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SSM perspective

Background

Components in nuclear power plants are usually subjected to loads
causing both primary and secondary stresses. ASME XI code and the R6
procedure, which are commonly used for assessment of cracked compo-
nents, treat the issue of secondary stresses differently. The R6-method
tends to give overly conservative results, while the ASME XI code does
not consider weld-induced residual stresses in some materials.

A previous analytical study (SSM research report 2009:27) was aimed

at investigating the significance of the secondary stresses for cracks in
ductile materials within nuclear applications. The main contribution to
secondary stresses is usually weld residual stresses. In that study a deter-
ministic safety evaluation procedure was proposed in which the residual
stresses were weighted down for ductile materials. The proposed safety
evaluation procedure for treatment of certain secondary stresses for
ductile materials has been verified experimentally in a subsequent study
(SSM research report 2011:19).

Objectives

The objective of the project is to evaluate the ability of the so-called Gur-
son model in predicting the effect from load history and residual stres-
ses as a first step to be able to simulate ductile initiation and tearing in
situations with high residual stresses. The study includes an experimental
program as well as numerically modeling of performed experiments.

Results

The study has shown on the capability of the cell model in capturing
the effects on ductile tearing from limited pre-load levels and a residual
stress field.

Some of the conclusions are as follows:

* No distinctive influence on the material fracture toughness is
observed from pre-loading (work hardening), both tensile and
compressive, at room temperature of 1.5 or 3 % total strain.

* The cell model gives good predictions of the experimentally gene-
rated JR-curves for pre-load levels up to 3% in compression and
tension. As for the experimental results, no significant effect from
the pre-load on the fracture resistance is seen for pre-load levels
up to 3%.

* The predicted results overestimate the material fracture toughness
for pre-load levels of 6%. The seen effect from the experimental
results at a pre-load level of 6% is much larger than the predicted
effect both for compression and tension. The current cell model
fails therefore to accurately capture the large effects seen at hig-
her levels of pre-load.

* The results show the capability of the so-called Gurson model to
capture the increased fracture toughness compared to the stan-
dard specimen which is due to constraint effects.
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Need for further research

Complementary experiments are needed to be conducted in order to get
a deeper understanding of the behavior for the used material. A modified
Gurson model which takes in to account the void growth at low triaxiality
and shear dominated states needs to be used to potentially get more ac-
curate predictions of the JR-curves and the shape of the crack front.

Project information

Contact person SSM: Kostas Xanthopoulos
Reference: SSM 2010/4177
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Summary

In this report, the project “Numerical simulation of ductile crack growth in residual
stress fields” will be presented. In the project an experimental program together with
numerical cell modeling have been conducted. The material used in the experiments
was A533B-1.

From the experimentally evaluated Jz-curves, a large effect on the material fracture
toughness is seen for specimens pre-loaded to 6% total strain. This is true for pre-
loading in both tension and compression but the effect is larger in the specimens pre-
loaded in tension. It can also be concluded that no distinctive effects on Jj. is seen
from pre-loading to 1.5 or 3 % total strain. It should be noted that the effects seen, as
a result of work hardening, are due to a prior pre-load at room temperature. Hence
these effects are not representable for cases were the material exhibits a level of pre-
strain caused by welding.

In the computational part of the project the scheme outlined by Faleskog et al. [1]
and Gao et al. [2] to determine the material parameters, for the cell model, based on
a uniaxial tensile test and a standard fracture test is shown to be a structured and
sound approach.

The cell model gives good predictions of the experimentally generated Jz-curves for
pre-load levels up to 3% in compression and tension. But it fails to accurately
capture the Load-CMOD curves and the large effects seen at high levels of pre-load
on the Jp-curves. It is probable that this could be rectified by a cell model using a
kinematic material hardening.

The cell model does capture the effects attributable to residual stresses, seen in the
experimental work by Bolinder et al. [3], in regards to the load-CMOD curve,
fracture toughness and the decreasing influence on the J-integral for increasing
primary load.

The predicted Jz-curves for the nonstandard specimens with and without residual
stresses lie on the upper bound of the experimental scatter, slightly overestimating
the fracture toughness. This can be rectified by using a modified Gurson model
which takes into account the void growth at low triaxiality and shear dominated
states.

The report has shown on the capability of the cell model in capturing the effects on
ductile tearing from limited pre-load levels and a residual stress field. Nevertheless
there have also been seen possibilities of improvements by using a modified Gurson
model which takes in to account the void growth at low triaxiality and shear
dominated states and the need for a cell model using a kinematic material hardening.
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Sammanfattning

Denna rapport syftar till att presentera arbetet som ar utfort i projektet “Numerical
simulation of ductile crack growth in residual stress fields”. Arbetet omfattar ett
experimentellt arbete samt numerisk mikromekanisk modellering av utforda
experiment. Materialet som har anvénts i det experimentella arbetet ar A533B-1.

Fran de experimentellt framtagna Jz-kurvorna, kunde en stor effekt pa brottsegheten
utldsas for de provstavar som forbelastats till nivder pd 6% total tdjning. Denna
effekt kunde ses hos provstavar forbelastadade i bade drag och tryck, dock kunde en
storre effekt pa brottsegheten ses for provstavar forbelastade i drag. Vidare visade
Jr-kurvorna att en forbelastaning till nivéer pa 1.5 % och 3 % total tojning ej gav
nagon effekt pa J.. Notera att de effekter som observerats dr pa grund utav en
forbelastning vid rumstemperatur, siledes 4r dessa resultat ej representativa
exempelvis for de fall dir material erhéller en niva av plastisk forbelastning orsakad
av svetsning.

Metodiken som beskrivs av Faleskog et al. [1] och Gao et al. [2] for att bestimma
materialparametrarna till den mikromekaniska modellen, utifrdn ett enaxligt
dragprov samt ett brottmekaniskt standardprov, har i den numeriska delen av arbetet
visats vara en strukturerad och tillforlitlig metod.

Mikromekanisk modellering med en cellmodell ger bra prediktioner av de
experimentella Jp-kurvorna for forbelstningsnivaer upp till 3% i bade drag och tryck.
Men den mikromekaniska cellmodellen klarar ¢j att aterge last-CMOD kurvorna och
de stora effekterna pé brottsegheten som ses for hoga forbelastningsnivaer. Detta
skulle sannolikt kunna étgérdas av en mikromekanisk cell modell dér ett kinematiskt
hérdnande definieras for materialmodellen. Det numeriska arbetet visar vidare att
den mikromekaniska cellmodellen klarar att prediktera effekterna av ett
restspanningsfallt, som kunde observeras i tidigare experiment utférda av Bolinder
et al. [3], pa last-CMOD kurvor, pa brottsegheten, och dven aterge det minskande
inflytandet pa J-integralen fran restspénningarna for 6kande primar last.

De med mikromekanisk cellmodellering predikterade Jp-kurvorna, for provstavar
med och utan restspanningar, ligger pa den 6vre avgriansningen for spridningen hos
de experimentella resultaten. Detta innebdr en mindre Overskattning av
brottsegheten. Denna Overskattning kan atgdrdas med hjélp av en modifierad
Gursonmodell som tar hinsyn till halrumstillvixt vid 14g spanningstreaxlighet och
skjuvdominerat tillstdnd.

Rapporten har visat pa formégan hos mikromekanisk cellmodellering att prediktera
effekterna pa duktil initiering och spricktillvdxt fran en begrinsad forbelastning och
ett restspanningsfillt. Dock har dven mdjligheter till forbattringar av prediktionerna
belysts. Dessa forbattringar skull vara genomforbara med en modifierad
Gursonmodell som tar hinsyn till halrumstillvixt vid 14g spanningstreaxlighet och
skjuvdominerat tillstind samt med mojligheten att definiera ett kinematiskt
hardnande hos materialmodellen.
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1. Introduction

Cracked components are usually subjected to loads causing both primary and
secondary stresses. The main contribution to secondary stresses is usually weld
residual stresses. Engineering assessment methods such as the ASME XI code and
the R6 procedure are commonly used to conduct assessments of such components.
How these codes treat secondary stresses differ. ASME XI code does not consider
secondary stresses in some materials while the R6 method on the other hand
sometimes tends to give overly conservative assessments.

In Sweden the contribution from the secondary stresses and the primary stresses to
K; or J is treated equally important for components subjected to low primary loads
i.e low L, values. But for high primary loads (high L, values) the contribution from
the secondary stresses is weighted down according to the procedure developed by
Dillstrdm et al. in [4]. This treatment of secondary stresses has been verified
experimentally by Bolinder et al. [3]. To experimentally examine the contribution of
secondary stresses, in particular weld residual stresses, to K; or J at low loads (low
L, values) is more complicated and practically difficult. Hence to be able to
numerically simulate these kinds of experiments would be very beneficial. This
could be possible with a model describing the micromechanical process for ductile
tearing such as the Gurson model.

Earlier studies have already shown good predictions of JR-curves using
micromechanical modeling with the Gurson model, studies have also determined the
ability to account for constraint and size effects with the Gurson model, see the work
done by Gao et al. [2] [5]. The ability for the Gurson model to handle load history
and residual stresses still remains to be studied.

The goal for the work described in this report is to evaluate the ability of the Gurson
model in predicting the effect from load history and residual stresses. This is a first
and necessary step towards a future and final goal that would be to simulate ductile
initiation and tearing in situations with high residual stresses. This could possibly
give a basis to lower the contribution from the residual stresses to K; or J at low
primary loads (low L, values), provided that the material behavior is ductile.

In this report, the project “Numerical simulation of ductile crack growth in residual
stress fields” will be described. The report contains the theoretical background to
ductile fracture and micromechanical modelling, the experimental program with a
discussion of the results, the micromechanical modelling and resulting numerical
predictions, a discussion of the numerical and experimental results, as well as
conclusions drawn from the work.
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2. Theoretical background

2.1. Fracture mechanics of ductile tearing

Ductile fracture in common structural and pressure vessel steels is characterized by
the forming and coalescence of micro voids from impurities such as inclusions and
second phase particles. As large plastic deformations on the micro level develop in
front of the macro crack, voids nucleate from inclusions, as the load is increased the
formed micro voids grow. Finally micro voids from second phase particles such as
carbide inclusions coalescence and assist the tearing of the ligaments between the
enlarged voids. This process creates a weakened band in front of the macro crack
allowing an extension of the macro crack. These mechanics are driven by the
combination of high triaxial stresses and high plastic strains ahead of the macro
crack. Nucleation of voids typically occurs for particles at a distance of ~26
(CTOD)' from the crack tip while the void growth occurs much closer to the crack
tip relative to CTOD. In Figure 2.1 below the process of ductile crack growth is
illustrated.

(a) (b) (©)

Figure 2.1. Mechanics of ductile crack growth, (a) Initial state, (b) Nucleation and growth of
voids, (c) Coalescence of voids with macro crack

2.2. Micromechanical modeling of ductile tearing

With a cell model the growth and coalescence of voids and the interaction between
the fracture process zone and the background material is modeled. By describing the
ductile tearing with a cell model there is a possibility to study the influence of
different parameters on ductile fracture.

With a cell model the material in the fracture process zone is modeled by an
aggregate of similarly sized cells which form a material layer with the height D as
illustrated in Figure 2.2.

! Crack Tip Opening Displacement
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(a) (‘.'.B]l Elemeant
with Void

-

o

(b) Layer of Void—Cofrfltaining
Cell Elements

Figure 2.2. lllustration of cell modeling of ductile tearing.

The cell model approach was originally proposed by Xia and Shih [6] [7]. Each cell
is a three dimensional element with dimension D comparable to the spacing between
large inclusions. Each cell contains a spherical void of initial volume fraction f. The
material outside the cell layer is modeled as standard elasto-plastic continuum. The
damage mechanism in the cell layer, void growth and coalescence are modeled
using Gurson’s constituitive relation [8] with modification introduced by Tvegaard
[9]. The Gurson model is a homogenized material model where spherical voids are
treated in a smeared out fashion. The form of the yield condition ®(o.,0,04f)=0 used
in this report, which is incorporated in ABAQUS [10], applies to strain hardening
materials with isotropic hardening as follows

2
3
®:0—62+2q1fcosh q, i ~1-¢lf*=0
o 20
f f (1)

where f'is the current void volume fraction , ¢, the macroscopic effective Mises
stress, o, the macroscopic hydrostatic stress and o, the current matrix flow strength.
The parameters ¢; and g, where introduced by Tvergaard [9] to improve model
predictions.

Ductile crack growth occurs when a cell loses its stress carrying capacity by strain
softening due to void growth that cannot be compensated for by material strain
hardening. This process is not accurately captured by the Gurson model. Tvergaard
and Needleman [11] therefore proposed to model this process as follows: When the
void volume fraction freaches a critical value of f, the void growth is increased
rapidly to the point when the void volume fraction reaches fz at this point total
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failure at the material point occur and once all the elements material points fail the
element is rendered extinct. The parameters f.and f; are user specified. In ABAQUS
this is modeled by the following function,

o if f<f.
Vv leZlegrpy it g<r<n

fE_fc 2)

4, 3)

2.3. Determine cell model parameters

A scheme to determine the material parameters needed in the cell model is proposed
by Faleskog et al. [1] and Gao et al. [2] and is summarized here. The parameters
needed for the cell model are listed below:

Continuum Parameters:
Elasticity: E, v
Plasticity: stress-strain relation
Cell model parameters:
Micromechanics: q;, g5, fz, f-
Fracture process: D, fj

The continuum parameters can be determined by standard material testing. Due to
the small stress triaxiality during a uniaxial tensile test, existing micro voids will not
experience any significant void growth. Hence the measured uniaxial stress strain
curve can be considered as representative for the behavior of the matrix material.
The cell model parameters are decided in two steps, first the micro-mechanics
parameters are decided and secondly the fracture process parameters.

The two parameters ¢; and ¢, in the Gurson model strongly depends on the yield
strength and the strain hardening of the material. In [1] ¢; and ¢, values for various
oy and N are given hence the micro-mechanics parameters can be determined from a
power hardening function describing the stress-strain curve of the material. The
procedure to determine g; and ¢, is detailed by Faleskog et al. in [1].

The parameters f; and fz, controlling the extinction of the cell element, do not
influence the J-curve in any significant way if they are chosen in the interval 0.10-
0.20 see Figure 2.3 and Figure 2.4. Values of £, lower than 0.10 does however
influence the J-curve see Figure 2.4. Hence the model predictions are not sensitive
to the choice of £, and fx as long as the chosen values are in the range 0.10-0.20.

SSM 2014:28 8
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Figure 2.4. Comparison of numerical Jr-curves for models with varying f..

The second step is to determine the fracture process parameters. This procedure is
described in more detail in [2]. The fracture process parameters f; and D are the
main parameters controlling the crack growth resistance behavior. To successfully
determine these parameters experimental data describing the crack growth behavior
is needed. An experimentally generated Jz-curve is a suitable candidate for this
purpose. D can be determined from the crack tip opening displacement (CTOD) at
initiation. CTOD scales with the near tip deformation and is also a relevant measure
of the size of the fracture process zone. To take D as the CTOD at initiation is
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therefore suitable. CTOD at crack initiation or D can be determined from J;, with the
relation

D= a’i
Ty (@)

where Jj. is the J-value at initiation of crack growth, o, is the yield strength and d is
a non-dimensional constant ranging from 0.30 to 0.60 depending on the material
strain hardening and yield strength [12]. Finally f; can be determined from matching
the cell model to the experimentally generated Ji-curve. Below in Figure 2.5 the
influence of f; on the Jg-curve is illustrated.

600

v"‘ k’
500 /‘, T, g e

et
.
.

we
.

.
----

> Exp 15825
® Exp 15826 ]
f,=0.005, f=0.20, f .=0.20

—————- f0=0.006, fE=O.20, fc=0.20
f0=0.007, fE=O.20, fc=0.20 ]
---------- f,=0.008, £=0.20, {.=0.20

100

! ! : !

0.6 0.8 1 1.2 1.4 1.6 1.8
A a [mm]

Figure 2.5. Effect of varying initial void volume fraction, fo, on the Jr-curve, experimental results
(Exp 15825, Exp 15826) presented in Chapter 3.

In order to generate a Ji-curve from the numerical results of the cell model the
location of the crack front needs to be defined. In all analyses in this report the crack
front is defined by the line connecting locations at the crack plane where /=0.1. At
1=0.1 a cell element has lost most of its load carrying capacity. Furthermore the J-
integral needs to be calculated. In this report two different procedures were used to
calculate the J-integral. These are explained later in Chapter 5.
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3. Experimental program

All the experiments were conducted at the department of Solid Mechanics at KTH.
The background for the experiments was the need to look at the influence of load
history on material fracture toughness. Earlier experiments by Bolinder et al. [3]
have looked at the effect on the fracture toughness from residual stress fields. The
residual stress fields were introduced by pre-loading the specimens. This raised the
question what influence the pre-loading had on the material fracture toughness.
Experiments were conducted representing the level of pre-loading the specimens
were subjected to in [3]. These test showed no significant effect from the pre-
loading on the material fracture toughness. However the question was still what
effect pre-loading in tension and to higher levels of pre-load could have on the
material fracture toughness. Therefore these new experiments were needed. This
since it was important to examine if the numerical material model could handle the
load history in a correct manner.

In the experimental program, it was decided to look at one material, the reactor
pressure vessel steel A533B-1. This is the same material which had been used in [3],
thus there was no need to perform any standard uniaxial tensile tests or cyclic tests,
since these tests had already been conducted and the test data was available. In
Figure 3.1 the stress-strain curve of the material A533B-1 is shown.

O T T T I T T T

700 fobeid

600 i

500 |-t deeereets S B e SO dheede et

400 H-eri-eioedehets - R S o SEI SR S S “teei ]

300 [1-i- e A S -efe g e S S peede i

True stress [MPa]

100 f-beeiomicdehets - R S T SRR R o i

0 1.5 3 45 6 7.5 9 105 12 135 15
Logarithmic strain [%]
Figure 3.1. Stress-strain curve of material A533B-1 at room temperature.

To examine the effect of load history, specimens subjected to different levels of
compression or tension were used. To look at the isolated effect of the load history,
the pre-loading of the material was done so it would not introduce any residual
stresses, this will be described below. After the materials had been pre-loaded, 3PB
specimens with side groves were manufactured from the pre-loaded materials. These
test specimens were then used in standard J-R tests to determine the J. values. In
Figure 3.2 the specimen geometry is shown. Below the test program is outlined.
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e  Material pre-loaded in compression, 6 specimens

- Material: A533B-1
- Level of pre-load: 1.5%, 3% and 6% total strain
- Specimen Geometry: W= 27 mm, B=W/2, S=4W, a=0.5W
- Testing: J-R tests in 3PB
e Material pre-loaded in tension, 6 specimens
- Material: AS533B-1
- Level of pre-load: 1.5%, 3% and 6% total strain
- Specimen Geometry: W= 27 mm, B=W/2, S=4W, a=0.5W
- Testing: J-R tests in 3PB
e  Material not pre-loaded, 2 specimens
- Material: A533B-1
- Level of pre-load: 0% total strain
- Specimen Geometry: W= 27 mm, B=W/2, S=4W, a=0.5W
- Testing: J-R tests in 3PB
Thickness B
a
g O
S

Figure 3.2. Base geometry of specimens.

3.1. Pre-Loading

Pre-loading of the material was conducted to three different levels of total strain
both in tension and compression. For the material pre-loaded in compression, three
rectangular pieces of the material were machined. These three pieces were then
loaded at room temperature to a maximum total strain of 1.5%, 3.0% and 6.0%.
From these rectangular loaded pieces the test specimens were then machined. In
Figure 3.3 the dimension and the orientation of the test specimens can be seen.

Specimens

116 mm 71 mm

e E
.

Compression direction

Figure 3.3. Dimensions of material pre-loaded in compression.
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For the material pre-loaded in tension, cylindrical pieces of material were machined.
These cylindrical rods were threaded in the end for mounting in the testing rig.
These three pieces were then loaded in tension at room temperature to a maximum
total strain of 1.5%, 3.0% and 6.0%. From each rod, two specimens were then
machined, as can be seen in Figure 3.4.

300 mm

Loadlng direction

@4— @35 mm

Figure 3.4. Dimensions of material pre-loaded in tension.

Spemmens

3.2. Fracture testing

The fracture tests were conducted as standard J-R testing according to ASTM E
1820 [13]. All specimens were loaded in 3PB during the fracture testing. The load,
CMOD and LLD (Load Line Displacement) data were recorded during the tests. The
crack growth was monitored with compliance calculations. The tests were ended
with a fatigue loading in order to obtain two different crack fronts on the crack
surface. The first front is the initial crack depth and the second is the fatigue front at
the end of the testing. After the fracture testing was finished, the specimen was
broken up to show the crack surfaces, and also to measure the different crack fronts.
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4. Experimental results and discussion

Below in Figure 4.1 the load-CMOD (Crack Mouth Opening Displacement) curves
of the performed tests are shown. The curves are shown without the unloadings for
clarity. All the curves for the respective specimens are presented in Appendix A
with unloadings for the compliance measurements. For Figure 4.1 the red color
corresponds to a pre-load of 6% total strain, green color corresponds to 3% total
strain, blue color correspond to 1.5% total strain and black corresponds to no pre-
load.

=== pre-load compression 15% |

Y S pre-load compression 3.0% | ..
,!' ' ' [ pre-load compression 6.0%

L i S P R A A T P P
i : : : :

0 1 1 1 1 1 1 1 1 1

o 01 02 03 04 05 06 07 08 09 1

CMOD [mm]

20 — — ] —

=z
=,
(i
{ ! : : no pre-load
O T = pre-load tension 1.5% |77
T S S SO S pre-load tension 3.0% | _|

---------- pre-load tension 6.0%

e

| | | | | | |
0 o1 02 03 04 05 0B 07 08 09 1
CMOD [mm]

Figure 4.1. Experimental load-CMOD curves for (a) specimens pre-loaded in compression, (b)
specimens pre-loaded in tension.
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From the load-CMOD curves, a clear effect of the pre-loading of the material can be
seen for all levels of pre-load. The load-CMOD curves indicate hardening of the
material for 3.0% and 6.0% pre-load but not for 1.5 %. These are reasonable results,
considering the stress-strain curve of the material seen in Figure 3.1. In Figure 3.1 it
can be seen that the material has a large Liider strain region up to approximately 1.5
% logarithmic strain. The results also indicate that the pre-loaded specimens start to
plastically deform earlier than the virgin material. One explanation to the trend seen
in Figure 4.1 is the Bauschinger effect. The global moment gives rise to both
compressive and tensile stresses over the ligament of the specimen. In the case
where the specimens were pre-loaded in compression, the tensile part of the stresses
over the ligament will lead to earlier plasticity than what would be the case for a
virgin material and vice versa for the material pre-loaded in tension. This can also be
understood by the hysteresis loop from a cyclic test of the material seen below in
Figure 4.2. The reversed stresses in regards to the pre-load will give rise to plasticity
at a lower magnitude of stress. From the hysteresis loop from a cyclic test in Figure
4.2 it is evident that the material experiences the Bauschinger effect.
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Figure 4.2. Cyclic test data for A533B-1.

The J-R test results from all the tests are presented below in Figure 4.3, Figure 4.4
and Table 4.1. All the individual Jz-curves are also presented in Appendix B. Figure
4.3 shows all the results for specimens pre-loaded in compression and no pre-load
while Figure 4.4 shows results for specimens pre-loaded in tension and no pre-load.
For both Figure 4.3 and Figure 4.4 the red color corresponds to a pre-load of 6%
total strain, green color corresponds to 3% total strain, blue color correspond to
1.5% total strain and black corresponds to no pre-load.
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Figure 4.3. J-integral results versus crack growth, with and without compressive pre-load.
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Figure 4.4. J-integral results versus crack growth, with and without tensile pre-load.
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Table 4.1. J,c values for all the test specimens.

Total strain | Jj, for specimens pre-loaded | J;. for specimens pre-loaded
[%] in compression [kN/m] in tension [KN/m]

0 249 262 249 262

1.5 249 235 270 279

3.0 256 220 248 238

6.0 170 163 137 152

From the results above, it is clear that for specimens pre-loaded to 6% of total strain
a large effect from the pre-loading of the material is seen. This is true for both pre-
loading in tension and compression but the effect is larger in the specimens pre-
loaded in tension. It can also be concluded that no distinctive influence on crack
initiation is observed from pre-loadings to 1.5 or 3 % total strain. There seem to be
some kind of threshold value of pre-loading when the material toughness is altered
see Figure 4.5. This threshold is apparently somewhere between 3% and 6%. The
reason for the large difference in the observed change in material fracture toughness
from a pre-load of 6% and not 1.5% or 3% total strain is not entirely understood yet.
Earlier experimental work by Sivaprasad et al. [14] on HSLA (High Strength Low
Alloy) steels have shown similar trends. Their results showed that for pre-loads up
to 2 % no effect on the fracture toughness was seen. At greater pre-load levels their
results showed a decrease in fracture toughness in almost direct proportion to the
amount of pre-load. Experimental results on 316 stainless steel and 4340 steel
presented by Liaw and Landes [15] did show on a decrease in fracture toughness
regardless of the level of pre-load.

The experimental results presented in this report show furthermore a clear difference
in the tearing resistance between specimens pre-loaded in compression and tension
to 6%. This difference could be as a result of the forming and growth of micro voids
during the tensile pre-load, leading to a weakening of the material. This could
explain the seen difference in results between compressive and tensile pre-load. The
results nevertheless point on a difference indicating a possible additional or lack of
weakening mechanic during the pre-load.

It should be noted that the effects seen as a result of work hardening are due to a
prior pre-load at room temperature. Hence these effects are not representable for
cases were the material exhibits a level of plastic pre-strain caused by welding.
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Figure 4.5. Effect from pre-load on material initiation fracture toughness.
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5. Predictions using cell modeling

In this chapter predictions of experimental results described above in Chapter 4 and
in [3], will be done by the use of micromechanical modeling. This can be done by
the use of a cell model. With a cell model the growth and coalescence of voids and
the interaction between the fracture process zone and the background material is
modeled. The cell model parameters will be determined from experimental results of
a standard 3PB specimen and a material stress-strain curve. Subsequently the cell
modeling technique will be used with the determined material parameters in
predicting the experimental results. The predictions will show the capability of the
cell modeling technic employed in describing the effects from a prior pre-load or
residual stress field. The numerical computations with the finite element method
were executed with ABAQUS [10].

In order to generate Jz-curves from the numerical results of the cell models the J-
integral needed to be calculated. Two different methods for calculating the J-integral
were used. The reason for using two methods was that the standard method
according to ASTM E 1820 [13] was not considered to give reliable data at low load
levels for the specimens with residual stresses described in [3], since it does not take
into account the elastic contribution from the residual stresses to the J-integral. An
alternative method using FE-analyses was previously developed by Bolinder et al. in
[3], for the nonstandard specimens with and without residual stresses. This method
was also used in this report for evaluating the J-integral from the numerical results
of the cell model. In the method a correlation between the J-integral and CMOD is
obtained with the help of several FE-models. With this correlation the J-integral is
obtained from the CMOD results, in Figure 5.1 an example of the J~-CMOD curves
is shown. For a thorough description of the method the reader is referred to [3]. The
reason for using this method in evaluating the J-integral from the numerical results
is to give an accurate comparison with the experimental results in [3]. The second
method used in this report for evaluating the J-integral was the method described by
ASTM E 1820 [13], the same method used for the experimental results in Chapter 3.
With the exception, that the compliance is calculated from the average crack depth
of the model instead of from loading and unloading of the model.

G ——aw=035

ahw=0.354
[ S —— =357
—— a3
L ——— ahw=0.365
ah=0.369

5
4
: ya x 102
) E] T T T T r T T
I . e
Oy 05 T 15 2 25 ! abn=0.354 1)
CMOD [mm] ahw=0357 |}
Bt afw=0361 [+
: ahw=0.365 |}
=) S ai=0 363 |}
e LTI T S
=,
=
5 i i i L i i i L L
16 17 18

19 2 21 22 23 24 25
CMOD [mm]
Figure 5.1. Example of J-CMOD curves used in evaluating the J-integral from the experiments.
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5.1. FE-model

A python script was written in order to create a parameterized FE-model for
ABAQUS. With this script it is possible to create a 3PB specimen with and without
side grows and also with and without a notch. The geometries of the test specimens
are given in Figure 5.2 with W=27 mm.

(a) s O
P
Thickness | Thickness |}
ACB’ By ACB
Geometry:
B=0.5W
BN=X
L=5W
a S:4 W
§ L SR L R=025W
[1=02W
<£> a=0.35 W
O YO
v \ v
47’ 47’

Figure 5.2. Base geometry of (a) standard 3PB specimen with side-grooves and (b) notched
test specimen [3].

With the script it is possible to control the cell element layer in great detail. During
the course of the work several FE-models were created with different setups of the
element mesh. These were used in sensitivity analyses which led to the final element
mesh setup described below. Due to symmetry, only a quarter of the models were
modeled. In Figure 5.3 the two different FE-models used in the following analyses
are shown.
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(a) (b)

| )

Figure 5.3. Three dimensional finite element mesh for (a) a quarter model of the side-grooved
three point bending specimen, (b) a quarter model of the un-grooved notched three point
bending specimen.

The fracture process zone or the cell element layer is shown in Figure 5.4. The cell
elements were modeled with the height and length of D/2.

e T e e e e e e e e e

R e e S

Figure 5.4. The arrangement of the void containing cells and the surrounding region.

The depth of the cell elements were varied with the position relative to the free
surface with larger element depths near the center symmetry surface and smaller
near the free surface. At the free surface the element depth was equal to D/2. Both
FE-model were modeled with a total of 20 element layers through the thickness. In
Figure 5.5 the element mesh trough the thickness is shown. A thorough study of the
influence of element thickness is presented by Qian in [16]. This study was decisive
in deciding the element layer set up. Both models used in the analyses were modeled
with 8-node linear brick element with reduced integration and hourglass control
(C3D8R).
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Figure 5.5. The arrangement of the finite element meshes through the thickness used in both
FE-models.

5.2. Determining the cell model parameters

The matrix material behavior of the material model was modeled as elastic
multilinear plastic with isotropic hardening. Using only isotropic hardening is a
limitation imposed by using the material model incorporated in ABAQUS [10]. The
material parameters for the matrix material are given below in Table 5.1.

Table 5.1. Matrix material parameters used in the FE-model for material A533B.

E=2053GPa | v=03

o [MPa] e

471.2 0.0

480.3 0.010767
489.0 0.014855
507.6 0.018494
539.4 0.026489
576.0 0.038381
601.1 0.049059
621.4 0.060270
643.9 0.077280
657.7 0.091113
669.0 0.10652
683.6 0.13425
721.0 0.24436
809.0 0.44844

The micromechanical parameters ¢; and g, strongly depend on the material stress-
strain relation. For this report ¢; and ¢, were decided from the correlations to o, and
N derived by Faleskog et al. in [1]. To be able to decide the parameters ¢; and ¢, the
uniaxial tensile test result was fitted to a power law curve on the form,

Oy
&E=— o <o,
E
/N
o, o
E=—| — o >0,.
E\ o,

©)

Below in Figure 5.6 the stress-strain curve and the power law fit are shown.
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Figure 5.6. Stress-strain curve with power law fit for material A533B-1.

The values of the void volume fractions f. and f is typically chosen in the interval
0.10 to 0.20. The model predictions are rather insensitive to the choice of £, and f; as
long as the values are in the interval mentioned above. The results in Figure 2.4
show a slightly more curved Jz-curve for values of /. and f; set to 0.10 and 0.20
respectively compared to values of f. and f; both set to 0.20. This was considered
when choosing values of /. and fz. In the following models f. and f; where set to 0.10
and 0.20 respectively. Below in Table 5.2 the micromechanics parameters used in
the models in this report are presented.

Table 5.2. Micromechanics parameters used in the material model.

Micromechanics
q; 1.64
fr 0.20
A 0.10

The fracture process parameters f, and D are the parameters primarily controlling the
crack growth resistance behavior. These are hence decided from an experimentally
determined J,-curve. From the J,-curve in Figure 5.7 the J. value was determined
which led to a D of 0.250 mm by the use of Equation 4.
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Figure 5.7. Experimental Jg-curve for side-grooved three point bend specimen without any prior
preload.

The initial porosity f, was decided by matching the cell model predictions to the
experimental Jz-curve see Figure 5.8. A f;=0.0065 was chosen from these results.

600
|
,f‘}b‘,—-.‘ L
500 ]
b <@
> e
".'
400 >
S
Z 300
=,
-
200 >  Exp 15825 .
J ®  Exp 15826
_____ £,=0.0060, £=0.20, f,=0.10
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0 F F
0 0.5 1 15 2 25

Aa [mm]
Figure 5.8. Predicted Jr -curves with varying f, compared with the experimental data for side-
grooved three point bend specimen without any prior preload.

In Table 5.3 the fracture process parameters used in ABAQUS [10] for the material
model are presented.

Table 5.3. Fracture process parameters used in the material model.

Fracture process
D [mm] 0.250
fo 0.0065
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In Figure 5.9 the load-CMOD curve from the experiment is compared with the
results from the FE-model, as can be seen the comparison shows a good agreement
between the FE-model and the experimental results. The predicted crack front from
the FE-model is also compared to the experimental measurements see Figure 5.10.
From the comparison Figure 5.10 it can be seen that the FE-model gives a good
prediction of the crack front with the exception of near the free surface. This is due
to the low triaxiality at the free surface. The Gurson material model underestimates
the void growth at low stress triaxiality. This can be rectified by using the modified
Gurson model which takes in to account the void growth at low triaxiality and for
shear dominated states.
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Figure 5.9. Predicted load-CMOD curves with varying f, compared with the experimental load-
CMOD curve for side-grooved three point bend specimen without any prior preload.
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Figure 5.10. Predicted crack front profile with f,=0.0065 compared with the experimental crack
front profile for side-grooved three point bend specimen without any prior preload.
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5.3. Evaluation of the capability of the cell modeling
technic in capturing the effects of a prior pre-
load on fracture toughness

To predict the effects from the load history with the cell model, the effect on the
material characteristics need to be accurately modeled. These effects need to be
incorporated in the model. The effects on the material due to the pre-load are work
hardening and possible void volume growth for the specimens loaded in tension. To
simulate the work hardening effects in the cell model a hardening initial condition
was set. There is however a limitation in the Gurson material model incorporated in
ABAQUS. It is only possible to simulate isotropic hardening behavior using the
inbuilt Gurson material model in ABAQUS. Hence the Bauschinger effect cannot be
modeled. As can be seen from the Figure 4.2 the material used in the experimental
work exhibits a clear kinematic hardening behavior. This will possibly lead to
problems in correctly capturing the seen effect at large pre-load levels. Below a
study of the possibility to correctly simulate the fracture behavior after a specific
amount of pre-load in either tension or compression is presented.

5.3.1. Effect on material stress-strain curve and possible void
volume growth

To determine the extent of work hardening and the possible void volume growth the
material exhibits at different amount of pre-load a simple 1 element FE-model was
used. The same material parameters determined in Chapter 5.2 were used for the
model. In Table 5.4 the possible void volume growth and equivalent plastic strain
are given for different levels of pre-load. These values were then used in the
following analyses in determining the possibility to model the effect on the ductile
fracture behavior from a pre-load at room temperature. For pre-load in compression
it was argued that no void volume growth occurs.

Table 5.4. Equivalent plastic strain and void volume growth due to different levels of pre-load.

Pre-Load Equivalent | Void volume
Total strain plastic growth for
[%] strain f0=0.0065
1.5 0.0126 0.0000791
3.0 0.0275 0.000172
6.0 0.0567 0.000364

5.3.2. Numerical prediction of the effect from strain hardening

The different levels of strain hardening were applied to the model with the method
of prescribing initial condition with type hardening in ABAQUS [7]. With this
method the equivalent plastic strain is prescribed to the model to represent a prior
pre-load. There is also a possibility to supply a backstress tensor but this is only
relevant for kinematic material models and since the material is modeled with
isotropic hardening the backstress is not relevant. Below in Figure 5.11 the predicted
Jr-curves are compared to the experimental data for specimens pre-loaded in
compression. In Figure 5.11 the red color corresponds to a pre-load of 6% total
strain, green color corresponds to 3% total strain, blue color correspond to 1.5%
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total strain and black corresponds to no pre-load. The comparison is made to the
specimens pre-loaded in compression since no void growth occurs during the
compressive pre-load. For the predicted results it is seen that the pre-load level do
not give any significant effect on crack initiation, but a limited effect on the tearing
resistance for pre-load levels of 3% and 6%. The comparison indicates that the cell
model gives good prediction of the Jz-curve for pre-load levels up to 3%. As for the
experimental results, no significant effect from the pre-load on the fracture
resistance is seen for pre-load levels up to 3%. This indicates that a work hardening
up to 0.0275 equivalent plastic strain do not influence the material fracture
resistance in any significant way. From the comparison it is however clear that there
is a problem to recreate the large effect seen at high pre-load levels of 6 %. Here the
predicted results overestimate the material fracture behavior. The seen effect from
the experimental results at a pre-load level of 6% is much larger than the predicted
effect.
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Figure 5.11. Predicted Jg -curves with varying pre-load level without additional initial void
volume compared with the experimental data for side-grooved three point bend specimens with
varying compressive pre-load levels.

If the load-CMOD curves are compared see Figure 5.12, it is seen that there are big
differences between the predictions and the actual experimental results. These
differences are larger for higher pre-load levels. The reason for these differences is
the fact that the material is modeled with isotropic hardening while the material
exhibits a strong kinematic behavior. To be able to accurately predict the effect from
the pre-load on the load-CMOD results for this material, there is a need to use
kinematic hardening. The isotropic hardening is not able to accurately capture the
hardening behavior of the material. With the limitation of only using isotropic
hardening with the inbuilt Gurson model in ABAQUS, a user subroutine describing
the Gurson material model with kinematic hardening is needed to be successful in
capturing the effects.
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Figure 5.12. Predicted load-CMOD curves with varying pre-load levels compared with the
experimental load-CMOD curves for side-grooved three point bend specimen with varying
compressive pre-load level, (a) 1.5% total strain, (b) 3.0 % total strain and (c) 6.0% total strain.

5.3.3. Numerical prediction of the effect from void volume
growth coupled with strain hardening

The effect of void volume growth for the specimens pre-loaded in tension is
evaluated in this chapter. To evaluate the effect from void volume growth the initial
void volume fraction f; was increased by the void volume fraction growth computed
in Chapter 5.3.1 and presented in Table 5.4. The strain hardening was also added to
the model as described in Chapter 5.3.2 above. The predictions were then compared
with the experimental results from specimens pre-loaded in tension Figure 5.13. In
Figure 5.13 the red color corresponds to a pre-load of 6% total strain, green color
corresponds to 3% total strain, blue color correspond to 1.5% total strain and black
corresponds to no pre-load. For the predicted results it is seen that there is no
significant effect on crack initiation, but a limited effect on the tearing resistance for
a pre-load level of 3% and a more distinct effect on the tearing resistance for a pre-
load level of 6%. As for the results presented in Chapter 5.3.2 the predictions
correlate with the experimental results at pre-load levels of 1.5% and 3%. At a pre-
load level of 6% though, there is a big difference between the predicted results and
the experimental results.
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Figure 5.13. Predicted Jg -curves with varying pre-load level with additional initial void volume
compared with the experimental data for side-grooved three point bend specimens with varying
tensile pre-load levels.

In Figure 5.14 the effect from a void volume fraction growth is also illustrated by
comparing to the prediction without applied void volume fraction growth. From
these results it is evident that at a pre-load level of 1.5% the effect on the crack
growth resistance is insignificant but as the pre-load level increases up to 6% the
seen effect is substantially increased. This is a trend that also can be seen in the
difference between the experimental results pre-loaded in compression and tension.
The result show on lower fracture toughness for specimens loaded in tension at high
pre-load levels compared with specimens loaded in compression. The specimens
loaded at a pre-load level of 1.5 % do not show any significant difference between
the specimens loaded in compression compared with the specimens loaded in
tension. Hence the seen effect in the experimental results could be a result of the
forming and growth of micro voids at high tensile pre-loads. The material does not
experience this for a compressive pre-load or a low tensile pre-load.
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In Figure 5.15 the load-CMOD curves are compared between the predicted results
and the specimens pre-loaded in tension. As for the specimens pre-loaded in
compression big differences between the predictions and the actual experimental
results are observed. These differences are larger for higher pre-load levels. The
reason for these differences is the fact that the material is modeled with isotropic
hardening while the material exhibits a strong kinematic behavior.

(@ (®)

20 20

18 18

g 1L
i =i !

10 1/““ wng .
1 /
i a

— ==

P [kN]

i /
Exp 15825 no pre-load
Exp 15834 1.5% tension
----- Prediction no pre-load
----- Prediction with wfg 1.5% tension
2 2 2

Exp 15825 no pre-load

Exp 15836 3.0% tension

----- Prediction no pre-load

Prediction with wfg 3.0% tension
T 2 3

N & 0 ®
O =T

0.5 1 15 2 25 0 0.5 1 15 2 2.5

CMOD [mm] CMOD [mm]

20

18

,
ll ~
;
H
14 H
j
iy

P [kN]

Exp 15825 no pre-load

Exp 15837 6.0% tension

----- Prediction no pre-load

----- Prediction with wfg 6.0% tension

1 15 2 25
CMOD [mm]
Figure 5.15. Predicted load-CMOD curves with varying pre-load levels compared with the
experimental load-CMOD curves for side-grooved three point bend specimen with varying
tensile pre-load level, (a) 1.5% total strain, (b) 3.0 % total strain and (c) 6.0% total strain.
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5.4. Evaluation of the capability of the cell modeling
technic in capturing the effects of residual
stresses

In this chapter the capability of the cell modeling technique in capturing the effects
of residual stresses will be evaluated. The ability to capture the effect of constraint
will also be shown since the specimens used in [3] had a nonstandard geometry with
a shallow crack which leads to lower constraint compared to the standard specimen
geometry used in determining the cell model parameters. The cell model parameters
determined in Chapter 5.2 will be used in all the analyses described below.

5.4.1. Numerical predictions of the effects of residual stresses

In [3] the residual stresses were introduced by pre-loading a notched test specimen
see Figure 5.16. The pre-load leads to a stress concentration at the notch with
compressive stresses normal to the crack surface. When the specimen is unloaded a
residual stress field is introduced due to the plastic deformations during the pre-load.
The resulting residual stresses are tensile at the notch since they were compressive
during the pre-load. For a more thorough description of the residual stress field and
how it is introduced see [3].

7N\ S

Figure 5.16. In-plane compression of notched test specimen.

To correctly model the introduction of the residual stress field a separate FE-model
was used. The reason for this was the fact that the FE-model with cell elements
would introduce some problem if pre-loaded in compression due to the notch at the
crack tip. The crack tip notch would lead to an undesired stress concentration.
Therefore a separate FE-model was used in obtaining a correct residual stress field.
In the FE-model an element layer was introduced at the crack surface during the pre-
load see Figure 5.17, which was removed after unloading of the specimen.

Introduced element layer

N\

Figure 5.17. Introduced element layer during compressive pre-load.
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The stress and strain results from the FE-model without cell elements were then
used as pre-scribed initial conditions for the FE-model with cell elements. The
resulting residual stress field in the cell element model was compared with the
residual stresses in the FE-model without cell elements to verify the procedure of
introducing the residual stresses see Figure 5.18. As can be seen in Figure 5.18 the
residual stress field agrees well between the two models.

1.210°
h
110° M ,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,, Cell mod(_el |
! : ——— Compresive model
8 10°
6 10°
'
o
=, 410°
2
©

2108

-2 10°

| i i
0 0.2 0.4 0.6 0.8 1

4108 ‘

x/I(W-a)

Figure 5.18. Comparison of opening stress along the ligament in front of the crack tip.

Two FE-models were used in the analyses one with and one without residual
stresses in order to mimic the experimental setup in [3]. The predicted load-CMOD
curves were compared to the experimental results in Figure 5.19. Figure 5.19 shows
a very good agreement between the predicted and experimental results leading to a
confidence in the correctness of the model and the procedure of introducing the
residual stress field.
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Figure 5.19. Predicted load-CMOD curves compared with the experimental load-CMOD curves
for un-grooved notched three point bend specimen, (a) without residual stresses, (b) with
residual stresses.

In Figure 5.21 below the predicted Jz-curves from the two FE-models with and
without residual stresses are compared to the experimental results from [3]. The
experimental results show on a noticeable scatter at larger amount of crack growth.
The predicted results lie within the scatter range of the experimental results, though
on the upper bound of the scatter. The reason for the upper bound prediction could
be due to the low triaxiality at the free surface of the specimens. The Gurson
material model underestimates the void growth at low stress triaxiality. Hence the
model prediction overestimates the material tearing resistance at the free surface.
This effect increases as the crack tunneling becomes more severe as the load
increases, hence leading to an overestimated tearing resistance at larger amounts of
crack growth. As can be seen in Figure 5.20 the crack tunneling is fairly extensive in
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the performed experiments with developed shear lips. The overestimated tearing
resistance seen in the predictions can be rectified by using the modified Gurson
model which takes in to account the void growth at low triaxiality and for shear
dominated states. Further, as for the experimental results, no significant effect from
the residual stress field can be seen on crack initiation for the predicted results.
Hence it can be concluded that the cell model handles the effect from residual
stresses correctly with regards to crack initiation. A small effect on the tearing
resistance can be seen at larger amounts of crack growth but it should be noted that
this difference falls well within the scatter of the experimental results. These results
shows the capability of the cell modeling technique in capturing the effect from
residual stresses, though improvements to the predictions can be made with the use
of the modified Gurson model. The results in Figure 5.21 also show on the
capability of the cell modeling technique in capturing the increased fracture
toughness compared to the standard specimen this due to constraint effects.

Figure 5.20. Fracture surface of specimen 15295.
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Figure 5.21. Predicted Jr -curves with and without residual stresses compared with the

experimental data for un-grooved notched three point bend specimens with and without residual

stresses.
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In Figure 5.22 the predicted J-integral vs. L, (P/PL) for specimens with and without
residual stresses are compared to the experimental results. The predicted results
show a very good agreement with the experimental results, recreating the seen effect
from the residual stresses on the J-integral at low loads and also showing the
diminishing effect as the load increases.

600 T T
— Specimen 15291 pre-load
— Specimen 15292 pre-load

5000 Specimen 15293 pre-load

— Specimen 15295 pre-load

— Specimen 15299 pre-load

— Specimen 15297 no pre-load
400 -| — Specimen 15298 no pre-load
— Specimen 15300 no pre-load
- Numerical prediction no pre-load
Numerical prediction pre-load

100

1.2

Lr [P/P,]

Figure 5.22. Predicted J versus L, results compared to experimentally obtained J versus L,
results for un-grooved notched three point bend specimen with and without residual stresses.

SSM 2014:28 35



6. Discussion of results

From the experimentally evaluated Jz-curves, a large effect on the material fracture
toughness is seen for specimens pre-loaded to 6% total strain. This is true for pre-
loading in both tension and compression but the effect is larger in the specimens pre-
loaded in tension. It can also be concluded that no distinctive effects on J,. is seen
from pre-loading to 1.5 or 3 % total strain. It should be noted that the effects seen, as
a result of work hardening, are due to a prior pre-load at room temperature. Hence
these effects are not representative for cases were the material exhibits a level of
pre-strain caused by welding.

The large effect on the material fracture toughness seen for specimens pre-loaded to
6% total strain is true for pre-loading in both tension and compression, though the
effect on the fracture toughness is greater in the specimens pre-loaded in tension.
The reason for this could be a result of the forming and growth of micro voids at
high tensile pre-loads. This hypothesis is strengthened by the numerical predictions
shown in Chapter 5.3 where a clear effect of a possible void volume growth due to
high pre-load level is seen, see Figure 5.14. This possible effect is very limited at
lower pre-load levels this is also true for the experimental results.

The computational work done in Chapter 5 have shown that numerical predictions of
cracked geometries, other than the specimen geometry used in determining the
material parameters, give good results, with some exceptions that are attributable to
other factors, using the same determined material parameters. Hence the scheme
outlined by Faleskog et al. [1] and Gao et al. [2] to determine the material
parameters based on a uniaxial tensile test and a standard fracture test is shown to be
a structured and sound approach.

Further the numerically obtained crack front profile and the experimental crack front
profile correlate with the exception of regions near the free surface. This is
explained by the fact that the Gurson material model underestimates the void growth
at low stress triaxiality. This can be rectified by using a modified Gurson model
which takes in to account the void growth at low triaxiality and for shear dominated
states. This is also planned to be done in a future extension of this project. Further
improvements to the predictions done by the cell model in Chapter 5.3 could be
done by developing a user subroutine describing the Gurson material model with
kinematic hardening. This would potentially lead to a possibility to predict the seen
effects at high pre-load levels which the current Gurson-model, using isotropic
hardening, does not. The problem with using an isotropic hardening material model
is evident if the predicted load-CMOD curves are compared with the experimental
see Figure 5.12 and Figure 5.15. Nevertheless the cell model gives good predictions
of the experimentally generated Jz-curves for pre-load levels up to 3% in both
compression and tension.

The cell model does also capture the effects attributable to residual stresses, seen in
the experimental work by Bolinder et al. [3]. From the predicted results presented in
Chapter 5.4 the same conclusions that were made from the experimental results in
[3] can be drawn in regards to fracture toughness and the decreasing influence on the
J-integral for increasing primary load, although the predictions made here could be
further improved. The predicted Jz-curves for the nonstandard specimens with and
without residual stresses lie within the scatter range of the experimental results,
though on the upper bound of the scatter. The reason for the upper bound prediction
of the Jr-curves for nonstandard specimens with and without residual stresses is due
to the low triaxiality at the free surface of the specimens. The Gurson material
model underestimates the void growth at low stress triaxiality hence leading to an
overestimated tearing resistance at the free surfaces. This can be rectified, as
discussed above, by using a modified Gurson model which takes in to account the
void growth at low triaxiality and for shear dominated states.
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The report has shown on the capability of the cell model in capturing the effects on
ductile tearing from limited pre-load levels and a residual stress field. Nevertheless
there have also been seen possibilities of improvements by using a modified Gurson
model which takes into account the void growth at low triaxiality and shear
dominated states and the need for a cell model using a kinematic material hardening.

7. Conclusion

From the numerical and experimental results presented in this report it can be
concluded that:

For specimens pre-loaded (work hardened) to 6% of total strain at room
temperature in both tension and compression large effects are seen on both
the tearing resistance and crack initiation. Note though that the effect on the
fracture toughness is greater in the specimens pre-loaded in tension.

No distinctive influence on the material fracture toughness is observed
from pre-loading (work hardening), both tensile and compressive, at room
temperature of 1.5 or 3 % total strain.

The cell model gives good predictions of the experimentally generated JR-
curves for pre-load levels up to 3% in compression and tension. As for the
experimental results, no significant effect from the pre-load (work
hardening) on the fracture resistance is seen for pre-load levels up to 3%.
The predicted results overestimate the material fracture toughness for pre-
load levels of 6%. The seen effect from the experimental results at a pre-
load level of 6% is much larger than the predicted effect both for
compression and tension. Hence the current cell model fails to accurately
capture the large effects seen at higher levels of pre-load.

At a pre-load level of 1.5% the effect on the crack growth resistance, due to
void volume growth, is insignificant but as the pre-load level increases up
to 6% the seen effect is substantially increased. This is a trend that also can
be seen in the difference between the experimental results pre-loaded in
compression and tension.

The cell model do capture the effects attributable to residual stresses, seen
in the experimental work by Bolinder et al. [3], in regards to fracture
toughness and the decreasing influence on the J-integral for increasing
primary load.

The results in Figure 5.21 also shows the capability of the Gurson model to
capture the increased fracture toughness compared to the standard specimen
which is due to constraint effects.
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8. Future work

A continuation of the presented work is planned. In this continuation the
possibilities of improvements that have been made evident in the presented work
will be explored. A modified Gurson model which takes into account the void
growth at low triaxiality and shear dominated states will be used to potentially give
more accurate predictions of the Jz-curves and the shape of the crack front.
Furthermore complementary experiments will be conducted, this to give a deeper
understanding of the behavior for the used material A533B. There is also the
ambition to complement the modified Gurson model with the option to use
kinematic material hardening. To be able to use kinematic hardening could possibly
make it possible to correctly predict the seen effect on the Jz-curves from high pre-
load levels.

Further in the future it is the ambition to use the modified Gurson model in studying
the effect of residual stresses on ductile tearing at low primary loads, specifically to
study the effect on the residual stresses from a limited and stable crack growth.

The modified Gurson model could also be used in designing experiments, this to
avoid undesired and unpredictable test results and to be certain that the experiments
give relevant results.

For irradiated materials it is often very hard to obtain material with large enough
dimensions, which can meet the size requirements, imposed by testing standards.
Therefore this could be one possible application for the modified Gurson model. The
modified Gurson model could be used to examine the size effects when using small
fracture test specimens. This to be able to correctly interpret the results obtained
from small fracture test specimens of irradiated material.
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Appendix A

In appendix A the P-CMOD curves for each specimen are presented. The specimen
numbers and pre-load are listed below.

Specimen list:

15825 no pre-load Figure A.1
15826 no pre-load Figure A.2
15827 1.5 % compressive pre-load Figure A.3
15828 1.5 % compressive pre-load Figure A4
15829 3.0 % compressive pre-load Figure A.5
15830 3.0 % compressive pre-load Figure A.6
15831 6.0 % compressive pre-load Figure A.7
15832 6.0 % compressive pre-load Figure A.8
15833 1.5 % tensile pre-load Figure A.9
15834 1.5 % tensile pre-load Figure A.10
15835 3.0 % tensile pre-load Figure A.11
15836 3.0 % tensile pre-load Figure A.12
15837 6.0 % tensile pre-load Figure A.13
15838 6.0 % tensile pre-load Figure A.14
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Figure A.1. P-CMOD curve for specimen 15825 no pre-load.
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Figure A.2. P_CMOD curve for specimen 15826 no pre-load.
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Figure A.3. P_CMOD curve for specimen 15827 1.5 % compressive pre-load.
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Figure A.4. P_CMOD curve for specimen 15828 1.5 % compressive pre-load.
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Figure A.5. P_CMOD curve for specimen 15829 3.0 % compressive pre-load.
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Figure A.6. P_CMOD curve for specimen 15830 3.0 % compressive pre-load.
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Figure A.7. P_CMOD curve for specimen 15831 6.0 % compressive pre-load.
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Figure A.8. P_CMOD curve for specimen 15832 6.0 % compressive pre-load.
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Figure A.9. P CMOD curve for specimen 15833 1.5 % tensile pre-load.
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. P_CMOD curve for specimen 15836 3.0 % tensile pre-load.
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Figure A.13. P_CMOD curve for specimen 15837 6.0 % tensile pre-load
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Figure A.14. P_CMOD curve for specimen 15838 6.0 % tensile pre-load
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Appendix B

In Appendix B the J-R evaluations for each specimen are presented. The specimen
numbers and pre-load are listed below.

Specimen list:

15825 no pre-load Page 20
15826 no pre-load Page 21
15827 1.5 % compressive pre-load Page 22
15828 1.5 % compressive pre-load Page 23
15829 3.0 % compressive pre-load Page 24
15830 3.0 % compressive pre-load Page 25
15831 6.0 % compressive pre-load Page 26
15832 6.0 % compressive pre-load Page 27
15833 1.5 % tensile pre-load Page 28
15834 1.5 % tensile pre-load Page 29
15835 3.0 % tensile pre-load Page 30
15836 3.0 % tensile pre-load Page 31
15837 6.0 % tensile pre-load Page 32
15838 6.0 % tensile pre-load Page 33
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FRACTURE TOUGHNESS TEST - J, c
according to ASTM E 1820

Specimen no. 158251

Label ]

Task Bolinder )

Type SENB W=2698 mm B=1352mm B _=10.78 mm
aterial Obelastad n

Temperature it °C

Yield stress 500 MPa

Precracking max 37kN )

Loading rafe (Limit load)/(minute)

1.71
Fatigue crack 13.54 mm
Max. crack deviation 0.40
Crack extension 2.10
Estimated a0q 134

. =249 kN/m

mm
I mm

2011-03-11

) P

)1/ /

640

/
560 /
480 /
w| |1
320 / /T}/
240 /%f
160 / / /
ol £ L /
AL

0.00 0.25 050 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50

J/ (KN/m)

Crack extension / mm
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FRACTURE TOUGHNESS TEST - J
according to ASTM E 1820

Specimen no. 15826;

Labe )

Task Bolinder )

Type SENB W=2697 mm B=13.53 mm B =10.96 mm
aterial Obelastad n

Temperature it 'C

Yield stress 540 MPa

Precracking max 3.7kN

Loading raie 1.74 (Limt load)/(minute)

Fatigue crack 13.67 mm

Max_ crack deviation 0.16

Crack extension 2.20 mm

Estimated a0q 13.60 mm

ch =262 kN/m

VAN /
[ 1 /
560 / / r/ —
430 / / 0 ‘(
o | A 1
o | LN /

w4 /
Wl 1/ /
oc/

0.00 0.25 0.50 0.75 1.00 125 150 1.75 2.00 2.25 2.50

J/ (KN/m)

Crack extension / mm

SSM 2014:28 50



FRACTURE TOUGHNESS TEST - J
according to ASTM E 1820

Specimen no. 15827

Label T1.5

Task Bolinder

1\}’ SENB W=2696 mm B=13.53 mm B =10.77 mm
aterial tryck 1,5 % n

Temperature it C

Yield stress 540 MPa

Precracking max

Loading rafe 1 84 (I_nmt load)/(minute)

Fatigue crack 13.84 mm

Max, crack deviation .52

Crack extension 1.94 mm

Estimated a0q 13.68 mm

Jic 249 kN/m

2011-03-29

N VAN,
wl | 1L /
560 / / %/

U
U /

AN /

old ] /
AL

0.00 025 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50

J/ (KN/m)

Crack extension / mm
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FRACTURE TOUGHNESS TEST - JIc
according to ASTM E 1820

Specimen no. 15828

Label Il.5

Task Bolinder

Type SENB W=2696 mm B=1348mm B =10.67 mm
aterial Tryck 1,5 % n

Temperature it °C

Yield stress 540 MPa

Precracking max
Loading rafe

Fatigue crack
Max. crack deviation
Crack extension
Estimated a0q

e =235 kN/m

8

mm
I mm

— e O
[ -~
~1C0-1C0

2011-03-30

600 /
[ i
o |1

o/ // LA |

300

N

J/ (KN/m)

240

180 /
o AL /
N/ /
N

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2,50

Crack extension / mm
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FRACTURE TOUGHNESS TEST - J
according to ASTM E 1820

Specimen no. 15829]
Label T3
Task Bolmdel
{/ch SEN W=26.99 mm B=13.48mm 5 _=10.86 mm
aterial lec 39 n
Temperature
Yield stress 540 MPa
Precracking max 3.7kN )
Loading rate 1.79 (Limit load)/(minute)
Fatigue crack 13.86 mm
Max. crack deviation 0.40
Crack extension 2.00 mm
Estimated a0q 13.78 mm
ch =256 kN/m
2011-03-29
800
720
640
560
/
T
480 >

‘y

J/ (kKN/m)

400 %/ .
320
240
/)
160
80
¥

0
0.00 0.25 050 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50

Crack extension / mm
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FRACTURE TOUGHNESS TEST - J,

Ic
according to ASTM E 1820
Specimen no. 158305
Label T3
Task Bolinder
Type SENB W=27.00 mm B=1347mm B _=10.93 mm
aterial Tryck 3 % n
Temperature it °C
Yield stress 540 MPa

Precracking max

Loading rafe (Limit load)/(minute)

3.7

1.81
Fatigue crack 13.83 mm
Max. crack deviation 0.44
Crack extension 1.63 mm
Estimated a0q 13.76 mm

JIc =220 kN/m

2011-03-30

600

540 / 5

480 / /

| L

360 / /

300 / /
~

240 //
MBI /
NI En /
N /
f
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—
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—
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FRACTURE TOUGHNESS TEST - JIc
according to ASTM E 1820

Specimen no. 15831J
Label 16
Task Bolinder
1{/f/pe_ SENB W=27.00 mm B=1343mm B _=10.66 mm
Material Tryck 6 % n
I'emperature it °C
Yield stress 540 MPa
Precracking max 3TKN )
Loading rate 1.77 (Limit load)/(minute)
Fatigue'crack = 13.72 mm
Vlax. crack deviation 0.45
Crack extension 1.63 mm
Estimated aOq 13.63 mm
JIC =170 kN/m
2011-03-29
800 / / / / /
- / / / /
- / / / /
560 / /
—~
= /
< 400
—
~ 320 7
+
240
160 77 / /
80 p /
0
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FRACTURE TOUGHNESS TEST - J.

Ic
according to ASTM E 1820
Specimen no. 15832
Labe T6
Task Bolinder
Type SENB W=2697 mm B=1349mm B _=10.76 mm
aterial leck 6 % n
Temperature
Yield stress 540 MPa
Precracking max 7 kN
Loading rate l 74 (L1m1t load)/(minute)

Fatigue crack 13.64
Max. crack deviation 0.43

)

Crack extension 1.68 mm
Estimated a0q 13.56 mm
JCIit =163 kN/m

- estimation of a0q not valid
- final crack front too curved
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FRACTURE TOUGHNESS TEST - J.

Ic
according to ASTM E 1820
Specimen no. 158337
Label D1.5
Task Bolinder
Nf/pe SENB W=26.96 mm B=13.45mm B _=10.78 mm
aterial ASS‘“)B 1 n
Temperature t°C
Yield stress 540 MPa
Precracking max 14 kN )
Loading rate 1.77 (Limit load)/(minute)
Fatigue crack 13.76 mm
Max. crack deviation 0.49
Crack extension 2.11 mm
Estimated a0q 13.69 mm
JCI fit = 270 kKN/m
- final crack front too curved ]
- crack extension measurement error = 0.059 mm too high
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FRACTURE TOUGHNESS TEST - JIc
according to ASTM E 1820

Specimen no. 15834y

Labe D1.5

Task Bolinder

Type . SENB W=26.95 mm B=13.45mm B _=10.79 mm
aterial A533B-1 n

Temperature it °C

Yield stress 540 MPa

Precracking max 14 kN

Loading rafe |
Fatigue crack | 1
Max. crack deviation 0.3
Crack extension 2
Estimated a0q |

Jcrit =279 kKN/m

- estimation of a0q not valid )
- crack extension measurement error = 0.262 mm too high
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FRACTURE TOUGHNESS TEST - JIc
according to ASTM E 1820

Specimen no. 15835J

Label D3

Task Bolinder

Type SENB W=2695 mm B=13.48mm B _=10.67 mm
aterial A533B-1 1

Temperature it °C

Yield stress 540 MPa

Precracking max 14kN )

Loading rate 1.75 (Limit load)/(minute)

Fatigue crack 13.62 mm

Max. crack deviation 0.22

Crack extension 2.26 mm

Estimated a0q 13.53 mm

Jcrlt 248 KN/m

- final crack front too curved
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FRACTURE TOUGHNESS TEST - J,

Ic
according to ASTM E 1820
Specimen no. 15836j
Label D3
Task Bolinder
Type SEN W=2695 mm B=1346mm B_=10.80 mm
aterial A5 %’»B 1 n
Temperature t°C
Yield stress 540 MPa
Precracking max 14 kN )
Loading rate 1.80 (Limit load)/(minute)
Fatigue crack 13.66 mm
Max. crack deviation 0.28
Crack extension 2.30m
Estimated a0q 13.6 O mm
JCl‘it =238 kN/m
- crack extension measurement error = 0.212 mm too high
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600 /

540

480

A S
H
420 /2;
360
+
300

J/ (kN/m)

T —

/
240 /
180 / /
120 /{j
ol /
L

0.00 025 0.50 0.75 1.00 125 1.50 1.75 2.00 2.25 2.50

ll=]
\\\%&

Crack extension / mm

SSM 2014:28 60



FRACTURE TOUGHNESS TEST - JIC
according to ASTM E 1820

Specimen no. 158377

Label D6

Task Bolinder

Type . SENB W=26.96 mm B=1346mm B _=10.72 mm
aterial A533B-1 1

Temperature 1t °C

Yield stress 540 MPa

Precracking max 4kKN )

Loading rate 1.74 (Limit load)/(minute)

Fatigue crack 13.66 mm
ax. crack deviation 0.19

Crack extension 2.56 mm

Estimated a0q 13.60 mm

Jcrlt 137 kN/m

- final crack front too curved )
- crack extension measurement error = 0.207 mm too high
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FRACTURE TOUGHNESS TEST - J,

Ic
according to ASTM E 1820
Specimen no. 15838j
Label D6
Task Bolinder
Type SENB W=2698 mm B=13.46mm B _=10.74 mm
aterial A533B-1 n
Temperature it °C
Yield stress 540 MPa
Precracking max 14
Loading rate 1.72 (lelt load)/(minute)
Fatigue crack 13.60
ax. crack deviation 0.23
Crack extension 2.62 mm
Estimated a0q 13.58 mm
JCIlt 152 kN/m

- crack extension measurement error = 0.573 mm too high
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2014:28 The Swedish Radiation Safety Authority has a
comprehensive responsibility to ensure that
society is safe from the effects of radiation.
The Authority works to achieve radiation safety
inanumber of areas: nuclear power, medical
care as wellas commercial products and
services. The Authority also works to achieve
protection from natural radiationand to
increase the level of radiation safety
internationally.

The Swedish Radiation Safety Authority works
proactively and preventively to protect people
and the environment from the harmful effects
of radiation, now andin the future. The Authority
issues regulations and supervises compliance,
while also supporting research, providing
training and information, and issuing advice.
Often, activities involving radiation require
licencesissued by the Authority. The Swedish
Radiation Safety Authority maintains emergency
preparedness around the clock with the aim of
limiting the aftermath of radiation accidents
and the unintentional spreading of radioactive
substances. The Authority participatesin
international co-operationin orderto promote
radiation safety and finances projects aiming
toraise the level of radiation safetyin certain
Eastern European countries.

The Authority reports to the Ministry of the
Environment and has around 315 employees

with competenciesin the fields of engineering,
natural and behavioural sciences, law, economics
and communications. We have received quality,
environmental and working environment
certification.

Stralsakerhetsmyndigheten
Swedish Radiation Safety Authority

SE-17116 Stockholm Tel: +46 87994000 E-mail: registrator@ssm.se
Solna strandvag 96 Fax:+4687994010 Web: stralsakerhetsmyndigheten.se
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