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Abstract

Residual stresses may reduce the apparent duetdtufe toughness of structural
steels. However, prior load excursions may alleviditis reduction. Effects of
several load histories on ductile fracture inibatiare investigated using finite
element analyses of compact tension specimens. Gheson-Tvergaard-
Needleman micromechanical model is used, where voidme fraction in the
crack tip vicinity measures local damage. Analywithout load history, with
three tensile residual stress levels, and thresiléenverload levels after each
residual stress are performed. Evolutions of séwgabal and local parameters
with local damage are presented. Ductile fractoitgation is assumed when local
damage attains a critical value. The reductionra€ttire toughness is shown to
increase with increasing residual stress levelspallare from this trend is
observed for high residual stresses and is exmlaiyedamage-band formation.
Increasing overloads are shown to increasinglygaiié the detrimental effects of
residual stress.

1. Introduction

Classical fracture mechanics assessment invohasalgtoncepts, such as strain
energy release rates, contour integrals or stréssdity factors which result from
an overall energetic analysis of a cracked strectuBafety is assured when a
global parameter is demonstrated to be less thianver bound estimate from
experimental fracture toughness tests of high caimétgeometries. In many
practical situations, e.g. low constraint geomsiribe classical assessment may
be rather conservative. This may also be the vdsEn assessing cracks in
residual stress fields subjected to load histangesthe classical methods do not
take into account the fact that the stresses magdhgced from those at start of
life. Local approaches offer an alternative metitogy for carrying out fracture
mechanics assessments, intrinsically accountingtHerreal geometry and the
history of loading [1]. This methodology require@sietailed finite element (FE)
solution of the cracked geometry to acquire prekrsewvledge of the local stress
and strain fields and a micro-mechanical model ld material's fracture
behaviour in a fracture process zone surroundiagtlck tip. Micro-mechanical
models suitable for brittle and ductile fractureséndeen developed over the last
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three decades (see references in [1]). Each eéthmdels contains a number of
material dependent parameters that must be propefiged to give meaningful
predictions.

The work reported here is focused on ductile frecand explores the possibility
to predict load history effects using an appropriatal approach. An FE model
of an enlarged compact tension specimen, C(T),ribestin Section 2, is used to
assess the effect of residual stresses and possib$®quent tensile overloads on
the load carrying capacity and fracture toughnebse material selected is 316
stainless steel weld metal. The micro-mechaniesaliour of this material is
described by the Gurson-Tvergaard-Needleman (GTig)ild damage model [2,
3]. This is the most widely used model from a slad pressure-dependent
(porous-plasticity) material models, where the veadume fraction serves as a
measure of damage. Typical parameters are seléctedprevious experience
with this model applied to similar types of matézigd]. The void volume
fraction at the first integration point ahead oé tbrack is accepted as a local
damage parameter. Crack growth or ductile teasrgssumed to initiate when
the local damage attains a prescribed criticale/allihe C(T) geometry without
the crack is subjected to a number of loading hietsodesigned to develop
different initial, i.e. prior to crack introductiorstress and strain fields in the
vicinity of the crack tip. The simulations are fjoemed with ABAQUS [5],
where the GTN model is implemented with a userrgfimaterial procedure [3].

The results, presented in Section 3, illustrate ¢fects of the various load
histories on the load carrying capacity of the speaq, as well as on the “global”
and the “local” fracture toughness. These threarmaters are defined as the load
level, the “global” and the “local” crack drivingoffices at critical damage,
respectively. Global crack driving forces, essalytifar-field J-integrals, are
calculated from the load versus load line displam@mcurves using the
prescription of the ASTM E1820 fracture toughnesstihg standard [6] and
illustrate the expected outcomes from an experiaigarogramme. Local crack
driving forces are defined as the near-fi@lthtegrals. These are calculated as
domain-independent integrals, the formulation ofcvhaccounts for the effects
of any initial stresses and plastic strains [7br the cases with very high tensile
residual stresses and no or very low tensile oaddpthe results appear to be
unreliable. This is explained by the formationdafmage bands inclined with
respect to the crack plane prior to attaining @aitidamage. Discussion and
conclusions are given in Section 4.

2. Model description

The model geometry, half of the C(T) specimen dusyimmetry, and the finite
element mesh used are shown in Fig. 1, with thefitppe showing the overall
geometry with the positions of the boundary coodti applied, and the bottom
figure showing the notch root detail and near criglregion with a coordinate



system centred at the tip. Eight-node quadradoelstrain finite elements with
reduced integration are used. The dimensionsaeeted in order to maintain
approximate small scale yielding conditions forc&ralriving forces up to the
expected material fracture toughness. The widehngeometry is selected in
order to introduce appropriate residual stressididdy application of an initial,
compressive load. The nodes, depicted as crack flathe bottom figure, have
the same boundary conditions as the ligament gdocrack introduction, as
described in the load history cases below.

In ductile metals, such as the 316 stainless sieesidered here, fracture is a
multi-step process in which a number of micro-meatel mechanisms occur
concurrently: (i) micro-voids are nucleated by aéesion of second-phase
inclusions, (ii) micro-voids grow due to plastiadashing, (iii) localised diffuse
necking occurs as micro-void coalescence begirt (igh fracture occurs caused
by coalescence of micro-voids and the tearing ef lipaments between them.
The GTN model [2, 3] is a pressure-dependent gisttonstitutive model that
aims to account for the nucleation, growth andes@@nce of micro-voids and the
mechanisms of ductile rupture via evolution of dgma

Compressive load application point.
_ «——Lines show mesh nodes kinematically
A constrained to load application point.

Figure 1. Geometry of compact tension specimerfiaitd element mesh used.
All dimensions are in millimetres.



The material response is described with a hypathleseparation between the
behaviour of a fully dense matrix, i.e. materialtheut any voids, @& the
behaviour of the voids. This is achieved by the introduction of two conting
internal state variables - the equivalent plastiais of the fully dense matrix
&, and void volume fractionf, representing micro-voids distributed
continuously throughout the matrix. The materi@ah&viour is governed by the
equivalent (von Mises) stregg,, hydrostatic stressy, equivalent plastic strain
&e, and volumetric plastic straig’y of the voided matrix, as well as the
evolution of the flow stresep with &« Of the fully dense matrix. Note thet,

is not necessarily zero as in classical pressutep@ndent plasticity. The yield
function® is isotropic and identical to the plastic poteingiagiven by [3]
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whereq,, Oz, gz are material constants afidis a modified void volume fraction
described shortly. Data from uniaxial tensile gest 316 stainless steel weld
metal at room temperature are used to prescribentterial elastic behaviour
with Young’s modulus€ = 171 GPa, Poisson’s ratio= 0.294, and evolution of
Oy With £y as isotropic hardening in a tabular form. Thecise hardening

behaviour used is given elsewhere [8]. The inifialw stress, used as a
normalising parameter in some results presentaimngp = 425 MPa. The

evolution of&’eu) is given by [3]
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where the dots represent rates of change of thesmonding variables. The
initial condition for this internal variable ¥.,v = 0. The evolution of is given

by [3]
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where the first term models the nucleation of nelaroavoids, i.e. mechanism (i),
and the second term models the growth of existinga¥voids, i.e. mechanism
(@i). In the first term,& and Sy are the mean and standard deviation of the
nucleation strain assumed to obey a normal digtabyandfy is the volume
fraction of void nucleating particles. The initigbndition for this internal
variable isf = fo, wherefy is a material parameter, the initial void volumaction.
The coalescence of micro-voids, i.e. mechanism, (is modelled via an
accelerated softening of the yield surface Eqinttdduced withf*. This equals$

up to a critical void volume fractiofa, after which it increases more rapidly to



give increased softening as the micro-voids coaleddechanism (iv) occurs at
another level, denoted Wy when the local load carrying capacity is reduteed
zero. This behaviour is represented by the reid8d

f, f<f,
. fl—f
fr=f +| —=|(f-f) f.<f<f,. (4)
ff_fc
f, f>f

where f*, is the value off* at zero stress, i.e. whenreaches;. The model
parameters, selected from previous experiencegiaea in Table 1. The fracture
process zone is assumed to be confined to theesfeatent ahead of the crack tip
of size 125 microns, where local damage is charaetd byf evaluated at the
integration point closest to the crack tip. Thealodamage is denoted loyto
distinguish it from the field variable Initiation of ductile tearing is assumed to
occur wherd reached a critical value df = 0.15.

Table 1. Parameters of the GTN model

fo fe fr fy fn N S q1 Q2 | 95=q+°
0.00072 | 0.15 | 0.60 2/3 0.01 0.3 0.1 1.5 1.0 2.25

The FE model is subjected to 13 loading historisresenting three levels of
residual stresses, three levels of tensile ovesl@der each of the residual stress
applications and a case of no load history prigpricmary load. In the last case,
denoted by V, primary load is applied to the crackeometry of Fig. 1 via a
prescribed displacement of the tensile load apjpdingooint increasing from O to
2 mm. In all other cases, a case-specific loatbtyiss applied to the un-cracked
geometry, which is then followed by an instantarseorack introduction to the
designed crack size of Fig. 1 and a primary loguieg via 2 mm increase of the
displacement of the tensile load application poelative to the position of the
point after crack introduction. lllustration ofettspecific load histories for all
cases except V is given in Fig. 2. The three tedidtress cases, shown in the top
left graph as R1, R2, R3, correspond to three niad@s of applied compressive
displacement, 3, 5, 10 mm, respectively. The theesile overloads, denoted by
01, 02, 03, correspond to three magnitudes of eppénsile displacement, 0.5,
1.0, 1.5 mm, respectively. When applied afterdesi stress cases R1, R2, R3,
these provide the notations used in the top rightiom left, and bottom right
graphs, respectively. Load line displacementsrasdlting reactions (loads) are
monitored and recorded for the entire simulationatdan for each load history
case. Load-displacement histories during primeayl Istep are used to calculate a
global crack driving force], based on [6]. Loads and global crack drivingésr
are related tad, providing the load carrying capacity and the glofracture
toughness, respectively, @ The local crack driving force calculated as arne
field J-integral is also related @) providing the local fracture toughnesslat
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Figure 2. Loading histories applied to the FE nhode

To allow for initial plastic strains, resulting frothe load histories, an extended
expression for calculating thkeintegral developed in terms of equivalent domain
integral and coded into a post-processing progradtaid [7] is used.

3. Reaults

The load histories applied to the un-cracked speginesulted in different stress
and strain fields in the region where the crack wi®©duced prior to primary
loading. The profiles of the stress normal to ¢heck (symmetry) plane before
the crack introduction are shown in Fig. 3. Theestes and distances are
normalized withagp = 425 MPa, W = 400 mm. The top left graph shdvesstress
profiles resulting from the residual stress intrctthhn process, i.e. end of Step 2
in Fig. 2. The other three graphs show the stpeefiles resulting from the
overloads application after each of the three tedidtress levels, i.e. end of Step
4 in the corresponding three graphs in Fig. 2. fdsdual stress cases without
overloads are also shown for comparison. Thusetlieree graphs illustrate the
state into which the crack is introduced for abesapart from case V. The crack
introduction is accompanied by a redistributionstesses without any external
loading. This redistribution yields changes in gtastic strain field in the crack
tip vicinity causing changes in the local damagepeeter. The developments of
d are not shown here, but the local damage accuedufaior to primary loading
will be exhibited as initial values in the follovgmesults. In all casabat the end
of crack introduction is less thaly hence the initiation of crack growth (ductile
tearing) is determined during the primary load $te@ll load history cases.
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Figure 3. Stress profiles resulting from loadin@isin-cracked specimen.

The development of the load with the local damamameterd, is shown in Fig.
4 and explained by the notations there. The reterecase V is included in all
three graphs for comparison. The numbers depicteéde graphs represent the
predicted load carrying capacity for the correspog@xperiment.
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Figure 4. Primary load vs local damage (Load é¢aggapacity marked).
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Figure 5. Global vs local damage (Global fracture toughness marked)

Similarly, the globalJ calculated from the load-displacement curves (not
presented here) are shown in Fig. 5 as functiords ofhe numbers depicted in
the graphs represent the ductile initiation tougknpredicted for experimental
outcomes. The development of the correspondingfredd J-integrals withd are
shown in Fig. 6, with the numbers depicting locatfure toughness.

\ Primary load after R1 and overloads | \ |
E 147.4 1915 03RY) e 1507 121 o3y
5% —1315 ———O02(R) 5 % 02(R2)
= —22 _  Oo1RY) = 139.0 O1(R2)
a §V a ————— T ————
8 100 = 118.9 R1 8 1004 \118.9 v
o 113.7 o
jo)] jo)]
s s
£ 504 £ 50
© ©
S S
o d=d ] d=d
o o4 . . . . . O o : : T T \
000 005 010 015 020 025 030 000 005 010 015 020 025 0.30
Local damage parameter, d Local damage parameter, d

\ Primary load after R3 and overloads |

2

Crack driving force, J (kd / m"

1443 1488 o3(R3)
iy s 02(R3)
O1(R3)
1336 Y
100 B
119.8 18.9 R3

o
[=]
I

d=d,
0

000 005 010 015 020 025 0.30
Local damage parameter, d
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4. Discussion and conclusions

The results presented in Figs. 4 and 5 lead tddlleeving conclusions. Tensile
residual stresses in the crack tip vicinity havgubstantial detrimental effect on
the global load carrying capacity and the globailctiure toughness. Tensile
overloads in a component with tensile residualssie can partially mitigate the
detrimental effect of the residual stresses, irgingathe global load carrying
capacity and the global fracture toughness. Thaltepresented in Fig. 6 show
very little effect of the residual stresses on ltheal fracture toughness. Tensile
overloads are predicted to increase the local dractoughness relative to the
underlying residual stress case, suggesting a Oeakficial effect of the
overloads. However, the predicted local toughnedses are higher than the
toughness of the virgin material. Compared toglubal behaviour this implies
that for such load histories the use of the neddfl-integral as a fracture
initiation criterion requires further investigation

Comparison of the results for R2 and R3 in Figsamrdl 5 suggests that the
material with higher tensile residual stresses B3goms better than R2, both in
terms of higher load carrying capacity and highebagl fracture toughness. The
expected trend is that an increased residual seessshould result in decreased
critical values. The unrealistic outcome is anigaton that the criterion for
ductile tearing initiation and the related locahtwme parameter selected in this
work cannot be used universally. Strain-localwatanalysis [9] and maps of
damage distribution in the near-tip region have nbesed for qualitative
explanation of this behaviour. It was found thiaéis localisation, local to the
first integration point ahead of the crack tip, vipassible in all load history cases
studied prior to attaining critical damage. Ineadfk3 and O1(R3) the strain
localisation was found to develop into a shear @ge) band inclined with
respect to crack plane, i.e. a “slant fracture” mads observed. The formation
of a shear band renders the subsequent resuliisefee cases unreliable and calls
for an extended criterion for ductile tearing iaiton that incorporates the
observed behaviour. For all other cases studteaindocalisation was found to
be contained locally throughout the loading historyuggesting stable
continuation of the simulations after strain losation as well as after attaining
critical damage. The initiation of ductile tearing such cases could be
considered as coinciding with attaining a critidalel of damage, i.e. the
approach taken in this work might be sufficienturthRer work is required for
developing an initiation criterion of universal dipability.
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