



CHAPTER 5

FRACTURE ANALYSIS OF PASSIVELY COUPLED
COMPOSITE MATERIALS

1 Description of the composite specimen: ceramia anetallic

materials

In this part of the thesis the fracture mechangtislied in case of a composite structure,
equipped with two layers of different material. Mgpractical cases concern a bounding
between metal and ceramic, without functional cdp@s. A sort of mechanical
coupling is created and interface is present batviegers. Moreover material properties,
the crack growth direction and the speed of propagaare quite different, therefore
investigation is particularly remarkable when craslpassing through the interface. In
this thesis a simple case was analyzed by assuthaiga layer of AIN ceramic is

perfectly bounded upon the AISI 4340 steel.

New specimen is depicted in Fig 5.1. It is worttoticing that ceramic does not exhibit
any functional capability, therefore coupling isdtive as simply passive, while in case

of piezoceramic it could be even active if someteleal boundary condition is applied.

A basic assumption in the following analysis istthiald of displacement is complete

coherent and there is no possibility of delamimatithis could be a focus of study.
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180

STEEL
CERAMIC. ) !

Fig 5.1: Sketch of composite ceral-steel specime

Procedure followed to thispecimen model inside the ABAQUS code is the sahikea
structure with one layer only, but in the “propentypdule”, properties of two materie
were defined separately and section was assigmezhéd of them. Properties of steel
the same of previauinvestigation and while this ceramic materialibith a maximurn
principal stress of 330 MPa and fracture toughioésxs4 MPa. The Young's modulus
AIN is 330 GPa while the Poisson’s ratio is 0.28][MNumerical simulation even in tr
case was aimedt computing the stress distribution around cr@gkdrack propagatio
speed and direction, respectiv:

2 Numerical analysi

A) Composite specime— Mode A

Fig 5.2 describes the composite specimen and Igaai boundary conditions. Upg
layer ismade of steel and lower one is cera

This arrangement was assumed to simulate the cas¢hich the covering layer «
ceramic material is damaged and to investigate leneind how crack can propag
through the main metallic structu
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Fig 5.2: Tte sketch of composite in single mode

Maps provided by the ABAQUS code show the crackmnodirection. Crack pass:
from the ceramic to steel layer where applied fasc25 KN. Direction of crack does n

change even when it passes through the irce between materials.

Stress distribution at the end of propagation Idikesin Fig 5.3. Concentration is grea

all along the crack edges.

Fig 5.3: Stress distribution inside the composite niatarhen crack growth in mode

Crack propagatin expressed as a function of time in Fig 5.4 shaearly two trends. /
very high slope at the begining of propagationhieven and corresponds to inside
ceramic layer. This trend is due to lower stiffneg#IN, as soon as crcak passes to <
layer, crack growth proceeds slower with a moderatpesland it does n't becor

unstable.
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Fig 5.4: Crack length versus time for mode A

B) Composite specime— Mode B

As Fig 5.5 shows even for mode B specimen is smdahose of tests performed ot
single layer. Steel is upper and ceramic is Ic

MNmm P

F!
Tl

fswq 20 mmm
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Fig 5.5: Sketch of specimen in composite material foteth mode B tes
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In this case a relevant result is for load of 45.Kack propagation exhibits wher
goes inside the ceramic layer and it ¢ into the steel structure. As Fig 5.6 shows
stress distribution after propagation and its ctbat when the crack goes inside the <
the stress is more than inside ceramic. A suddemgsh of direction is detected

interface between the two mrials.

Fig 5.6: Stress distribution when crack growth in mé

Once again in diagram showing the crack lengthlimee, speed of crack propagation
ceramic is very fast in comparison to propagatioross the steel layer. A considera
slope in thefirst part of this graph, while after crossing timerface propagation

slower, inside the steel laye
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0.0z -
E
S 0015 Interface
L]
‘E L
= 0.01
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D
QL onn2 Q.00 (S I
Time [5]

Fig 5.7: Crack length versus time for Mode B
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C) Composite specime— Mode C

Specimen used for testing in case of mode C isbkdtin Fig 5.8 y including loads an

boundary conditions. Like in previous compositeesasteel is upper and ceramic loy

IR 86 mm ¥mm P

k

‘_JL

40l mm
20
tF 36 mm 74 mm 3?:3:
it i

150 men

Py

Fig 5.8: Sketch of composite for mixed Mod

Results (Fig 5.9) show that under load of 140 KNjlarof propagation is almost 45°
the ceramic layer. When cracks reach the steer,latyeloesn’t immediately from tr
ceramic layer. A horizontal propagation at firstwe like in a sort of delamirion then

it continues through the steel lay

Fig 5.9: Stress distribution when crack growth in M&

In this case the most interesting result is thé paltowed by crack in propagation, wh
the change in speed propagation is similar t¢ of other cases. Although a sort

almost stop condition was detected when crack d¢hessteface between materi



Fracture analysis of passively coupled compositenads

0.035
0.03
Interface
0.025
0.02

0.015

Crack Extension [m]

0.01

0.005

0 0.0002 00004 0.0006 00008 0001  0.0012
Time [s]

Fig 5.10: Crack length versus time for Mod

3 Limits and problems of the numerical t

Main goal of this research activity is analysis of fracture mechanics inside passive
active structures composite, although until nowy@dssive structure were analyzed,

materials do not exhibit functional capabilitideelipiezoceramic doe

In case of active materials some proks and limitations were found, when 1
ABAQUS software was used. It is not able to conrtbetelectr-mechanical propertie
and the analysis of materials to the fracture asl\A mult-physics module allows tr
prediction of static and dynamic behas of piezoelectric material, even when it
connected to a voltage generator. Another efficreatlule allows prediction of fractu
mechanics and the crack propagation, stress ityefagitor and -integral but never ii
association with the mulphysics analysis.

Connecting the two modules for a complete r-physics analysis of fracture insi

piezoceramics is a main focus of next chap



CHAPTER 6

OVERVIEW OF PROPERTIES AND FUNCTIONS OF
PIEZOELECTRIC MATERIALS

1 Introduction

Piezoelectric materials are used to convert etaitinto mechanical energy and vice

versa. This technology has enabled a wide variétyommercially successful sensors,

actuators and energy harvesters. They belong vad@asses of materials such as: single
crystal materials, piezo-ceramics, piezo-polymergzo-composites, and piezo-films

[76].

A) Single crystal

Single crystal is a regularly arranged materiatjudes some minute particles exhibit a
regular structure. They are different from ceramiosing an assembly of irregularly
distributed particles. Some examples of singletatysiezoelectric material are silicone
crystals, being used as a semiconductor substratteriad, gallium-arsenic crystals, being
used as a LED substrate material, and quartz ¢systa

These materials are often used for frequency staHiloscillators and surface acoustic
devices applications [76]. Single crystals exhfhie times the strain energy density of
conventional piezoceramics. Thus, unlike piezoceramatuators, which employ some
strain magnification schemes, single crystal acsatan deliver higher strain without

generative force.
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B) Piezo-ceramics

Many applications of piezoelectricity are basedpatycrystalline ceramics instead of
natural piezoelectric crystals. Piezoelectric cecamare more versatile since their
physical, chemical, and piezoelectric properties ba tailored to specific applications.
Piezo-ceramics have a wide range of applicationszd=ceramics are used in the
automotive industry in a number of devices suclmashock and oil level sensors or as
actuators for precise control of injection processe engines. In medical technology
piezo-ceramic components can be found in lithagrgtdevices for plague removal and
in inhalers. Common applications in mechanical eeeiing include ultrasonic cleaning,
ultrasonic welding and active vibration damping aodtrol. The piezoelectric properties
of the perovskite-structured materials can be waudlilored for applications by

incorporating various cautions in the perovskiteigure [76]. Most of the piezoelectric
ceramics have structure of the perovskite. Leadtadiate Titanate (PZT), Barium
Titanate (BaTiO3) and Lead Titanate (PbTiO3) are thost popular piezoelectric

ceramic materials.

(@3] Piezo-polymers

A polymeric film that has the ability to reversibtpnvert heat and pressure to electricity
is known as pyroelectric and piezoelectric respetti Polymers like polypropylene,
polystyrene, poly (methyl methacrylate), vinyl atet and odd number nylons are known
to possess piezoelectric properties. However, gtmpiezoelectric effects have been
observed only in polyvinylidene fluoride (PVDF). d$e materials are mostly used for
directional microphones and ultrasonic hydrophoapplications [76]. PDVF is used

even for distributed sensors (strain, vibration).

D) Piezo-composites

A piezoelectric composite material is fabricated inyerleaving a cut or preshaped
piezoceramic with a passive polymer or epoxy hoatrisn compound. These materials
have many advantages including high coupling factdow acoustic impedance,
mechanical flexibility and a broad bandwidth in donation with low mechanical quality
factor. They are especially useful for underwataras and medical diagnostic ultrasonic

transducers [76].
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E) Piezo-films

Basically this class includes zinc oxide (ZnO) ahagminum nitride (AIN), being sinle
binary compounds that have Wurtzite type structwt@ch can sputt-deposited in a c-
axis oriented thin film on variety of substrateetZhas moderate piezoelectric coupl
and its thin films are widely used in bulk acoustitd SAW (Surface Acouc Wave)
devices [76].

2 Piezoelectric phenomen

Piezoelectric direct and converse efft

Certain single crystal materials: when mechanicathgined, or deformed by extert
loads exhibit a distribution of electric charges onystal surfaces. Moreover wh
direction of strain reverses, polarity of electcicarges is reversed too. Tlis the so-
called ‘direct piezoelectri effect and crystals that exhibit this phenomenon arssdd
as ‘piezoelectric crystals (Fig 6.1)

* Poling Process

I

Fig 6.1 Direct piezoelectric effect [77]

By converse, when a piezoelectric crystal is placet an electric field, or charges ¢
applied to its faces, crystal exhibits a mechanstedin, i.e. dimensions of the crys

change, either leading to an elongation or a cosgwa depending on t polarization of
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the solid. When direction of the applied electigd is reversed, even strain is revers

This is the so-calledcbnverse piezoelectric eff”. (Fig 6.2)

» Poling Process

T O
SERED
| P +V

Fig 6.2 Converse piezoelectric effect [77]

Piezoelectric coefficient

Several piezoelectric coefficients are used inliteeature to describe this phenomer
(dj, gj, S;, kj, and ¢) and will be discussed in this section. These faeits allow

measuring the performance of the piezoelectric logiand energy convrsion [78].

A) Piezoelectric charge Constan;)
The “piezoelectric charge or strain constant; is a measure of the elastic cha
induced in response to a mechanical stress, cadheevable mechanical strain when

electric field is applied for a stress consit

B) Piezoelectric voltageonstant ()
The piezoelectric “voltage constant”, g defines itaigo of the electric field strength E

the effective mechanical stress
=
—=0j (6.1)

where is the dielectric permittivity
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C) Elastic Compliance ($

The elastic constant or compliance is a measutieeofatio of the relative deformation to
the mechanical stress. Because it depends on tdradtion of mechanical and electrical
energy, the electrical boundary conditions mudiaken into consideration.

D) Dielectric Coefficient (j)
The permittivity or relative dielectric constant & measure of the polarizability of
material. The directionary of the permittivity ispgessed by tensor components, whereby

the same component indexes are used as for theiefeeld and dielectric displacement.

E) Piezoelectric Coupling Coefficient;jk

The coupling factor k is a measure of the effectess of the piezoelectric effect. It
describes the ability of a piezoelectric material ttansform electrical energy into
mechanical energy and vise versa. Mathematicatlg, dize of the coupling factor is
determined by the square root of the ratio storedhanical energy to the total energy

applied.
Di=dn j+ iKEx (6.2)
i= S5 j+ OnEm (6.3)

where D refrers to electrical polarization, i vector of apllied electric field and the
indexesi,j=1,2,...,6and m, k=1, 2, fereo different directions within the material

coordinate system.

3 Material Applications of Piezoelectric

Applications of the piezoelectric materials aremiany fields. Lead Zirconate Titanate
(PZT) ceramics, which was discovered on 1954 isntla¢erial dominating in this field
until today [78]. Nevertheless many piezoelectewides are currently used as Table 6.1
shown [79, 80].
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Table 6.1 Applications of piezoelectric materials

Technology

Application

Piezo devices

Emitter and receiver for sonar applications
Flow & distance measurement

Non Destructive Testing

Ultrasonic cleaning

Ultrasonic welding

Micro- & nano positioning

Vibration & noise control

Piezo
Valves & pumps
actuators Optics and photonics
Ultrasonic motors
Instrumentation
Vibration and shock measurement
_ Pressure and force measurement
Piezo )
Flow and distance measurement
sensors Sound and noise measurement

Piezo generators

Energy source for munitions
Energy source for wireless sensors, e.g. in tyres
Energy source for lightning switches

Gas igniters

Piezo transducers

Communication devices
Sonars
Ultrasonic welding

Ultrasonic cleaning

Energy harvester

Vibration harvesters in configuration of bimorph

benders
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3.1 LEAD ZIRCONATE TITANATE (PZT;

Lead Zirconate Titanate is ainorganic compoundwith the chemical formula
Pb [ZKTi1]O3 (0 x 1), this ceramics consolidates an excellent piexbet materie
position, PZT ceramics are commercially the nmimportant materials because of th
superior properties and also because of the alfityailoring their properties. They a
known to be simultaneously ferroelec—ferroeleastic materials [82].

Mechanical properties of PZT ceramics are of carsille importance in the design
transducers and other piezoelectric dev They are conventionally distinguished
SOFT and HARD piezoceramic. Words "soft" and "harefer to mobility of the dipole
or domains and hence also to the polarizationdepolarization behaviol Hard and soft
PZT's generally differ in their piezoelectric caarstis.Figs 6.2 and 6.3 show the structi
of PZT.

O pozr O 0 @ Tite, Zr*

5um - s 5um ’ =

Fig 6.3 SEM images of PZT ceramics at different tempees: (a) 90 ©, (b) 950, (c)
100C €, (d) 1050, (e) 1100, (f) 1150°[84]
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Characteristics of PZT:

Wide range of frequencies in transmitting and nee¢sub-audible, audible,
ultrasonic)

High output, low drive material

High frequency, fast response time

High sensitivity for active or passive use

Ability to use with low voltage or high voltage de circuits

Good mechanical and acoustic coupling

Wide variety of shapes and sizes that can be cusgahto fit specific
requirements and applications

Wide variety of compositions that can be selectefit specific requirements and

applications
Applications of PZT:

Undersea exploration (sonar, beacons, imagingestimeters)

Aerospace (gyroscopes, accelerometers, fuel levasliisg)

Medical products (Doppler blood flow, oncology theeutics, level sensing,
intra-operative tools for ophthalmology, dentala@mg, general surgery, tissue
ablation, medication delivery, hearing enhancentauttple detection)
Consumer products (ultrasonic toothbrushes, jewetlieaners, contact lens
cleaners, computer hard drives, touch screen gsplategrated, ultra-thin
speakers and cosmetic enhancement)

Industrial and commercial (flow and level sensaisasonic cleaning, ultrasonic
welding, intrusion alarms, fabric needle positianpieolder dispensing, machine
vibration monitoring, bubble detection, sonochengigr improved chemical
mixing)

Telecommunications (optical switching of teleconeb, buzzers and alarms,
Haptics feedback, mobile phone cameras)

Automotive (power seat controls, reversing/colirsevoidance sensors, anti-
knock sensors)

Scientific research (nano positioning stages amdlytinal tools, scanning probe

microscopy, advanced acoustics)
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Mechanical and electrical properties of PZT areashim the Table 6.2.

Table 6.2 Mechanical and electrical properties 0T P

Piezoelectric| Piezoelectric| Piezoelectric| Piezoelectric] Coupling Coupling
Coefficient Coefficient Coefficient Coefficient factor factor
d31 d32 d33 d15 K31 K33
(-121) + (-175)| (-121) = (-175)| 300 + 500 495 + 585 0.3+0.35 0.69
pC/N pC/N pC/N pC/N
Young's Flexural Poisson Dielectric Dielectric Density
Modulus Strength Ratio Constant Strength
110 + 120 73 0.34 1200 + 3000 3900 7.8
GPa MPa MHz Kv/m Kg/m®
Tensile Thermal Thermal Hardness Fracture
Strength Conductivity | Expansion Toughness
KIC
425 + 495 11+15 4-8 * 10° 5+8 1.02
MPa W/m.k °ct GPa MPa. &

3.2

POLYVINYLIDENE FLUORIDE (PVDF)

Polyvinylidene fluoride (PVDF) is a highly non-réme and thermoplastic

fluoropolymer. It was developed primarily for agaitions demanding excellent chemical
resistance, high levels of purity and superior na@atal properties. PVDF is often used
as a lining or protective barrier in chemical intiysapplications. Compared to other
fluoropolymers, it has relatively low melting poimthich in-fact enables easier melt
processing [85]. It can also be injection moulded aelded and hence it is commonly
used in the chemical, semiconductor, medical an@nde industries. Also it has a

relatively low density and it is of low cost too.
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PVDF is a ferroelectric polymer too and hence it eahibit efficient piezoelectric ar
pyroelectric properties, they making it useful ensor and battery applications. TI

films of PVDF are used in some newer thermal careensors [86].

PVDF is also used as a principal ingredient in maigy-end paints for metals. The
PVDF paints have extremely high gloss look and gomldr retention toc

The main purpose of including PVDF in ttscreeningis because it is known for i
excellent resistance to creep and fatigue, exdetlermal stability, excellent radiatic
resistance, superior tensile properties and img@engths, excellent resistance to rec

high dielectric strength over a wide temperatureyes

Strong piezoelectricitys observed in PVDF, piezoelectric coefficientspoled (placec
under a strong electric field to induce a net dgpomloment) thin films are 10 times lar¢
than that observed in any other polyr Structure and SEM image of PVDF are sn
in Figs 6.4 and 6.5.

F H izat F H
\ y, Polymerization |
C=C » —+—C-C-—+
/ N\ [
F H F H
— —n
Vinylidene fluoride PVDF

Fig 6.4 Structure of PVDF [87]
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Fig 6.5 SEMof PVDF membrane [88]

Characteristics of Polyvinylidene fluoride (PVDF):

High-performance material

Low flammability in accordance with DIN 4102
Excellent chemical resistance

Physiologically safe

Exceptionally good ageing resi stance

Application of Polyvinylidene fluoride (PVDF):
High temperature and chemical resistance industry.
Chemical industry
Food industry
Nuclear industry
Tank and apparatus construction
Electroplating industry
Paper and textile industry
Semi-conductor industry

Environmental protection

Mechanical and electrical properties of PVDF arevahin Table 6.3.
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Table 6.3 Mechanical and electrical properties\dDP

Piezoelectric| Piezoelectric| Piezoelectric | Piezoelectric| Coupling Coupling
Coefficient Coefficient Coefficient Coefficient factor factor
d31 d32 d33 d15 K31 K33
-33 2 25 27 0.15+0.20 0.12
pC/N pC/N pC/N pC/N
Young's Flexural Poisson Dielectric Dielectric Fracture
Modulus Strength Ratio Constant Strength Toughness
KIC
2 60 + 65 0.225 6.8+ 7.7 40 + 80 0.7+1.6
GPa MPa MHz Kv/m MPa. &
Tensile Yield Density Hardness Thermal| Thermal
Strength Strength Conductivity| Expansion
50 + 57 45 + 55 1.78 58 0.17+0.19] 5+7*10°
MPa MPa Kg/m® MPa W/m.k °ct
3.3 ALUMINUM NITRIDE (AIN)

Aluminum nitride (AIN) is a high thermal conductiyi electrical insulator ceramic.
Among the piezoelectric materials, in particuladiNAhas drawn researchers strong
attention turning out to be a powerful materialcdngse of its great number of advantages
[89]. Aluminum nitride is considered as the mosefprred material for acoustic
application that allows to obtain the high soundbery because of its wide band gap
Es=62 (eV). This parameter and high mechanical qudhictor are also one of the
demanded properties for fabrication of filters foigh frequency and wide band,
respectively. For both above-mentioned applicati@hsctromechanical coupling is the
most limiting property of AIN. Other piezoelectmeaterial such as PZT and ZnO, which
belongs to the ferroelectric group, exhibit muchyéa coupling coefficient. However,
they do not assure high quality factors. Moreowel\ exhibits lower piezoelectric

coefficients than any other material [90]. Aluminumtride has a hexagonal crystal
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structure and is a covalent bonded material. ftable at very high temperature in in
atmosphee. Most current applications are in electroniceaawhere heat removal
important. However, AIN is an excellent materiaf 1C integration. It is much moi
compatible with conventional Si manufacturing tealogy than other thin films. This
due toits thermal stability, chemical composition and gbgity to achieve a lov
deposition temperature [91]. It has very good pedectric properties and low dielect
permittivity, nearly 100 times lower than PZT. Téfre, AIN is used in MEM!
fabrication [92]. It exhibits a large voltage to break dowrddow leakage current, wi
high electrical resistance. It has good temperatmmpensation with good therr
stability. Chemical stability, very high hardnessd melting point ensure that AIN tt
layers do not degrade during processing. AIN doesreqtire poling for activatin
piezoelectric phenomenon [9 Structure and SEM image of AIN are showrFigs 6.6
and 6.7 and properies in Table !

Fig 6.7. SEMof ALN membrane [95]
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Characteristics of Aluminum Nitride (ALN):

Very high hardness

High elastic stiffness

Good dielectric properties

High thermal conductivity and low thermal expansion
High temperature stability

Corrosion resistance and chemically resistant nater
High electrical resistivity and low electric losse

High breakdown voltage (800 kV/cm)

High ultrasonic velocity

Application of Aluminum Nitride (ALN):

Piezoelectric applications

In-vitro biosensors

Actuators and acoustic wave devices

Power transistor bases

MEMS application and microwave device packages
Substrates for electronic packages

Heat sinks

Semiconductor processing chamber fixtures and ansrd

Molten metal handling components
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Table 6.4 Mechanical and electrical properties N A

Piezoelectric| Piezoelectric| Piezoelectric| Piezoelectric] Coupling Coupling
Coefficient Coefficient Coefficient Coefficient factor factor
d31 d32 d33 d15 K33
K31
2.1 2.1 5.4 3.6 0.23 0.31
pC/N pC/N pC/N pC/N
Young's Flexural Poisson Dielectric Dielectric Fracture
Modulus Strength Ratio Constant Strength | Toughnesg
KIC
310 320 + 350 0.21 +0.28 8-9.1 More than 3.3
20
GPa MPa MHz kV/mm MPa. &
Hardness Thermal Thermal Tensile Density
Conductivity | Expansion Strength
10.7 170 4.5*10° 300 + 400 3.3
or~-1
GPa W/mK C MPa glcn?
3.4 BaTiO3

Barium Titanate was the first developed piezoeleateramic and even now it is still
widely used. It is also a well-known material uded capacitors. BaTiO3 is the first
piezoelectric transducer ceramic ever developeeekier, its use in recent years has
shifted away from transducers to an almost exckusige as high-dielectric constant
capacitors of discrete and multilayer (MLC) typBgasons for this are strategy two: its
relatively low TC (critical temperature) of 120°@hich limits its use as high-power
transducers, and its low electromechanical coughiatpr in comparison to PZT (0.35 vs
0.65). Unlike PZT, which is a solid-solution comtims containing a volatile component
(PbO), BaTiO3 is a definite chemical compound pssisg relatively high stability
components, making it easy to sinter while maimtgngood chemical stochiometry.
Nevertheless, these materials are often used ceahbuith special additives to improve

their basic properties. When BaTiO3 is used irpiisnary application as a capacitor, a
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different group of additives is used. In this c#se goal is suppressing the ferroelec
and piezoelectric properties as much as possiblée whaintaining or increasing i
dielectric constant. Applications include switchgsnsor: motor starters, and controlle
[96]. Structure and SEM image of BaTiO3 are showiFigs 6.8 and 6.9 and properti
in Table 6.5.

Fig 6.8. Perovskite Structure of BaTiO3 [97]

200 nm

{a) - [b'l

Fig 6.9. SEM images of BaTiO3 micro crystallites sysihed [98
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Applications of (BaTiO3):

Capacitors

Microphones

Transducers

Thermistors and self-regulating electric heatingtsms

Nonlinear optics

Photorefractive applications

Uncooled sensors for thermal cameras

Table 6.5 Mechanical and electrical properties afi®3

Piezoelectric| Piezoelectric| Piezoelectric| Piezoelectric Coupling Coupling
Coefficient Coefficient Coefficient Coefficient factor factor
d31 d32 d33 d15 K33
K31
-58 -58 145 245 0.19 0.46
pC/N pC/N pC/N pC/N
Young's Flexural Poisson Dielectric Dielectric Fracture
Modulus Strength Ratio Constant Strength Toughness
KIC
100 + 125 98 0.37 640 181 0.49
GPa MPa kHz kv/cm MPa. &
Hardness Thermal Thermal Density Tensile
Conductivity Expansion Strength
5 2.90 (7 + 8) *10° 5.5 52
1 g/cm3
mohs W/mK °C MPa
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3.5 ZINC OXIDE (ZnO)

ZnO is formed in natural as the mineral zinciten&oxide is a piezoelectric material with
hexagonal Wurtzite crystal structure. ZnO crystaie composed of alternate layers of
zinc and oxygen atoms disposed in wurtzite hexagolose-packed structure, with a
longitudinal axis. However, most of ZnO used conmuiadly is synthetically produced.
ZnO is widely used as an additive in a varietymblecations including ceramics, plastics,
cement, glasses, lubricants, paints, pigments, aindments. Recently, due to its
semiconducting properties, ZnO has been consideesd attractive as an emerging
material for electronics applications [99]. It is@awidely used in gas sensors, “resisting
coating against UV (Ultra-Violet) radiation”, pieziectric devices, varistors, surface
acoustic wave (SAW) devices and transparent conauckide electrodes. Recently ZnO
has also attracted attention for its possible appbn in short wavelength light emitting
diode (LEDs) and laser diodes because the optroglgoties of ZnO are similar to those
of GaN [100, 101]. Pure zinc oxide, carefully pregzhin a laboratory is a good insulator;
however, it can be increased in electrical conditgtimany fold by special heat
treatments and by the introduction of specific imges into the crystal lattice. ZnO can
even be made to exhibit metallic conductivity astfansparent electrodes similar to ITO
(Indium Tin Oxide) [102]. Coupling coefficient fZnO is high which makes ZnO an

excellent material to be used in wide variety @&zgielectric applications [103].

ZnO does not have the best piezoelectric coefficommpared with other piezoelectric
materials like PZT (lead zirconate titanate) andiB& (barium titanate), although ZnO
has several advantages. It has both semiconduatbpiazoelectric characteristics, it is
also biocompatible, and suitable for applicatiomanotechnology [104]. Structure and
SEM image of ZnO are shown in Figs 6.10 and 6.1dragerties in Table 6.6.
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Fig 6.10. Structure of ZnO [105]

Fig 6.9. SEM images of ZnO [106]

Characteristics of Zinc Oxide (ZnO

High carrier mobilit
Transparency

Wide band gap

Low temperature proce

Cost saving
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Applications of Zinc Oxide (ZnO):

Variable sensor devices, which are used to prexatdage surges in devices like

cellphone.

Pigments in paints. Chinese white is a specialgaddvhite pigment based on

zinc oxide.

Filler for rubber products

Metal-protective coating

Batteries, fuel cells and photocells

Coatings for paper

Sunscreens and sunblocks for the prevention oftsanb

Rubber industry

Plastics and ceramic industry

Table 6.5. Mechanical and electrical propertieZm®D

Piezoelectrid Piezoelectriqd Piezoelectriq Piezoelectridq Coupling Coupling Fracture
Coefficient | Coefficient | Coefficient | Coefficient factor factor Toughnesy
d31 d32 d33 d15 K31 K33 KIC
-5.43 -5.43 11.7 -11.3 0.18 0.47 1.2-1.4
pC/N pC/N pC/N pC/N _

MPa. &
Young's Flexural Poisson Dielectric Dielectric Density Thermal
Modulus Strength Ratio Constant Strength Expansion
20 100-125 0.36 4.5 106 5.6 6.5%10°
GPa MPa MHz V/Cm g/ent °Ct




CHAPTER 7

FRACTURE ANALYSIS OF SINGLE LAYER OF
PIEZOELECTRIC MATERIAL

1 Specimens and analysis conditions

Set of specimens analyzed in case of smart pieaotePZT-4 has the same geometries

used for steel, although piezoelectric coefficiead to be inputted.

Because of its wide use in industry such as: wtri@scleaners, ultrasonic atomizers,
ultrasonic micro-bonding apparatus, underwater eduunders, high frequency
transducers, high stress pressure sensors, sgiypezgas igniters, high power actuators,
vibratory motors, transformers, ultrasonic weldiafrasonic mixing, ultrasonic surgery,

son chemistry and so on.

Electro-mechanical properties of PZT-4 such astielbs piezoelectric coupling and

dielectric are defined as follows:

A ‘
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Dimensions and geometries of specimens are the saprevious analysis. In particular
specimen has length 180 mm, width 40 mm, thick@8ssim and initial crack length 20

mm.

2 Modeling the fracture mechanics of piezoelectiitside the
ABAQUS®O code

Modeling of fracture inside the piezoelectric meters similar to the case of steel, but
some modification to case with electromechanicalpting was required. Inside the
“property module”, properties of piezoelectric hatee be inputted. In particular PZT
exhibits behaviour of an orthotropic material. Téfere orientation is strictly important in

the numerical investigation.



Fracture analysis of single layer of piezoeleatngterial

In case of piezoelectric material in addition te tmechanical loads input voltage,
electrical potential and electrical boundary codsg are even defined. To proceed

special elements being piezoelectric are selectbditd up the mesh.

Unfortunately the Abaqus software is unable to quenfthe fracture analysis in case of
piezoelectric material by taking into account theceo mechanical behaviour of this
material. As above mentioned fracture and pieztmteanalysis can be run separately

but never in combination.

To solve this problem, a suitable procedure creatésk between the fracture and the
piezoelectric model, respectively. The ISIGHT pagrwas used to solve this problem
and connect the electro mechanical coupling togethi¢h the fracture mechanics

analysis inside the Abaqus.

3 The ISIGHT program

In computer-aided product development, engineegscarrently using a wide range of
softwares to design and simulate their productserOfesults computed by one package
are inputs for another code. Manual process magdaote some errors in modeling and
simulations. SIMULIA® provides some market-leadsgutions to improve the process
of leveraging the power of various software packad®®IGHT is used to combine cross-
disciplinary models and applications together siraulation process flow, and automate
their execution. ISIGHT’s ability is manipulatingiéd mapping parametric data between
some process steps. It can make automatic a nuahsiculation made of several steps
and based on some cooperation softwares. Moredveeduces manual errors and
accelerates the evaluation of product design altesms.

ISIGHT is a desktop solution that provides a saftgisual and flexible tools for creating
simulation process flows-consisting of a varietyapiplications, including commercial
CAD/ CAE software, internally developed programad axcel spreadsheets. If the
ISIGHT code provides a standard library of compasewhich provides some blocks to
create a simulation process flow. Each componert sort of container with its own
interface for integrating and running a particutawdel or simulation. It is even provided
a set of protocols to correct outputs to applicatibke Excel™, Word™, MATLAB®,
Text 1/0O applications, Scripting, and Databases. dpen “API” and a “Component
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Generator” allow the development of some compontmtsimulation. The “Component
Generator” creates custom GUIs for wrapped compsneand extends the ISIGHT
capabilities.

This open architecture allows SIMULIA and its pamnto offer application components
that provide a tighter integration with models deped in popular engineering software
applications, such as Abaqus™, CATIA V5™, Pro/ENGEBR™, Unigraphics™,
ENOVIA™, Teamcenter™, ANSYS™, LS-DYNA™, MADYMO™, Re-H™,
SEER™, STAR-CCM+™ AVL™ Adams™, and different vierss of Nastran™. It also
enables partners and customers to add custom design techniques including DOE,
approximation error analysis, optimization, Montarld sampling methods, and random
variable distributions. This approach makes it ea$d create process flows, reduces
maintenance costs, and provides timely accesswocoenponents or updates through an
independent release process.

The intuitive “Design Gateway” graphical user iféee enables users to quickly create
integrated simulation process flows, which couglausation programs regardless of
discipline, programming language, or format. It\pdes drag-and-drop process flow
creation, parameter mapping, and problem formulatibhis process editor supports
powerful file parameters that can represent sinadamodels as variables, as well as
dynamically sizable arrays for both inputs and atgp The software also provides
branching, looping, conditional, and other exeautlogic. This flexibility, combined
with scripts to alter the runtime behavior of theodel as a function of changing
parameter values, allows the creation of highhsadle processes. Once the process flow
is defined, the user interface enables easy imgfoeternally defined parameter values
and problem formulations. Utilities such as modekrsh, model content viewer,
parameter search, and parameter grouping are \@dalae.

The “Runtime Gateway” enables local execution ofjieeering process flows and
creation of graphs and tables to visualize res@lisjob results are saved automatically
to a locally managed MySQL database. The userfatersupports the creation of visual
tools for real-time post processing of data suctabkes, 2D and 3D plots, and statistical
analysis. Run data can be filtered and graded wiflexible set of criteria before post
processing. All scatter plots allow easy one-clidualization of the virtual prototype by
dedicated simulation results viewers. It providedenactive tools for visualizing
parameter relationships as well as performancebatér tradeoffs with interactive

approximations. Users can share these approxingatiwith non-ISIGHT users by
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exporting them to Excel. ISIGHT is offered as and&lone desktop product. Howev
any simulation process flow created with ISIGHT daa seamlessly executed on
SIMULIA Execution Engine from the Ru time GatewdSIGHT offers an extensiv
library of parallel process drivers, such as DesanExperiments, Optimizatiol
Approximations, and Design for Six Sigma that eaabéngineers to thoroughly a
quickly explore the design spa

Two main steps to integratinhe Design Process are; first, understand the codE®ols
used to solve the problem and the order in whiely tre executed and Second, “tea
ISIGHT how to run those codes or tools in the propeler. The procedure of usi

simcode component is asllow, which is shown in the picture:

Fig 7.1. Sequence of procedure simulation in the ISIGHde

Architecture of the ISIGHT tool includes (Fig 7.

Simcode component
i.  Specifying the commai
i.  Defining how input and output data is created/cage
DataExchange compone
i.  File wizards
i.  Menu layout
ii. Read vs. write
iv. ~ Template files
v. Parameter modes, types and struc
OS Command compone
i. Basic and Advanced optic

i. Required Files
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The Simcode component is used to integrate anylation code that uses ASCII-based
input and output. Internally, the Simcode componeonsists of three smaller

components: two Data Exchange modules and one @8maad.

4 Prediction of SIF and J-Integral through the I8TGcode

To solve the problem of fracture mechanics of padectric material inside the ABAQUS
code feature of fracture and piezoelectric analygse connected together by means of
ISIGHT tool, this procedure is here in described.

In the first step of this research activity a sefglyer of piezoceramic undergoing a single

mode of fracture was analyzed.

A preliminary operation consists of modeling thea@men as it is inside the ABAQUS
code, by providing all the mechanical propertiesnudterial as well as the relevant
information about the crack, such as loading angndary conditions, crack geometry,
length and the GEM mesh.

To input the electrical properties and piezoelectefficients the same model is
developed as a separated case, by introducingegdextoc elements and by inputting all

the required parameters.

To practice how similar models are pre-processedhmn ABAQUS code. One is
conceived for the fracture analysis and the otberttie static and dynamic analysis of
piezoelectric material. To perform the fracture lgsia in presence of piezoelectric
phenomenon the two analyses have to be run in segquand the two models have to be
made interacting each other.

Connection between the two analyses and relateceimeddone by ISIGHT tool, by

resorting to some components like a calculator |eap model and connector.

Fig 7.2 shows the architecture of the whole toolaext was developed, assembled and
used by the author for this thesis. This modelimsed at computing only the stress
intensity factor and the J-integral as it was damepervious chapters for steel and

composite specimens.
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Fig 7.2: The model to obtain the value of J-Intégrad SIF

Looking at the flow described in Fig 7.2, the fibsbck to be considered is “crack”. This

component consists of an active window, which caropened into ISIGHT as Fig 7.3.
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Users can save from ABAQUS code the first modelvabmentioned where on
mechaical properties and loads were considered in *.fiigs, i.e. by resorting to th
Python code format available in ABAQUS. This comihdist can be copied and pas
inside the window called “crack” of ISIGHT code, g 7.3 show:

Fig 7.3: Using Pyhon code coming from Abaqus model (Appendi

In this module a first window includes all the INPE, a second one the commands
the analysis and a third one collects the outpWitsen this first component “crack” is r
in practice the fracture anais is started, only mechanical loads and propernbE
piezoceramic are considered and SIF &integral are computed as in previous cas

steel material.

A second active component, referred to as “ P-CRACK” collects the outputs of tf
first run aboe described, as well as all the inputs useful tothe piezoelectric analys
This operation is foreseen by creating a suitable bf data as Fig 7.4 shows. Param
by parameter a connecting line is there drawnltahe toolbox where required iuts for

the next steps of numerical investigation haveadoand
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Fig 7.4: The element to connect different parameteagstteer inside the progre

A third action is performed by the component hafenred to as “PIEZ-F”. This is an
active window snilar to the “CRACK” component. User copies andstes here th
model of piezoceramic specimen -processed in ABAQUS just to run the piezoelec
analysis and saved as a ‘.py’ file, by resortinghte python format. In this case mo
works by using nly electromechanical and electrical propertiepiezo to compute th
displacements of the FEM model of specimen underfdihces applied to the specim

In this part no computation of SIF c¢-integral is performed.

In “POST-PIEZOF” flow of data, outut and inputs for the loop is prepared by drav

the connecting lines among parameters as in Fi
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Fig 7.5: Connecting the parameters to make a loopiffarent condition

Voltage distribution is even an output of this gsa. This is importanbecause it
changes the boundary conditions around the crackecause sections are driven by
created electrical field induced the piezo electplbenomenon. So far bound:

conditions are written and updated in the “WRITE-F” component.

“SUB MODEL F” collects the displacements due to the piezoetephenomenon an
computed by the electromechanical analysis and extgvthis information into a
updated value of SIF and o-integral, which now includes the electromechan
coupling. In particularSIF and -integral are added in the solutions coming from

initial fracture analysis.

“SIF” component is conceived to store the finaluea of relevant parameters and of
and Jintegral corresponding to this step of the simolatiThis sequence ly describes
what it is done for a given geometry of crack apating force. To be able to perform-

analysis this calculator is divided in several si

A first level of loop is foreseen to subdivide imall increments of external loadil
condition he whole analysis. Therefore when convergenceashe for each value
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force a next step is started, by updating the faqmelied as the upper part of “BLOC
DIAGRAM” in Fig 7.2 shows and Fig 7.6 describedetail.

Fig 7.6: Calculator element to control the loads magldtand boundary conditic

Nevertheless, the final crack length for each far@gnitude is reached by an iterat
solution by updating the geometry of cracked stmectas lower functional “loopl” ds
in Fig 7.2. Even in case of a computation of Sl &integral partial results have

converge before then external load can be incre

The sequence above described assumes that excistioie to some mechanical actic
applied to the structureVoltage is first an effect of mechanical strain lagap to
piezoelectric and its effect upon the values of &He -integral is evaluated as

correction to the main contribution driven by fa

In this case piezoelectric layer works as a sens@venas an energy harvester, but

behaviour can be considered passively coupledetatiiucture
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Fig 7.7: Geometry update in calculator module to laadgnitude and bounda

conditions

When strain is induced by the applied electriadfi¢lis require: dealing with the active
coupling between piezoelectric and structure. Tioeeethe ISIGHT model has to |
updated to allow introducing this option, as Fi§ 3hows. In particular the inner loopl
equipped with a second path being activated in cf voltage driven response of t
piezoelectric. A “MODEL” component collects inpussiitable to compute the actio
applied to structure as a consequence of eleadtat éxcitation

Sequence of operations is then similar to the athee, since SIF arJ-integral are first
computed by assuming that reformed shape is impdsedhe electrical actuatio
Nevertheless, piezoelectric does not loose itslihiias of sensing the strain applied
the structure and a feedback is provided in terinsr@atedvoltage, fairly lower thai
excitation but sufficiently high to motivate a segtad evaluation and a correction of !
and Jintegral by means of “SUBMODE-V” and “SIF-V” components which play th

same role of pervious case, where response wasndbiy farce.
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Submodel of
Piezoelectric to update
the J-intehral and SIF

values

Mechanical Analysis with Piezoelectric with
NO piezoelectric effect No SIF analysis

Loop

Force Update
Loop

) Write_bc_F
Force Driven

Geometry Update .
yEp Crack PostCrack pjgzo f PostPiezoF gypmodel F SIF_F

Write_bc_V
Voltage Driven

Model Piezo V Post Piezo V Submodel-V SIF_V

Fig 7.8: Final model to compute the value -Integral and SIF for different loe

condition

At the end of this run ISIGHT provides directly a |-processing of outputs in format

ordered lists of numbers as in Fig "
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Fig 7.9: Results coming from ISIGHT progr

Diagrams and trends are depicted in a collectiowiatlows as in Fig 7.1(Horizontal

and vertical axis presents, JINT, SIF, force_bv laeight)

Fig 7.10: Diagrams coming from ISIGHT progr
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5 Analysis of crack propagation through the 1SIGttte

Prediction of crack propagation requires a differemplementation of the ISIGHT tool

above described. In this case propagation is ifgagst in terms of direction and speed.
To provide those results the piezoelectric phenames considered both in terms of
applied strain when damage is driven by voltage ianterms of change in shape of

layers.

As Fig 7.11 describes the crack propagation modekldped inside the ISIGHT code
includes some components. “CREATE PIEZO MODEL” anluces all the piezoelectric
properties of material, voltage is applied and ldispments of modes are recorded by
running the model “RUN PIEZO”. Geometry of specimemposed by the voltage, even
in terms of shrinking effect is described in “GRABX” and inputted into the XFEM

component.

As in case of metal XFEM assures the computatioaratk path and propagation once
that actual geometry, shape and loading conditienkaown. Crack propagation and

geometry of specimen changes as component “STATSiitors.

The loop is then closed so as for increasing velthg crack propagation is computed by
an iterative solution at each value of voltage isggband gradually up to the collapse of
the structure.

It is remarkable that crack propagation can be gwedlicted by resorting to a piezo-

thermal (electro-thermal) analogy.

In particular, it is known that strain induced ajadirection 1 by the electric field applied

along direction 3 is:
1= OkiE3 where Ezl—é‘ (7.2)

Above expression suggests that numerical procduaseto evaluate step by step values
of applied voltage V and of piezoelectric layeickmess t (this motivates the updating of
geometry). Moreover, under assumption of linear abaur (small displacements)

relation between strain and electric field is lines well as that between strain and

temperature in thermo mechanical analysis.
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Fig 7.11: The ISIGHT model to analysis the crack prapiag inside piezoelect

Therefore one possibility suggested by the litemis resorting to an analogy betwe
piezoelectric and thermal strain, by inputting desithe ABAQUS code an eivalent

thermal expansion coefficient instead of 3; and an equivalent distribution
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temperature t, instead of electric field, to runreneasily thermo mechanical analysis
instead of implementing this approach. Differereehiat the ABAQUS code is already
programmed to perform a prediction of crack propiagan case of thermal loads, which

it doesn’t in case of piezoelectric action. Analdggks like:

Ya d
piezo= Gg1E = dBlE st €q
L7

T
therma= | + e (7.2)

Procedure was tested to compare the results obdtaynehe new proposed protocol and
this approach. Nevertheless, to make efficientcttraputation of equivalent temperature
Teq it was required analyzing the displacements indunevoltage for given thickness of

piezoelectric layer and imposing their equivaleimcease of thermo mechanical analysis.

In practice sequence of operation was:

1) Running the piezo model with isostatic constsaand calculating the plate shrinking.
2) Running the mechanical model by using tempeeatoarmimic the voltage. Thermal
expansion coefficient was used to obtain the saisi@atements of the voltage driven
deformation.

3) Running the mechanical model with temperatureith wreal constraints.
Reactions were even checked and scaled by elaspefies of material assure to get the
same effect of voltage. It was demonstrated timatlt® and behavior of crack propagation
in both the procedures based on ISIGHT programtlaewinal analysis are the same.

6 Numerical investigation: Fracture in single m@depagation

6.1 Influence of loading condition

Effect of magnitude of load and crack length wast fanalyzed without applying voltage
stress intensity factor and J-integral were catedlato investigate the attitude of
piezoceramic PZT to fracture. SIF and J-Integralifitial crack length of 20 mm are

shown in Table 7.1.
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Table 7.1: SIF and J-Integral with initial crackdgh of 20mm

Load[N] | 50 100 150 200 250 300 350 400 45( 50

SIHMPa] | 30.95| 61.98 | 92.86 | 123.8) 154.7 185.y 216(7 247.6 278.5 .5309
J-Integral| 0.010| 0.0424| 0.0954| 0.1697| 0.2652| 0.3811| 0.5201| 0.6788| 0.8586| 1.0603

[N/mm]

It can be remarked that when piezoceramic is pyrasive line a metal and no effect of

voltage is considered SIF increases with load aimtegral is positive and increases too.

Each column represents the different J valye
with different crack length from 10 upto 30mm

A

™

$; 450?1(7 @(7.0321 2(923 %

1(<= 7047?5A *,,-

Fig 7.12: The value of J-Integral for different dlsamagnitude without applying voltage.
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Each column represents the different J value fad lo
varying from 50 upto 500 N with specific crack l¢img

Different Crack length from 10 to 30 mm

Fig 7.13: The value of J-Integral for different dkdength without applying voltage.

In Fig 7.12 J-integral is plotted as a functionagiplied load. Each point of this plot
corresponds to a value of crack length, whose régpamming from 10 to 30 mm. The
ABAQUS code drawn a line of tendencies to desdnine the two coordinates of plot are

related in this case it can be appreciated that:
1) J-integral non-linearly increases with load
2) Its value is greater when crack length is longer

In Fig 7.13 the same analysis was plotted, butelginal is now a function of crack length.
Values are bigger when crack is longer and relatippears non-linear as in pervious

graph.

Stress Intensity Factor was analyzed as Figs Mmii47al5 show. It is worthy noticing
that Stress Intensity factor shows a nonlinear deégece upon crack length, while it is
linearly related to load magnitude. In both casée iBcreases as load and crack length
do.
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Fig 7.14: The value of SIF for different crack lengtitheut applying voltag:

Fig 7.15: The value of SIF for different loads magnéwdthout applying voltac
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A preliminary investigation about correlation beemeStress Intensity factor and J-
integral was done as it looks in Fig 7.16. Actual®yation is complete with analytical

prediction according which J-integral is proporabto square value of K (see chapter 1).

Fig 7.16: The value of J-Integral against SIF valureall point.

6.2 Influence of voltage

In this second part the effect of voltage appliedhte piezoelectric layer is analyzed. It

was assumed that no external load is applied tstteture.

Table 7.2 shows the calculated values of SIF ahlmdegyral for a crack length of 20 mm
and voltage varying from 10 up to 100 V, then fariable crack length from 10 up to 30

mm.
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Table 7.2 SIF and -Integral with initial crack length of 20

Voltage | 10 20 |30 40 50 60 70 [8c 90 100
V]

SIHMPa] | 7.509 | 15.019 22.53( | 30.033 | 37.551] 45.06]1 52.56660.08: | 67.588 | 75.094

J-Integral | -3.8e-8| -0.001| G.00: | -0.006 | -0.009| -0.014| -0.019 0.02¢ | -0.031 | -0.038
[N/mm]

Distribution of electric potential is describedkig 7.17 and 7.18. As can be observed
voltage crosses the whole section of specimenguadih it is affected by the crack leng

Gradient in space of voltage and around the crigcis imore evident for a larger bendi
effect.

=FOT
+2.0008+01
+1.831&+01
+1.6628+01
+1.4933e+01
+1.324&+01
+1.156&+01
+3.866:+00
+8.1778+00
+&.488:+00
+4.739e+00
+3.110&+80

Fig 7.17: Electrical potential distribution for 20 valhd crack length 20 ir

EFCT
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.C00e+01
L.323c101
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_.000e+01
+8.223e4+00
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+5.000e+00
+3.233e+00
+1. 6872400
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Fig 7.18: Electrical potential distribution for 20 valbd crack length 10 ir



Fracture analysis of single layer of piezoeleatngterial

As in previous case J-integral analyzed in Fig 7a2@ 7.21. Great news in those
simulations is that J-integral is negative. Abohits tresult it was deeply focused the
attention during this study to catch the meaningwth detail. It can be observed that
loading conditions are fairly different in case méchanical force applied or in case of
active piezoelectric layer, although the some apgmode of fracture is excited. Fig

7.19 shows some differences.

Fig 7.19: Loading condition in case of force anttage applied.

According to Fig 7.19 in case of pure bending momeduced by a vertical force,
distribution of strain is agreeing with distributiof displacement along the line axis.

Therefore strain is part positive and in part negaand where crack occurs compatibility
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is no more valid, i.e. theoretical distribution strain and stress depicted cannot be

applied, since crack generates two separated faces.

In case of voltage, distribution is linear from @eo the maximum value, once that
polarization of piezoelectric layer is defined. Feach level of voltage correspond an
elongation and related stress If a free body is considered tensile effect oscair the
upper surface and lower surface a0, if polarization and voltage drop are those
assumed in the above depicted example. By conveitse body is constrained by hinges
at the bottom, each constraint applies a reactidms effect makes lower fibers
undergoing a tensile stress and crack opening scuatrile upper fibers undergo a state
of compression or at least they are close to nieartia of bending. Moreover, two blocks
separated by crack rotate and add a contributidhetstress concentration around the tip.
Obviously this is only a rough and preliminary mpeetation of the phenomenon, but it
allowed understanding results obtained by the Abampale.

In particular, those differences make state of aasgive stress around the crack tip
dominant. J-integral is therefore negative. Newass, from the practical point of view
amplitude of J-integral is relevant more than iggswhich only depends on the specific

constraining conditions.

As in previous cases, if only amplitude of J-intkdgs considered, a similar nonlinear
dependence upon the loading conditions, being tierevoltage and on crack length is
exhibited.

It will be remarked that trend automatically dravwp the ABAQUS code apparently
suggests that amplitude increase indefinitely. Tdwdks like a wrong perception because
if one looks at value of 22-24 mm of crack lengtle trend suddenly changes and J-

integral slightly decreases.

This behavior is even more evident in Fig 7.18 wh8tF is plotted. It grows up with

crack length until value of 21-23 mm and then itdraes smaller above this threshold.

This is a very significant result even from the ghigal point of view and it can be
explained as follows. If one looks at Fig 7.17 &gl 7.18 it can be realized that as much
as it is long the crack tip is located inside agaglominated by the electric potential of
the upper electrode of piezoelectric layer. Statstress is affected by the proximity with

the upper and free surface where the electric energoncentrated and the remaining
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cross section suitable to bear the applied loaplite small. Work done by piezoelectric
material in terms of compression, according eveRigo 7.20 is dominating with respect
to energy relapse rate or at least more relevattitude of piezoelectric layer to

propagate the crack is now lower as SIF and J4iateguggest. Therefore it can be
remarked that piezoelectric actuator induces @& sifistress around the crack tip when
length is quite great that is in contrast with thack propagation. This effect agrees with
some experimental observations, which demonstriuaidlife is longer than prediction,

because of some unexplained motivation.

A sort of “smart recovery” against the fracturentditerial is opposed by the piezoelectric
layers when the available thickness is reducedvwalaritical value, provided that crack
propagation is still stable. Relation between Sif applied voltage is even linear as in
Fig.7.23.

Fig 7.20: The value of J-Integral for different ckdength with different voltage
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Fig 7.21: The value of-Integral for different voltage magnitude withoutde
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Fig 7.22: The value of SIF for different crack lengtlth@ut applying external forc
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Fig 7.23: The value of SIF for different voltagegnéude force

Fig 7.25: Relation between J-Integral and SIF
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It can be noticed that Stress Intensity Factor m@sdinear growth with crack length.
Although it has linear relation with voltage. Rea between J-integral and SIF is

shown in Fig 7.23.

7 Numerical investigation: Mixed mode crack progamga

To make expedient this analysis mixed mode C isctly considered. Configuration is
the same of the steel specimen. Two forces areeapahd constraints are no more at the
two ends of specimen but close to crack.

Procedure followed in the numerical investigatioaswhe same of single mode crack
propagation and sensitivity analysis was done loydog the same parameters. Results

are here in presented.

7.1

Influence of loading condition

In this case calculation of SIF includes both mbded II. It was performed by analyzing

first the pure mechanical loading condition. Ramdevalues was from 10 up to 100,

crack length was set at 20 mm when constant andg foom 10 up to 30 mm was

investigated when it is variable.

Table 7.3: The value of SIF and J-Integral witHed#nt load magnitude with crack

length of 20mm

Load 10 20 30 40 50 60 70 80 90 100
[N]
K|[MPa] | 31.472 | 62.89§ 94.30p 125.645 157.109 188.4 219,6330.841| 281.984 313.09
Ky[MPa] | 2.673 | 5.3774 7.533 10.1046 11.749 14.1609 16.612.078 | 21.5801 24.125
J-Integral| 0.01096| 0.043§ 0.0987 0.1756 0.27456 0.3955 0.53867038 | 0.8911| 1.1004
[N/mm]
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Fig 7.26: Stress distribution inside the model withl

As Fig 7.27 shows even in presence of mixed modpggation crack follows a straig

path.

Fig 7.27: The value of [htegral for different loads magnitude without appg voltage.
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Fig 7.28: Jintegral vs. crack length (without applying vole)

Trends of Jntegral are similar to those of single mode, altiio it seems that a high
sensitivityupon load magnitude than on crack length is sh

For Stress Intensity Factor two analyses were pedd, and for each mode, as Fig 7
and 7.30 show.

Fig 7.29: The value of SIF for different crack lengtitheut applying voltag:
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Fig 7.30 The value of SIF for different loads magnitudeheut applying voltac

Behaviour of K is quite regular, it increases with increasing krlength and applie
load. K looks decreasing with increasing crack length. artipular behaviour damag
quite a lot length by length. Crack of 20 and 28 mmwshery different attitude t
propagation, this effect could be related even twmvergence problem of the nume

tool.

If look one looks at Fig 7.31 (b) can realize th@s mode is irregularhdetected and
convergence in the computation oy is rather difficult, This points out a limit
simulation but is motivating even the crack propmgaso poorly affected by the Il mo

contribution, From this Fig, its clear from theatbn between-integral and Slf

() (b)

Fig 7.31: The value of-Integral against SIF values in all pc.
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7.2

Influence of voltage

Sensitivity upon applied voltage was investigatiest for a crack length of 18 mm and

voltage spamming constant from 20 to 200 V, theeesthfferent crack lengths from 10 to

30 mm. results are shown in Table 7.4

Table 7.4: SIF and J-Integral for different Voltagih crack length of 18mm

Voltage [v] 20 40 60 80 100 120 140 160 18( 200
K\[MPa] 9.875 | 19.763 29.66] 39.57f 49.503 59.447 69.401 3639, 89.342| 99.33§
Ku[MPa] 9.148 | 18.302 27.46] 36.6232 45.789 54.963 64.135.3223 82.503| 91.695
J-Integral | -0.003 | -0.006| -0.03 -0.053 -0.083 -0.11p9 -0.163 .21R | -0.269| -0.332
[N/mm]

Crack opening with 80 V and crack lengths of 10 &@dmm is shown in Fig 7.32

together with stress distribution.

Fig 7.32: Stress distribution inside the model80¥ and crack length of 10 and 20 mm
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Fig 7.33: J-Integral for different crack length ftifferent voltage

Fig 7.34: J-Integral for different voltage



Fracture analysis of single layer of piezoeleatngterial

As Fig 7.33 and 7.34 show j-integral increase waitack length, although as in single

mode sign is negative because of constraining tiondidescribed in Fig 7.20.

As in single mode a sort of “BARRIER EFFECT” in easf longer crack was detected
even in this case and it affects both mode | andaribas Fig 7.35 (a) and (b) show.

@

(b)
Fig 7.35: SIF for different crack length and modi@mpagation | (a) and Il (b)

(Without applying external force)
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(@)

(b)
Fig 7.36: SIF for different voltage magnitude andd® of propagation | (a) and Il (b)

(Without applying external force)

Trend of mode Il is here well identified and is 8anto that of mode | as Fig 7.36 states.
Finally the below Fig 7.37 presents the correlabetween Stress Intensity Factor and J-

integral.
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Fig 7.37 The value of -Integral against SIF values in all po



CHAPTER 8

FRACTURE OF SMART COMPOSITE STRUCTURE WIT
PIEZOELECTRIC AND METALLIC LAYERS

The main goal of predicting the fracture mechaonicsmart composite materials is coy
in this chapter by focusing the attention upondage of metallic structure equipped w
surface bonded piezoelectric actuator. A thin lagerPZT-4 whose propeies were

already described in previous chapters and wasdibad a substrate of AISI 4340 ste
1 Specimens and analysis conditic
Fig 8.1 shows a sketch of the composite structuwsdeated. Upper layer is made of F-

4, while lower one is made of st. Crack propagation in case of single and mixedes

are considered to analyze fracture mechanics snctse

Fig 8.1: Sketch of composite smart specimen analy.
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Main feature of this specimen is that only a pd structure is active and an interfe
between two materials is introduced. The modelictiyiies inside the ABAQUS coc
are almost the same of previous analyses. The 1SI@idtocol was even used to allc
communicating the two tools fracture and pieectric analysis of the ABAQUS co

2 Single mode crack propagat

Just in case the final configuration of specimen tfee numerical investigation abc
single mode of crack propagation is described ¢gn&-2

Fig 8.2: Sketch of composite in single mod

As in chapter 7 the same flow of numerical invesgtimn was followed to detect tl
sensitivity of fracture parameters upon loading anack properties. Table 8.1 sho
results of SIF and ihtegral for a cracllength of 19 mm, where load from 50 to 500
range of crack length for the sensitivity analysiff'om 11 up to 27 mm. It is remarkatl
that from 20 to 27 mm crack propagates inside trezgelectric material Crack

propagation is shown in Fig 8
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Table 8.1: SIF and liregral with varying load magnitude and crack kbngf 19 mn

Load [N] | 50 100 | 15C 200 250 300 350 | 40C 450 500
SIF 73.13| 146.2| 219.2 | 2925 | 365.6| 438.8/ 511.9585.C |658.1 | 731.3
[MPa]

J-Integral | 0.025| 0.108| 0.177 | 0.411 | 0.642| 0.925| 1.259 1.64t | 2.081 | 2.570

[N/mm]

Fig 8.3: Stress distribution and crack propagatiord@she composite specin

In several steps of the numerical prediction magéABAQUS, trends of -integral are

plotted as a function of applied mechanical load) (8.4) and crack length (Fig 8.

respectively. Nonlinear behaviour and sensitivitg@mposite specimen are both evid
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Fig 8.4: J-Integral vs. load magnitude (without gy voltage)

Fig 8.5: J-Integral vs. crack length (without apptyvoltage)
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As Fig 8.6 shows the J-integral in each step etdilinon-linear behaviour. Positive
values of J-integral suggest that crack is opemingll the conditions. Nevertheless the
last two points in each run are so distant becarezk goes inside the piezo layer. In case
of two layers of different materials the properte® changing, therefore values of J-

integral depend on the contour and region of specjmhich is analysed.

[
AN
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Fig 8.6: J-integral in all conditions of differdotds and crack length

Fig 8.7: SIF for different crack length without dyipg voltage.
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Fig 8.8: SIF for different loads magnitude witheyplying voltage

SIF depends nonlinearly upon the crack length dmebst linearly on applied load (Fig
7.8 and 8.8). Even in Fig 8.9 increasing of valisesore evident where piezoelectric

layer is reached.

;]
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/AT}V

/01 23 1.4 321 O(<A :506:

Fig 8.9: SIF in all conditions of different loadsdacrack length
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Fig 8.10 presents the correlation between Strassgity Factor and j-integral.

Fig 8.10: J-Integral vs. SIF

Behaviour of composite specimen looks similar tevpus case when voltage is the

excitation. Table 8.2 shows SIF and J-integral, docrack length of 19mm, voltage

variable from 10 to 100v and crack length rangerspang from 11 to 27.

Table 8.2: SIF and J-Integral with different Vokeagnd crack length of 19mm

Voltage 10 20 30 40 50 60 70 80 90 10
V]

SIF [MPa] | 30.53 61.07 | 91.604 122.15 152.42 183.24 21380 244304.83| 305.38
J-Integral | 0.004| 0.018 | 0.0411 0.0732 0.1144 0.1647 0.2242 0.2928705| 0.4575

[N/mm]
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Crack opening under 40 V is shown in following Big1.

Fig 8.11: Stress distribution under voltage effewd crack propagation

It is worthy noticing that when crack reaches titenface between steel and piezoelectric
material first it stops. At that point it is venpportant analyzing the bending of structure.
In this case metal contributes only with its ineréind stiffness, therefore propagation
needs of a strong electric field applied to piesm)arge to bend the whole structure and
providing the required energy to the fracture aézpeelectric layer too. Nevertheless,
stiffness of piezoelectric layer looks affected the tensile stress applied by the
piezoelectric effect. In practice a “BARRIER EFFEUS opposed by the active layer.

This behaviour is more evident if J-integral istfd vs. crack length as it drops down
very fast above a certain crack length (Fig 8.8&jough it grows up nonlinearly with

voltage (Fig 8.13).
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Fig 8.12: J-Integral vs. crack length

Fig 8.13: J-Integral vs. voltage
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It is remarkable that J-integral when it is driv@nvoltage is positive while in pure piezo
it was negative. Tensile stress in piezoelectyeldas dominating. The sudden decreasing
of J-integral in to the barrier effect is eviderttem the history of simulation is plotted as

in Fig 8.14.
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Fig 8.14: J-integral in all conditions of differdotds and crack length

Fig 8.15: SIF for different crack length (withoyipying external force)
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Fig 8.16: SIF for different voltage magnitude (vaith applying external force)

Fig 8.15 and 8.16 confirm the trend already seentlie J-integral even for the SIF.
According to the Fig 8.17, barrier effect is evitleGorrelation between J-integral and

Stress Intensity factor is much more nonlineahia tase (Fig 8.18)

™
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Fig 8.17: SIF in all conditions of different volagnd crack length
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Fig 8.18: -Integral against SIF values in all point

3 Mixed mode crack propagati

Mixed mode C was then analyzed ugspecimen shown in Fig 8.19. 40 mm 74 mnmr

mm 20 mm

Fig 8.19: The sketch of composite specimen mixed mc
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Influence of pure mechanical load on the SIF anmdelyral is analyzed in Table 8.3.

Table 8.3: SIF and J-Integral with different loadgnitude with crack length of 19mm

Load 10 20 30 40 50 60 70 80 90 100
(N)

KiMPa] | 1.874 | 3.74] 5623 7.49 9372 11p 1312 14992 ©6.8618.744
KuMPa] | -0.94 | -1.8| -2.83] -3.77] -472 566 -6.609 -7.555 .498 | -9.443
Jintegral | 2.1¢” | 8¢> | 1.88¢' | 3.3¢" | 5.2¢' | 7.5¢" | 0.00102| 0.00134 0.00169 0.00209
[N/mm]

Local concentrations of stress and crack propagatie shown in Fig 8.20.

Fig 8.20: Stress distribution in composite specimeder load of 20 N and crack

propagation

J-integral nonlinearly follows the applied load dF8.2) and crack length growth (Fig

8.22) as usual even in metallic components.
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Fig 8.21: J-Integral vs. loads magnitude (withquplging voltage)

Fig 8.22: J-Integral vs. crack length (without gppd voltage)
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Trend of Jintegral is monotonic. When Stress Intensity Faceme analyzed, it can |
remarked that values increase both with crack kergthough in mode Il (Fig 8.23 ai
8.24).

Fig 8.23: SIF for different crack length (without apiply voltage
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The ABAQUS code releases a negativg K this case since sliding mode is undergoing
a relative motion of fracture goes instead of fabrdecohesion, this sign is poorly

relevant for the damage mechanism.

Fig 8.24: SIF vs. load magnitude without applyirutage
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Convergence is good in each step of simulatiofig8.25
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Fig 8.25: SIF in all conditions of different load andck lengtl

Relations between SIF an-integral in both modes are smoothly nonlinear,tasas

expected.

Fig 8.26: J-Integral vs. SIF

As soon as voltage is applied as excitation theidragffect is found. Table 8.4 collec
SIF and Jntegral for crack length of 19mm, voltage spammifirmgn 20 to 200 V, while

crack length is 11 to 27 mm in sensitivity anal.
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Table 8.4: SIF and lrtegral with different Voltage and the crack ldmgf 19mn

Voltage 20 40 60 80 100 120 140 16C 180 200
N4

Ki[MPa] 78.19 | 142.82 207.«| 272.1| 336.74| 401.36 466.00 530.5( | 595.39 | 659.75

Ky[MPa] | 8.694 | 31.57| 54.4¢| 77.282| 100.158 123.009 145.86268.75¢| 191.576| 214.501

J-Integral | 0.0294| 0.1018 0.21¢| 0.3810| 0.5877| 0.8391 1.13541.475% | 1.8628 | 2.2918
[N/mm]

Crack opening under 80 V is shown in Fig 8

Fig 8.27: Crack propagation under 80V and electric el

It can beremarked that crack propagation is slightly rotteip, although mixed moc
propagation is analyze@ne again barrier effect motivated the trends-integral in fig

8.28, although it grows up as voltage incre
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Fig 8.28: J-Integral vs. crack length with differeoltage (without force)

Fig 8.29: J-Integral vs. voltage magnitude (withfoute)
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Similarly SIF diagrams in Fig8.30 show a very efifee barrier effect in mode | and

smoother effect in mode

Fig 8.30: SIF vs. crack length (without applying extdriorce
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Fig 8.31: SIF vs. voltage magnitude (without appdyexternal force)

Finally Fig 8.32 describes the correlation betwBé&ess Intensity Factor and J-integral.
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Fig 8.32: J-Integral vs. SIF

4 Crack propagation pe

Since a main goal of the thesis is predicting tlaettire behaviors inside piezoelec
layer and in smart components with surface bourmledoelectric in both active at

passive configuration a reme of relevant results is herein proposed.

4.1 Crack propagation in single fracture mode of puezgelectric laye

Crack growth in single mode of fracture inside aeppiezoelectric specimen w
analyzed in both boundary conditions i.e. undmechanical force and under the volt:
of an applied electric field. As Fig 8.33 and 8@monstrate when force is loading
specimen, crack growth proceeds up to rupture etisgen material. By convers wh
voltage acts as driving load, crack propion stops when a certain length is reached
start again and put the propagation up to ruptulerge electric field is required. Tr
looks like a “barrier effect”, being even relatedthe high charge concentration aroi
the crack tip.
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Fig 8.33: Crack propagation in single mode of fuaetwith mechanical force as in a

sensor

Fig 8.34: Crack propagation in single mode of fuaetwith voltage applied as in an

actuator

4.2  Crack propagation in mixed mode fracture oeqiezo

In case of mixed of fracture mechanics (Fig 8.38 886), when mechanical load is
applied, crack growth shows angle of 45 degree wdlirection. It is due to the stronger
action of force being larger than voltage createdide the specimen because of
piezoelectric effect. When voltage is driving crampagation occurs along the vertical
direction such as in single mode. Crack propagatesrding to displacements imposed

by electric field around the crack tip without ashgviation.

Fig 8.35: Crack propagation in mixed mode of fraet{with force)
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Fig 8.36: Crack propagation in mixed mode of fragt{with voltage)

4.3 Crack propagation in single mode fracture ahposite piezoelectric

specimen

In case of composite specimens with surface boupiezbelectric layer (Fig 8.37 and
8.38). Crack propagates along the vertical direcinoboth cases, when force and voltage
are loading the structure in single mode of fraetorechanics. In case of force driven
crack propagates inside the steel then it passesigh the piezo electric layer up to
rupture. If voltage is applied crack propagatesdmshe steel then stops when it reaches

the interface between the two materials.

Fig 8.37: Crack propagation in single mode of fuaetwith force (composite material)

Fig 8.38: Crack propagation in single mode of fuaetwith voltage (composite material)
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4.4  Crack propagation in mixed mode fracture of posite piezoelectric

specimen

Finally crack propagation in mixed mode of compmgitezoelectric is considered. Crack
is propagated along a direction rotated of 45 degyfeut under mechanical action, it
breaks both materials, and its direction changestetface (Fig 8.39). When voltage is
applied to the specimen, crack never passes tpi¢izeelectric layer because the bending
moment is applied to the steel part by the pieztetelayer, being in this case under

effect of tensile load and even structure (Fig .40

Fig 8.39: Crack propagation in mixed mode of fraetwith force (composite material)

Fig 8.40: Crack propagation in mixed mode of fragtwith voltage (composite material)
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The main goal of this thesis was understandingeb&that are the typical behaviour of
piezoelectric layer in case of either passivelypted (force driven-sensor) and actively
coupled (voltage driven-actuator) undergoing crgmopagation. Surprisingly the
literature look still very poor of contributions this field and only some preliminary
elaboration of very well assessed analytical methaiceady available at the state of arts
was proposed.

They are unsuitable for an effective predictionfracture mechanics in smart structure
having complex geometries as they are currently ufaatured for several industrial
applications. Need for a suitable numerical apgndacbe used in tight cooperation with
some commercial tool immediately looked urgent. dape with this first need the
ABAQUS code was selected, because of the effeas®mlemonstrated and tested by
several authors of its modules dedicated to fractanalysis and piezoelectricity.
Nevertheless a severe limitation occurred as s@othe two modules were tentatively
connected by the author to investigate the fradbeteaviour in piezoceramics. Even this
problem was solved by resorting to the ISIGHT toshich allows configuration a
numerical protocol for a complex numerical inveatign inside the ABAQUS code by
listing and connecting the commands useful to stertrequired subroutine and to define
a suitable flow of inputs and outputs for a coupd@dulation as it is, in this case, that

performed by the fracture mechanics and piezoatatindules respectively.

This activity required a deep understanding andnlag about both the ABAQUS
modulus involved. Therefore fracture analysis wiest performed on single and standard
specimens for fracture bending tests mode of Al$4M4steel, being already deeply

studied and used in the literature.

Analysis was performed by calculating the Stredsnisity Factor and the J-integral as

suggested in the literature, for mode | and mixemlenl and Il. Results were checked
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with experiments and numerical investigations amé in the literature. Crack

propagation was even predicted by resorting toREM approach, as a first result, the
thesis assessed suitable procedure for this kinéctitity performed by means of
ABAQUS code. It was immediately used for a benchximgrwith other tools used by the
EPF-School of Engineering in Sceaux for predictoérihe crack propagation and life of
welded joint. Experimental validation was even perfed thus confirming the

effectiveness of the numerical tool proposed. Aftes second original contribution a
third task was developed. Crack propagation in s@meeoelectric structure made of
PZT-4 was analyzed for the same cased of steeimspecand by considering a pure
piezoelectric layer and a composite made with aeugpezoelectric layer and lower
metallic structure. Two loading conditions were gamed. A first case in which some
mechanical action is applied to the bimorph of p&dectric and steel material and a
second one corresponding to a direct activatiomadpe by the electric field through the

voltage applied to the piezoelectric electrodes.

The relevant results are that crack propagatiofairty different across the steel and
piezoceramic because of their different propertiegarticular, in passive configuration
a crack propagation through the steel easily bréakpiezoceramic if only a mechanical
force is applied, speed of propagation increasdswght make unstable the fracture. By
converse when bending is driven by voltage a sofBARRIER EFFECT” is opposed
by the piezoelectric layer because of a superpositi phenomenon. Local distribution
of stress around the tip is greatly affected by ghezoelectric phenomenon, which can
reduce the capability of material to allow crackiig some cases starching of the
piezoelectric layer increases its stiffness andghoess, by reducing the crack
propagation. Somehow proximity of crack tip to fre@face with concentrated electric
charges seems to be favorable to reduce the cragagation. This phenomenon looks
the most original observation of this study, whsimultaneously assessed a suitable
numerical tool for fracture analyses, A deep experntal validation of specimens of
smart composite is required to confirm the abovecdeed prediction. To develop this
task a dedicated design of experiments is requa®dvell as a suitable number of

specimens.

Last but not least such as experimental activiquires a suitable amount of financial
supports and a tight cooperation together with aufacturer of PZT structure. This

motivation made unpractical adding this experimievaidation to the first performed on
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the welded joints, although the numerical predicdi@btained look agreeing with some
typical observations documented in the literatlreud the failure of PZT patches used in

smart material systems.

Performing some experimental tests to validateréiselts in case of fracture mechanics
inside piezoelectric materials, even when the mkric material is cracking at the
begining and also designing the specimen in the thay the boundary condition in
composite specimen has a possible displacementbgattwo layers can be considered as

future work.
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APPENDIX A

The python code, which is used to model the craokagation inside the piezoelectric
specimen inside the ABAQUS.

*Heading

** Job name: Crack-propagation Model nhame: Model-1
** Generated by: Abaqus/CAE 6.12-1

*Preprint, echo=NO, model=NO, history=NO, contac&N

*%

* PARTS
*%
*Part, name=crack
*End Part
*%
*Part, name=plate
*Node
1, 180., 0.
2, 180., 1.
7420, 0., 39.
7421, 0., 40.

*Element, type=CPE4E
1, 1, 2, 43, 42
2, 2, 3, 44, 43

7199, 7378, 7379, 7420, 7419
7200, 7379, 7380, 7421, 7420
*Nset, nset=_PickedSet3, internal, generate

1, 7421, 1

*Elset, elset=_PickedSet3, internal, generate
1, 7200, 1

*Nset, nset=_PickedSet5, internal, generate
1, 7421, 1

*Elset, elset=_PickedSet5, internal, generate
1, 7200, 1

*Nset, nset=_PickedSet9, internal, generate
1, 7421, 1

*Elset, elset=_PickedSet9, internal, generate
1, 7200, 1

*QOrientation, name=0ri-2

1, 0., 0., O, 1, 0.3, 0.

** Section: plate

*Solid Section, elset=_PickedSet3, orientation=Brinaterial=pzt
1.,

*End Part

*%
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** ASSEMBLY

*%

*Assembly, name=Assembly

**

*Instance, hame=crack-1, part=crack
*End Instance

*%

*Instance, hame=plate-1, part=plate
*End Instance

*%

*Nset, nset=_PickedSet6, internal, instance=platgeherate

1, 7421, 1
*Elset, elset=_PickedSet6, internal, instance=platgenerate
1, 7200, 1
*Nset, nset=_PickedSet8, internal, instance=plate-1
3731,
*Nset, nset=_PickedSet9, internal, instance=plate-1
6971,
*Nset, nset=_PickedSet10, internal, instance=plate-
411,

*Enrichment, name=Crackpiezo, type=PROPAGATION CRAEIset=_PickedSet6, interaction=IntProp-
1
*End Assembly

*%

** MATERIALS

*%

*Material, name=pzt

*Damage Initiation, criterion=MAXPS

90.,

*Damage Evolution, type=ENERGY, mixed mode beha#it®OWER LAW, power=1.
0.06, 0.06, 0.06

*Dielectric, type=ANISO

7e-09, 0., 6e-09, 0., O0.,6e-09

*Elastic, type=ORTHOTROPIC

1.45e+11, 7.98e+10, 1.45e+11, 7.86e+10, 7.86et:18e+11, 2.56e+10, 2.56e+10
3.06e+10,

*Piezoelectric

0., 0, 0O, 14, 0., 0.,-6.98, 14

-6.98, 0., 0., 0., 0, 0., O00Q

0., 14.1

**

** INTERACTION PROPERTIES

**

*Surface Interaction, name=IntProp-1
1.,

*|nitial Conditions, type=ENRICHMENT
plate-1.3580, 1,Crackpiezo, -1., -1.
plate-1.3580, 2,Crackpiezo, -1., 0.
plate-1.3580, 3,Crackpiezo, 1e-06, 0.
plate-1.3580, 4,Crackpiezo, 1e-06, -1.
plate-1.3561, 1,Crackpiezo, -1.
plate-1.3561, 2,Crackpiezo, -1.
plate-1.3561, 3,Crackpiezo, 1e-06
plate-1.3561, 4,Crackpiezo, 1e-06

*%

** BOUNDARY CONDITIONS

** Name: BC-1 Type: Displacement/Rotation
*Boundary

_PickedSet9, 2, 2
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** Name: BC-2 Type: Displacement/Rotation
*Boundary

_PickedSetl10, 1, 1

_PickedSetl10, 2, 2

*%

*%

** STEP: crackgrowth

*%

*Step, name=crackgrowth, nlgeom=YES, inc=100000
*Static

0.01, 1., 1e-09, 0.01

*%

** | OADS

*%

** Name: Force Type: Concentrated force

*Cload

_PickedSet8, 2, -250.

*%

** INTERACTIONS

*%

** |nteraction: Int-1

*Enrichment Activation, name=Crackpiezo, activaté&+0

*%

** CONTROLS

*%

*Controls, reset

*Controls, analysis=discontinuous
*Controls, parameters=time incrementation
varaas s 205,

*%

** QUTPUT REQUESTS

*%

*Restart, write, frequency=0
*Print, solve=NO

*%

** FIELD OUTPUT: F-Output-1

*%

*Qutput, field

*Node Output

CF, PHILSM, PSILSM, RF, U

*Element Output, directions=YES

LE, PE, PEEQ, PEMAG, S, STATUSXFEM
*Contact Output

CDISP, CSTRESS

*%

** HISTORY OUTPUT: H-Output-1

*%

*Qutput, history, variable=PRESELECT
*End Step
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APPENDIX B

The python code, which is used to model the cradpagation inside the composite

specimen (metal + ceramic) inside the ABAQUS.

*Heading

** Job name: bb50 Model name: Model-1

** Generated by: Abaqus/CAE 6.12-1

*Preprint, echo=NO, model=NO, history=NO, contac&N

*%

* PARTS

*%

*Part, name=Part-1

*Node
1, 0.180000007, 0.0301251542
2, 0.,0.0301251542

9044, 0.178203478, 0.0391022861

9045, 0.179101735, 0.0391022861
*Element, type=CPE4R

1, 1, 10, 688, 469

2, 10, 11, 689, 688

8799, 9044, 9045, 545, 546
8800, 9045, 479, 8, 545
*Nset, nset=Set-3
1, 2, 7, 8, 9, 10, 11, 123, 14, 15...7044, 7045, 7046, 7047, 7G380.
*Elset, elset=Set-4, generate
1, 6600, 1
** Section: Section-2
*Solid Section, elset=Set-4, material=ceramic
0.03,
** Section: Section-1
*Solid Section, elset=Set-3, material=Material-1
0.03,
*End Part
*%
*Part, name=Part-2
*End Part

*%

** ASSEMBLY

*%

*Assembly, name=Assembly
**
*Instance, name=Part-1-1, part=Part-1

*End Instance
*%
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*Instance, name=Part-2-1, part=Part-2
*End Instance

*%

*Nset, nset=_PickedSet8, internal, instance=Pdrt-1-

7,

*Nset, nset=_PickedSet9, internal, instance=Pdrt-1-

4,

*Nset, nset=_PickedSet10, internal, instance=P4drt-1

3,

*Nset, nset=_PickedSetl11, internal, instance=P4drt-denerate
1, 9045, 1

*Elset, elset=_PickedSetl1, internal, instance=Pdrt generate
1, 8800, 1

*Enrichment, name=Crack-1, type=PROPAGATION CRAG@Hset=_PickedSetl1, interaction=IntProp-1
*End Assembly

*%

** MATERIALS
*%
*Material, name=Material-1
*Damage Initiation, criterion=MAXPS
7.45e+08,
*Damage Evolution, type=ENERGY, mixed mode behasiROWER LAW, power=1.
11904.7,11904.7, 11904.7
*Damage Stabilization
le-05
*Density
7850.,
*Elastic

2.1e+11, 0.29
*Plastic

4e+07, O.

2.2e+08, 0.001

4.5e+08, 0.002

6.6e+08, 0.003

9e+08, 0.004

1.15e+09, 0.005

1.35e+09, 0.006

1.46e+09, 0.007

1.5e+09, 0.008

1.52e+09, 0.009

1.53e+09, 0.01

1.54e+09, 0.015

1.55e+09, 0.02
*Material, name=ceramic
*Damage Initiation, criterion=MAXPS
3.6e+08,
*Damage Evolution, type=ENERGY, mixed mode behasiROWER LAW, power=1.
20.46, 20.46, 20.46
*Damage Stabilization
le-05
*Density
3300.,
*Elastic

3.3e+11, 0.24

*%

** INTERACTION PROPERTIES

*%

*Surface Interaction, name=IntProp-1
1,
*Surface Interaction, name=IntProp-2
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1,

*|nitial Conditions, type=ENRICHMENT
Part-1-1.2356, 1,Crack-1, -0.000350001, 8.34371e-05
Part-1-1.2356, 2,Crack-1, 0.000549999, 8.34361e-05
Part-1-1.2356, 3,Crack-1, 0.000563636, -0.000829448
Part-1-1.2356, 4,Crack-1, -0.000336364, -0.00082944
Part-1-1.2556, 1,Crack-1, -0.000336364
Part-1-1.6356, 4,Crack-1, -6.36354e-05
Part-1-1.6556, 1,Crack-1, -6.36354e-05
Part-1-1.6556, 2,Crack-1, 0.000836361
Part-1-1.6556, 3,Crack-1, 0.000849999
Part-1-1.6556, 4,Crack-1, -5.00008e-05

*%

** BOUNDARY CONDITIONS

*%

** Name: BC-1 Type: Displacement/Rotation
*Boundary

_PickedSet9, 1, 1

_PickedSet9, 2, 2

** Name: BC-2 Type: Displacement/Rotation
*Boundary

_PickedSet10, 2, 2

*%

** STEP: Step-1

*Step, name=Step-1, nlgeom=YES, inc=100000
*Dynamic

0.01,2.,1e-09

*%

** LOADS

**

** Name: Load-1 Type: Concentrated force
*Cload

_PickedSet8, 2, -50000.

*%

** CONTROLS

*%

*Controls, reset

*Controls, parameters=time incrementation
8,10,,,,,,20,,,

*%

** QUTPUT REQUESTS

*%

*Restart, write, frequency=0
*Print, solve=NO

*%

** FIELD OUTPUT: F-Output-1

*%

*Qutput, field

*Node Output

A, CF, PHILSM, PSILSM, RF, U, V
*Element Output, directions=YES

LE, PE, PEEQ, PEMAG, S, STATUSXFEM
*Contact Output

CDISP, CSTRESS

*%

** HISTORY OUTPUT: H-Output-1

*%

*Qutput, history, variable=PRESELECT
*End Step
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APPENDIX C

The python code, which is used to model the welstedcture inside the ABAQUS to

analysis the Stress Intensity factor and J-Integral

*Heading

** Job name: 111 Model name: Model-1

** Generated by: Abaqus/CAE 6.12-1

*Preprint, echo=NO, model=NO, history=NO, contac&N

*%

* PARTS

*%

*Part, name=Part-1
*End Part

*%

*»* ASSEMBLY

*%

*Assembly, name=Assembly
**

*Instance, name=Part-1-1, part=Part-1

*Node
1, 0.0250000004, -0.0319999754
2, 0., -0.0319999754

20813, 0.0345993713, -0.00146585598

20814, 0.0343711637, -0.00137293909
*Element, type=CPS4R

1, 1, 24,1560, 107

2, 24, 25,1561, 1560

20350, 19, 19, 18757,18764
20351, 19, 19,18764, 1421
*Element, type=CPS3

18087, 18797, 18789, 18786
*Nset, nset=Set-1, generate

1, 20814, 1
*Elset, elset=Set-1, generate
1, 20351, 1

** Section: Section-1

*Solid Section, elset=Set-1, material=Material-1
0.06,

*End Instance

*%

*Nset, nset=_PickedSet79, internal, instance=P4rt-1
19,

*Nset, nset=_PickedSet80, internal, instance=P4rt-1
19,
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*Nset, nset=Set-62, instance=Part-1-1
2, 3, 6, 8, 9, 12, 23, 448, 49, 50, 51, 52, 53, 54, 55
56, 57, 58, 59, 60, 61...1499, 15@N1 1502, 1503, 1504, 1505, 1506, 1507.
*Elset, elset=Set-62, instance=Part-1-1
24, 48, 72, 96, 120, 144, 1682, 216, 240, 264, 288, 312, 33%0,3384
408, 432, 456, 480, 504, 528...1¥929238, 19262, 19286, 19310, 19334
*Elset, elset=_Surf-4_S4, internal, instance=Patt-fienerate
1609, 7567, 331
*Elset, elset=_Surf-4_S3, internal, instance=Patt-fienerate
17798, 17827, 1
*Surface, type=ELEMENT, name=Surf-4
_Surf-4_S4, S4
_Surf-4_S3, S3
*End Assembly

*%

* MATERIALS

*%

*Material, name=Material-1
*Elastic

2.1e+11, 0.3

*%

** BOUNDARY CONDITIONS

*%

** Name: BC-1 Type: Symmetry/Antisymmetry/Encastre
*Boundary

Set-62, PINNED

*%

** STEP: Step-1

**

*Step, name=Step-1, inc=100000
*Static

0.1, 1., 1e-05, 0.1

*%

* LOADS

*%

** Name: Load-1 Type: Pressure
*Dsload

Surf-4, P, -1.5e+08

*%

* OUTPUT REQUESTS

*%

*Restart, write, frequency=0
**

** FIELD OUTPUT: F-Output-1
*Qutput, field, variable=PRESELECT
*Qutput, history, frequency=0

*%

** HISTORY OUTPUT: H-Output-1

**

*Contour Integral, crack name=H-Output-1_Crack-dntours=5, crack tip nodes, type=K FACTORS,
direction=MERR

_PickedSet79, PickedSet80, 0., -1., 0.

*End Step
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APPENDIX D

Matlab code, which is used to calculate differeatfure mechanics parameters in case of
welded structure according to the ABAQUS results.

%%%%%%%%%% J-INTEGRAL %%%%%%%%%%%%

%IT'S NECESSARY TO GIVE FILENAME.*** IN THE CORRECTEZONE
formatshort e

clearall

clc

closeall

%%%%%%%%%%%%%%%%PLANE STRESS%%%%%%%%%%%%%%%
%%GENERAL DATA

v=0.36 ;%POISSON COEFFICIENT

E= 2300 % YOUNG MODULUS [MPa]

op=0 ;% OPENING ANGLE [degree]

lambda=0.52DEGREE OF SINGULARITY
ray=[1;1.1;1.2;1.3;1.55;1.8;2.05;2.3;2.8;3.3]VECTOR OF MESH RADIUS
results=xIsreadb PECIMEN CRACK.xIs¥’'STRESS; %READING RESULTS
FROM EXCEL

psi=pi/2;%ANGLE FROM CRACK AND CAE

FRAME

Annexe |

A2

cont=0;%INITIALIZATION

%% CYCLES OF ALL COMBINATION

for kk=10:-1:1

r=ray(kk); %RADIUS OF FEM COMPUTATION

%DATA ACQUISITION FROM MATRIX RESULTS

dist=results(:,1);

Ux= results(1:end,(kk*5-3)0X DISPLACEMENT

Uy= results(1:end,(kk*5-3)+1%) Y DISPLACEMENT

Sx= results(1:end,(kk*5-3)+2) STRESS ALONG X AXIS
Sy=results(1:end,(kk*5-3)+3)p STRESS ALONG Y AXIS
Sxy=results(1:end,(kk*5-3)+4Y STRESS ALONG XY DIRECTION

for ww=(kk-1):-1:1;

ra=ray(ww);% RADIUS OF ASYMPTOTIC

COMPUTATION

cont=cont+1;

%%%%%%%%%%% J FEM COMPUTATION

%%GEOMETRY CONSIDERATION

n=size(Ux,1)2NUMBER OF DIVISION

cpsi=cos(psi);

spsi=sin(psi);
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op=0p*pi/180;

b=2*pi-op;

fori=1:n %ANGLE TETA OF EACH DATA
teta(i)=dist(i)*b+op/2-pi;

end

deltax=zeros(n,1);

deltay=zeros(n,1);

dteta=zeros(n,l1);

dl=zeros(n,1);

fori=1.n-1% ANGLE BETWEEN EACH DATA
dteta(i)=teta(i+1)-teta(i);

di(i)= dteta(i)*r; %0ARC LENGHT
deltax(i)=dI(i)*cos(dteta(i)) 20X DISTANCE IN CRACK FRAME
deltay(i)=dI(i)*sin(dteta(i)) %Y DISTANCE IN CRACK FRAME
end

dteta(n)=dteta(n-1);

di(n)=dl(n-1);

deltax(n)=deltax(n-1);

deltay(n)=deltay(n-1);

deltaX=cpsi*deltax-spsi*deltay;oX DISTANCE IN CAE FRAME
deltaY=cpsi*deltay+spsi*delta®Y DISTANCE IN CAE FRAME
%STRAIN COMPUTATION FROM DISPLACEMENT
Ex=zeros(n,1);

Ey=zeros(n,1);

Exy=zeros(n,1);

fori=1:n-1

Ex(i)= (Ux(i+1)-Ux(i))/deltaX(i);

Ey(i)= (Uy(i+1)-Uy(i))/deltaY (i);
Exy(i)=0.5*((Ux(i+1)-Ux(i))/deltaY (i)+(Uy(i+1)-Uy(i))/deltaX(i));
end

Ex(n)=Ex(n-1);

Ey(n)=Ey(n-1);

Exy(n)=Exy(n-1);

Annexe |

A3

%J COMPUTATION

W=0.5*(Sx.*Ex+Sy.*Ey+2*EXy.*Sxy);

W2=W *deltay;
T=Sx.*cpsi.*Ex.*deltaY+Sx.*spsi.*Exy.*deltaY+Sxy.usi.*Exy.*deltaY+Sxy.*sp
si.*Ey.*deltaY -
(Sxy.*cpsi.*Ex.*deltaX+Sxy.*spsi.*Exy.*deltaX+Sy.jgsi.*Exy.*deltaX+Sy.*sps
i.*Ey.*deltaX);

J=W2-T;

JFEM(cont)=sum(J);

%%ASYMPTOTICAL DEDUCTION

Uxa=Ux*((ra/r)"lambda);

Uya=Uy*((ra/r)lambda);

Sxa=Sx*((ra/r)Mambda);

Sya=Sy*((ra/r)ambda);

Sxya=Sxy*((ra/r)lambda);

dista=dist;

fori=1:n %ANGLE TETA OF EACH DATA
tetaa(i)=dista(i)*b+op/2-pi;

end

deltaxa=zeros(n,l1);
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deltaya=zeros(n,l1);

dtetaa=zeros(n,1);

dla=zeros(n,1);

fori=1:n-1% ANGLE BETWEEN EACH DATA
dtetaa(i)=teta(i+1)-teta(i);

dla(i)= dtetaa(i)*r;ARC LENGHT
deltaxa(i)=dla(i)*cos(dtetaa(i)§;oX DISTANCE IN CRACK FRAME
deltaya(i)=dla(i)*sin(dtetaa(i)oY DISTANCE IN CRACK FRAME
end

dtetaa(n)=dtetaa(n-1);

dla(n)=dla(n-1);

deltaxa(n)=deltaxa(n-1);

deltaya(n)=deltaya(n-1);

deltaXa=cpsi*deltaxa-spsi*deltay®;X DISTANCE IN CAE FRAME
deltaYa=cpsi*deltaya+spsi*deltax#Y DISTANCE IN CAE FRAME
%STRAIN COMPUTATION FROM DISPLACEMENT
Exa=zeros(n,l1);

Eya=zeros(n,l);

Exya=zeros(n,1);

fori=1:n-1

Exa(i)= (Uxa(i+1)-Uxa(i))/deltaXa(i);

Eya(i)= (Uya(i+1)-Uya(i))/deltaYa(i);
Exya(i)=0.5*((Uxa(i+1)-Uxa(i))/deltaYa(i)+(Uya(i+tVya(i))/deltaXa(i));
end

Exa(n)=Exa(n-1);

Eya(n)=Eya(n-1);

Exya(n)=Exya(n-1);

%J COMPUTATION
Wa=0.5*(Sxa.*Exa+Sya.*Eya+2*Exya.*Sxya);
W2a=Wa.*deltaya;

Annexe |

A4
Ta=Sxa.*cpsi.*Exa.*deltaYa+Sxa.*spsi.*Exya.*deltalaxya.*cpsi.*Exya.*delta
Ya+Sxya.*spsi.*Eya.*deltaYa -
(Sxya.*cpsi.*Exa.*deltaXa+Sxya.*spsi.*Exya.*deltaX8ya.*cpsi.*Exya.*deltax
a+Sya.*spsi.*Eya.*deltaxXa);

Jaa=W2a-Ta;

JA(cont)=sum(Jaa);

end

end

JFEM

JA

Jratio=JFEM./JA;

figure

plot(JFEM)

holdon

plot(JA,T)

titlte 'PLANE STRESS JA-JEM CRACK'

legendJfem' 'Ja’

xlabel'Combinations of contours'

ylabel'J value [MPamm]'

figure

plot(Jratio)

title 'PLAINE STRESS J RATIO CRACK'

xlabel'Combinations of contours'
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ylabel'Ratio between FEM and asymptotic'

figure

plot(JFEM/0.00055)

title 'RATIO WITH ABAQUS RESULTS'

xlabel'Combinations of contours'

ylabel'Ratio between FEM and Abaqus'

clearall

%%%%%%%%%% PARIS COEFFICIENTS %%%%%%%%%%%
%%%%%% %Il APPROACH J-INTEGRAL%%%%%%%%%%%%
formatshort e

clearall

clc

closeall

%DATA READING

%Experimental results loading and data definitions
results=xIsreadRESULTS _A.xIsx'NOUTY;

results=abs(results);

nn=size(results,2);

E=2100002YOUNG MODULUS [MPa]

v=0.3;%POISSON MODULUS

i=1;

ind=1;

sigma=150 %0AXIAL STRESS [MPa]
partition=[0.95,0.8,0.7,0.5,0.3,0.2,0.1,0.08]CRACK LENGTH PARTITION
%K INTERPOLATION
k=@(x)30000000*(x."3)-197316*(x."2)+4249*x+7.BINTERPOLATING K VIA
JINTEGRAL

FUNCTION

Annexe |

A5

%DATA EXTRAPOLATION

%Creating a vector of cycles and crack length data

while i<= nn-1

crac(:,ind)=results(:,i+1)/1000;

cycl(:,ind)=results(:,i);

i=i+2;

ind=ind+1;

end

nn=size(crac,2);

mm=size(crac,1);

%%%%%%%%%%%PARIS PLOT%%%%%%%%%%%%%%%%
%O0nce made the numerical derivative and compuedthalues the
%Paris plot of all the specimens is plotted

fori=1l:nn

for j=1:mm-1
dadN(j,i)=abs((crac(j+1,i)-crac(j,i))/(cycl(j+1,9ycl(,i)));
dK(j,i)=k((crac(j+1,i)+crac(j,i))/2);

end

end

dadN(j+1,:)=dadN(j,:);

dK(j+1,:)=dK(j,:);

figure

loglog(dK,(dadN), ', MarkerSizg5)

titte 'CRACK GROWTH'

ylabel'dadN [m/cycle]'
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xlabel'deltak[MPam”1/2]'

figure

plot(crac,dK.''MarkerSize5b)

title ' DELTAK IN FUNCTION OF CRACK SIZE'
ylabel'DELTA K[MPam"1/2]'
xlabel'Crack length [m]’
%%%%%%%%%% %% %% % %% %%C,n
INTERPOLATION%%%%%%%%%%%%%%%%%%%%%%%%%
%For each specimen the C ,n with R-square valieesanputed
%thanks to the least square methods.
%L ogarithmic transformation
logda=log10(dadN);

logdk=log10(dK);

CONT=0;

%cycle for different crack lengths

for k=1:7

alfa=partition(k);

CONT=CONT+1,;

%cycle for all specimens

fori=1:nn

Aproto=logdk(:,i);

Bproto=logda(:,i);

%elimination of Nan and Inf values
Aproto(isnan(Aproto))=[];
Bproto(isnan(Bproto))=[];
Aproto(isinf(Bproto))=[];
Bproto(isinf(Bproto))=[];

%setting the crack length
vita=length(Bproto);
guantile=round(vita*alfa);

Annexe |

A6

iniz=round(vita*partition(8));
%lInterpolation
A=Aproto(iniz:quantile);
B=Bproto(iniz:quantile);
p=polyfit(A,B,1);

n(i)=p(1,1);

C()=p(1,2);

Bstim=C(i)+n(i).*A;
Bmed(i)=mean(B);
devt=(B-Bmed(i))."2;
devsp=(Bstim-Bmed(i))."2;
DT(i)=sum(devt);
DSP(i)=sum(devsp);

%R,n,C values

R2(i)=DSP(i)/DT(i);

A=10."A;

B=10."B;

Bstim=10."Bstim;

%figure

%Iloglog(A,B,™")

%hold on

%loglog(A,Bstim,'r")

clearA B Aproto Bproto p Bstim devt devst vita quantile
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end

R2;

n;

C=10."C;
meanR2(CONT)=median(R2);
meann(CONT)=median(n);
meanC(CONT)=median(C);
end

meanR2

meann

meanC



