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Abstract- This study aims to predict the
elastic-plastic fracture toughness of ductile mateal
using Finite element modeling ‘for which we predict
the variation of SZW and critical SZW under mix
mode condition and we also use mix mode mixidity.
In our findings significant variation in the magnitude
of critical SZW on the two surfaces were noticed. This
is differing in pure mode-I and mode-Il. It is dueto
variation in mode mixidity at different plane levels.
Insignificant variations of average critical SZW were
observed upto 45° (mid thickness) i.e. 45° whileftar
45° significant reduction in average critical SZW
value were observed. In addition, the significant
change in sharp crack front of the magnitude of
critical SZW on two surfaces were observed.
Whereas, these changes were varied at different
planes. Besides this, the significant variation agharp
crack front (at mid plane) and deformed blunted
crack front at critical load line displacement were
also observed. In fine, the linear variation of ctical
SZW with initial blunted root radius were observed.
It is concluded that the proposed method ofSZW
determination using large deformation FEM analysis
can reasonably simulate the process of blunting olie
crack tip and can predict the material’s SZW and J-
integral value.

Keyword- Finite element method, Stretch zone width,
Critical stretch zone width, Fracture toughness
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Nomenclature-

A — Final area of necking cross-section of round
f tensile specimen
Ao — Initial area of cross-section of round tensile
strength
B = Thickness of fracture specimen
E = Modulus of elasticity
Ec — Critical energy density on the material’s true
rit. stress strain curve
E — Fracture energy density on the material’s true
Fract. stress strain curve
K = Strength coefficient in a power law material
hardening behavior
& = Elastic-plastic true strain
£ — Critical strain corresponding to onset of necking
c in tensile specimen
&: = Fracture strain
» — Integral average stress measure on a material’s
o true stress strain curve
O; = Trueflowstress
EGF = European group of fracture
ASTM = American society for testing and materials
CT = Compacttension fracture specimen
CTOD = Cracktip opening displacement
LLD = Load line displacement
W = Stretch zone width
SZW = Critical stretch zone width

|. INTRODUCTION

In ductile materials, the pre-existing crack fildtints,
subsequently at critical strain, voids are formbdaal of
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the crack tip that finally coalesce with the tigdiéng to
crack propagation [1]. In materials science frastur
toughness is a property of which describes thetwluif
material containing a crack to resist fracture and of
the most important properties of any material for
virtually all design application. In modern matésia
science, fracture mechanics is an important tool in
improving the mechanical performance of materialg a
components. It applies the physics of stress amaihsin
particular the theories of elasticity and plasyicio the
microscopic crystallographic defects found in real
materials in order to predict the macroscopic meiizh
failure of bodies. Fractography is widely used with
fracture mechanics to understand the causes afrdail
and also verify the theoretical failure predictiongh
real life failures. The current investigation egssly
comprises a number of 3D nonlinear FEM simulatitans
study and correlate crack tip blunting with expemtal
SZW, SZWe and fracture toughness.

Il . EXPERIMENTAL DATA

Chemical composition of the material

Chemical compostion of the material is taken from
literature in which test had been conducted on
SA333Gr6 carborsteel .The chemical composition of
the material is show in table 2.1

Material Base
C 0.14
Mn 0.9
Si 0.25
P 0.016
S 0.018
Al <0.1
Cr 0.08
Ni 0.05
% <0.01
N 0.01

Table: 2.1 Chemical compositionsin weight %
Fracture toughness Test

Fracture toughness test conducted on Compact tensio
(CT) specimens of thickness 25 mm and other
dimensions conforming to ASTM standard E813-89
have been used for fracture toughness tests. The

2
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dimensions of the CT specimens have been shown in
Fig. 2.1.
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Figure: 2.1 Fracture specimen details

The validity requirements of ASTM E813 for
determination ofJc such as regression line, data
spacing, and crack shape have been satisfied dtieto
high toughness of the material. The blunting line
equation given by ASTM and that obtained by EGF
recommendation has been compared in Fig. 2.2.
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Figure: 2.2 Determination of Ji value using ASTM
blunting line equation and EGF blunting line equation.

The Fig 3.4 shows the blunting line equation oledin
according to EGF recommendation is suitable fohhig
toughness material. The blunting line equation dase
tensile properties has been evaluated accordirg3b
recommendation. The tensile properties, obtained at
same temperature as the fracture toughness tebiebas
conducted, have been used for evaluating the exuatfi
blunting line. The blunting line equation

J=m.o; .Aa (1)
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The fracture toughness; value obtained usingGF

recommendation and criticd®2W for the material is
given Table 2.2

Material | J KJ/m2| SZW,| C, | C,
SA333Gr6 400 193 | 905.99 .602
Carbon steel

Table: 2.2 Experimental fracture properties

For fracture toughness testsR curves have been
established from load line displacement curves and
material constants ;Cand G are obtained by fitting a

curve using power law equation of the form:

J, =C,(na)" 2)(
Where,Aa is the amount of crack extension in mm and
Jr is the materiafesistance in KJ/fn The values of

the constants Cand G are also shown in Table 2.2 [2-
6].

Figure: 2.3 ASTM-1820 Fracture toughness testing and
CT specimen

Il . FEM SIMULATION

Numerical FEM model

There is an increasing effort to use critical stnetrone
width (S2ZW) for the evaluation of initiation fracture
toughness that is considered as geometry independen
material property. The existing numericaB&ZW
evaluation method is based on crack tip opening
displacement measurement, which is evaluated using
various definitions. This numerical method alsoslnet
define the critical stage for critic&’ZW measurement.
This work attempts to establish a procedure for
numerical determination ofSZW, its critical value
(S2We) and initiation fracture toughness using tensile

3
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test data. The proposed methodology also triegp@am

the mechanism involved in the creation of stretcheme

and thus defines the stage to calculate critGalV.
Numerical analyses have also been carried out to
understand the role of crack tip constraint in déad
fracture specimen during the blunting process dra t
tensile test sample.

The investigation was limited to CT specimen analys
subjected to mode-l type of loading. To establish t
methodology for numerica&ZW determination, to have
better understanding of the variation of fracture
parameters across the thickness, one-fourth 3D FEM
model of CT specimen have been used [3]. The
symmetry in this case permits consideration of g
fourth of the specimen geometry for computational
economy. The analyses were done using commercial
FEM software ABAQUS [4]. The mesh was constructed
with eight nodded brick elements with reduced
integration and hourglass control option.

In the mesh convergence study several finite
element models having elements size near the diack
varies from 100 to am were considered. After the mesh
convergence study the element size near the craok f
is stick to 10um in the radial direction and /m along
the blunted crack surface. Such type of initial mes
configuration near the crack tip region helps irepiag
good aspect ratio of the elements near the cragk ti
during its blunting. In the finite element model 880
brick elements were used with 10 elements in the
thickness direction. Generally th&W in various
engineering materials varies up to 2bM. Therefore
dense mesh is provided up to 246 to arrest the steep
parameters variation near the crack front. The mssh
further coarsening in the region away from the krac
front. The material undergoes a large strain ataltion
at the crack tip, which necessitated a constitutive
framework based on finite deformation for the nuicedr
simulation. The flow behaviour of the material is
assumed to follow the power law

o, =Kg" )

Where 0 is the true flow stressK is the strength

coefficiente is the elastic—plastic true strain amds the
strain hardening exponent. In the entire simulation
power law variation has been used as the inputrenke
and n gives the entire material curve. In the study,
material’sk value is derived at a lower strain values to
match well the yield strength of the material, véeen
value is derived using a log-log plot of true stresrain
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curve and on an averagevalue will be the best fit. On
the whole it is expected to hold well for the ftdhge of
strain values. Nonlinear analyses were done corisgle
both geometric and material nonlinearity.

NUMERICAL DETERMINATION

Stretch zone width

In the fracture testing of CT specimen with theréase
in load line displacement (LLD) maximum part of
plastic energy dissipates near the crack fronarter to
demarcate th&ZW (the highly deformed region) from
the other remaining region, it requires definingritical
energy density. Following this theeitical energy density
used to delineate the highly stretched region findd
on the material’'s true stress—strain curve as tlergy

density integral at the critical strair€{) corresponding

to onset of necking in tensile specimen or strain
hardening exponent) for the specific case of power
law variation of material’s true stress—strain &jrgiven

as

Eci = I: ode @

The variation of plastic energy density (PED) ntder
blunted crack front with respect to deformed X-co-
ordinates from crack tip with increase in LLD. The
above variation is shown at a plane near the mid
thickness of the specimen. The region having energy
density greater than the critical energy dendéineates
the stretched region denoted as numerically detexani
SZW and will keep on increasing with LLD. This leads
us to understand the ‘Stretch zone width’ as thee zof
intense plastic deformation that corresponds toothset

of material instability considered to be due to the
phenomenon associated with necking instabilityirstra
The variation of numerically predicte®W across the
thickness resembles very well with ti&&W variation
generally observed in experimental results, thus
validating the proposed SZW  determination
methodology. The&s&ZW is also assessed by determining
CTOD by 45 line method. The proposed methodology
basedSZW result near mid plane is compared with half
CTOD results measured conventionally «4%ine
method). The stretch zone height (SZH) is also
determined considering as Y-deformation of the aegi
where the plastic energy density exceeds dh&cal
energy density defined by Eq. (2). It is observed that
SZH predicted by proposed energy based method
compares well with 45line method whereas for a given
LLD, SZW predicted by proposed method is on the

4
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higher side as compared to conventional (45° line)
method. In conventional (45° line) method semidacu
blunting shape is always assumed whereas no such
assumption is made in the proposed numerical mathod
W determination. The validation of proposed
methodology ofSZW determination is also done using
the experimental results of fracture toughness S
value. The numerical fracture toughnedscan be
determined using the following equation:-

J=mo CTOD =mo’ (2S2W) (5)

where m turns out to be a material independent
parameter=1.25,19 CTOD is the crack tip opening

*
displacement,0 is defined on a material true stress—
strain curve as the integral average stress meagven
as

SC
I ode
* : O

j:° de

Here, critical strain £ ) is defined as critical straing()

g (6)

at onset of necking in tensile specimen equalgrains
hardening exponenh) for a specific case of power law
variation of true stress—strain material[5]. The
experimental variation of blunting slope matchedl we
with numerical results using propos&fW method.
Similarly in other cases also it compares well with
experimental results. It can also be appreciatad ttre
numerically predicted fracture toughness valuesgusi
Eqg. (3) is on the conservative side as compared to
experimental results. The present method can pgredic
well the experimentalSZW and fracture toughness
values.

Critical stretch zone width

With LLD the energy density accumulated near the
crack tip increases and reaches a value associatied
fracture. It is defined on the true stress—stragtemial
curve as the energy density integral up-to fractirain

|:gf = |n(p"ﬂm(gf) or the numerically determined
Af

strain value in tensile test simulation correspogdio

experimental total percentage elongation (if grisater),

obtained in tensile test specimen when fracturausgc

given as

€t
EFract. = o ade 7)(
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Where E.,_ is the fracture energy density. The above

defined fracture energy density used to determine the

critical SZW at critical LLD, where the crack initiation S
. . 377.164

occurs in standard fracture specimen. The proposed e
. . . 274.374

method of SZW determination accurately predicts the ERer s

171.583
137.320

trend as well as the magnitude @&Wc. This 103057
methodology also explains the mechanism involved in P
the creation of stretch zone thereby defines tlagest
where to calculate critic&zW.

The procedure to numerically pred®tW andSZWc
can be summarized as follows:

- . . , Figure: 3.1 FEM model and result for CT specimen
1. Plot the variation of plastic energy density with

deformed X-co-ordinates w.r.t. crack tip, for the
increase in load-line-displacement.

2. Define thecritical and fracture energy density for
the material Critical energy density corresponds to
the energy density integral up-to necking instabili
strain or strain-hardening exponen} for a specific

case of power law material hardening behaviour that  The average critics2W on the two surfaces converges

is obtained by tensile specimen testing. Fracture gt the mid thickness of fracture specimen as shiwn
energy densitycorresponds to the energy density Graph 4.1.

required to fracture the tensile specimen. Botls¢he

IV . RESULTS AND DISCUSSION

Variation of SZW across the thickness under mixed
mode

energy densities are defined on a true stressastrai 350 :
material variation, as same material definition is T 500 ] Blunted Crack Tip Average
used in FEM analysis. S
3. Measure the region (deformed X-co-ordinates) E
exceeding the material’s critical energy density E
defined by Eq. (2) in the figure drawn in step hisT @ 3 o g
deformed X co-ordinate w.r.t. crack tip W and fé w00 PRt "t
it will be a region on blunted crack surface, where 5 wl o LD oomm, Pener= 03
the energy density exceeds the critical energy = LLD= 0.6mm; Pener= 327
density. 0°§ﬁ§“§ﬁ§355555258555ﬁ
4. TheSZW measured in step 3 will keep on increasing Distance in de[;th direction (Hmm)N )
with LLD until the energy density at the crack fton
reachedracture energy density. At a critical LLD, Graph 4.1
SWe is then measured in the region near the mid Average critical SZW variations under mix mode (15°
plane akin to that of experimental meth&rWe mode mixity)

will be a region on the blunted crack surface, wher
the energy density varies froonitical at one end

andfracture energy density on the other end.[6] Variation of SZW across the thickness under mixed

mode with blunted crack front

The variation of average critic&W values across the
fracture specimen thickness is shown in Graph 4.2

© 2013 Copyright IRJEAS. All Rights Reserved.
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Graph 4.2
Average critical SZW variations on two fracture surfaces
using blunted crack front

The variation of average criticsB2W near the mid
thickness is plotted in Graph 4.3.
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Graph 4.3
Average critical SZW variations with mode mixity using
blunted crack front

It can be seen that there is a negligible variatdn
average critical&ZW near the mid thickness due to the
change in mode mixity upto 45 degree. There is a
significant reduction (45%) in average critic&'W
value under pure mode-Ill case when compared with
mode-I value using blunted crack front.

Variation of SZW across the thickness under mixed
mode with sharp crack front

The average critice®ZW on the two surfaces converges
at the mid thickness of fracture specimen as shimwn
Graph 4.4

© 2013 Copyright IRJEAS. All Rights Reserved.
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Graph 4.4
Average critical SZW variation on two fracture surfaces
using sharp crack front (Considering critical pener
1550/100)

The variation of average criticd®ZW near the mid
thickness is plotted in Graph 4.5.
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Graph 4.5
Average critical SZW variation with mode mixity using
blunted crack front (Considering critical pener
1550/100)

Variation of blunted crack front with mode mixity
(initial blunted crack front)

Graph 4.6 showed the variation of initial bluntedak
front (at mid plane) and deformed blunted crackfrat
critical load line displacement where the maximum
energy reaches fracture energy of the material.
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Graph 4.6
Average critical SZW variation with mode mixity using
blunted crack front

Variation of mid plane with mode mixity (initial
blunted crack front case)

The change of mid plane in the thickness directitomg
the blunted crack front near the mid thicknesshisvws
in Graph 4.7 and Graph 4.8
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Change of mid plane in thickness direction with mode
mixity using blunted crack front
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mixity using blunted crack front



1RI

L
X

2

International Research Journal of Engineering & Applied Sciences
www.irjeas.com, Volume 1, Issue 1, Jan 2013 — Mar 2013, ISSN: Applied for
Page 1-9

From the Graphs, it can be seen with the incrense i
mode-Ill contribution, the change in plane incresase

There can be a maximum variation of nearly 80 nmsro

magnitude as can be seen iff #de mixity.

Variation of blunted crack front with mode mixity
(initial sharp crack front)

Graph 4.9 showed the variation of sharp crack f{ant
mid plane) and deformed blunted crack front aticait
load line displacement where the maximum energy
reaches the critical fracture energy of the malteria
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Graph 4.9
Average critical SZW variation with mode mixity using
sharp crack front

Variation of mid plane with mode mixity (initial
sharp crack front case)
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Graph 4.10
Average critical SZW variation with mode mixity using
sharp crack front

From the Graphs, it can be seen with the increase i
mode-Ill contribution, the change in plane incrsase
There can be a maximum variation of nearly 50 nmisro

magnitude as can be seen iff #de mixity.

Variation of critical
blunted root radius

SZW with change in initial

Graph 4.11 showed the average criti&W using
different initial blunted crack front.
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Variation of average critical SZW with root radius
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Variation of average critical SZW with root radius

A linear variation of criticalSZW with initial blunted
root radius is seen in the predicted result whictiames
well with the experimental findings.

VI. CONCLUSION

ge 1-9

1.

1. Critical SZW on two surfaces varies across the

thickness.
2. Critical ZW varies with mode mixity both using
blunted and sharp crack front.

3. There is change in mid plane under mixed mode

fracture.

4. Critical ZW is dependent on initial root radius and
increase with the increase in initial notch root

radius.
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