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Abstract

This thesis aims to conduct an experimental and numerical investigation of the mechanical
properties and fracture performance of welded steel connections. First, in order to study the
fracture of structural steels, the effects of the two key parameters, stress triaxiality and Lode
angle, are discussed based on the experimental data collected from the literature and the test
results of two newly designed specimen types. It is observed that the void growth exponential
function can accurately describe the effect of the stress triaxiality in the whole stress state, and
the effect of the Lode angle can be considered using an exponential function, based on which
a new fracture model is proposed and termed Lode angle modified void growth model
(LMVGM). Second, the mechanical properties in the weld zone and the weld residual stresses
(WRS) are measured from welded connections made of the same steel grade and weld materials
under the same welding process. The mechanical properties of the weld, heat affected zone
(HAZ) and base metal, including their stress-strain relationships and fracture strains under
various stress states, are measured in longitudinal and transverse directions by conducting
tensile tests on a series of miniature coupons extracted from butt-welded plates. The test results
show that the strength and ductility of the HAZ are generally in-between those of the base
metal and the weld. The magnitude and distribution of WRS of fillet welds with different weld
sizes and butt welds are measured from a series of welded cruciform specimens and an end-
plate connection using the neutron diffraction method. Finally, experimental investigation and
numerical simulation of the fracture in welded cruciform specimens are conducted, and it is
concluded that (i) material inhomogeneity in the weld zone has a significant effect on the
performance of the welded connections, and (i1) ignoring the properties of the weld and HAZ
will underestimate the capacity of the connection. Based on the measurement results of the
mechanical properties in the weld zone, the fracture process of the cruciform specimens is
simulated using the calibrated LMVGM, and the good agreement with the test results verifies
the applicability of the proposed fracture model and measurement results of the weld-zone

mechanical properties.

Keywords: Steel, fracture, welded connections, stress triaxiality, Lode angle parameter,
miniature coupons, heat affected zone, stress-strain relationships, fracture strains, weld residual
stress, welded cruciform specimens, end-plate connection, neutron diffraction method,

experiments, numerical simulation.
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Chapter 1  Introduction

1.1 Introduction

This dissertation aims to experimentally investigate and simulate the fracture in welded
connections. In this thesis, first, a new fracture model is proposed to predict the fracture
initiation of structural steels, based on the discussion of the effects of the two key parameters,
the stress triaxiality and the Lode angle. Then the mechanical properties in the weld zone of
welded connections, such as the stress-strain relationships and fracture strains, and weld
residual stresses (WRS), are investigated. Tensile tests are conducted on a series of miniature
coupons to measure the mechanical properties of the weld and heat affected zone (HAZ) and
their results are compared with those of the base metal. The weld residual stresses of fillet
welds and butt welds are measured using the neutron diffraction method. After that, tensile
tests are conducted on welded cruciform specimens to investigate the effect of material
inhomogeneity on the performance of welded connections. The fracture process of the
cruciform specimens is simulated using the proposed fracture model calibrated by the test
results of the miniature coupons extracted from the three material areas. This chapter presents
an overview of the thesis. In Section 1.2, the motivation and methodology of the research are

presented. In Section 1.3, the structure of the thesis is introduced.

1.2 Research motivation and methodology

Steel is a widely used material in structures due to its outstanding performance characteristics,
including strength, durability and flexibility. Numerous notable steel structures have been built
around the world, such as the Sydney Harbour Bridge, Beijing National Stadium and the Eiffel
Tower. In the design of steel structures, the development of highly advanced analysis tools
enables fully nonlinear analyses of the steel structures as a system. This system-based method
is termed the direct design method (DDM) which has been permitted by most standards, such
as AS4100 and AISC360-14. In the DDM, the behaviour and strength of a structure can be
predicted by covering limit states in the analysis, however, fracture in welded steel connections
has not been considered in DDM. In steel structures, fracture in welded connections is one of
the main failure modes, which was observed in the 1994 Northridge Earthquake and the 2011
Christchurch Earthquake. Various fracture mechanics models have been proposed to predict
the fracture initiation of structural steels, but the isolated effects of the two key parameters,

stress triaxiality and Lode angle, have not been studied based on experimental evidence.
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Meanwhile, in welded connections, the high temperature and different cooling rates during the
welding process will locally change the microstructure in the weld zone, which can be divided
into three material areas, viz. base metal, weld and HAZ. Materials in the three areas have
different chemical compositions and/or microstructures, and correspondingly have different
mechanical properties. Although numerous studies have been conducted on experimental or
numerical investigations of fracture in welded steel connections, the effects of the material
inhomogeneity in the weld zone have rarely been discussed, and limited studies have been
carried out on the simulation of fracture in welded steel connections considering the mechanical
properties of the three material areas. Therefore, it is necessary to study the fracture in welded

connections to bridge this gap in DDM.

This doctoral thesis focuses on the mechanical properties and fracture performance of welded
connections under monotonic tensile loading. The welded connections studied in this thesis are
butt-welded plates, welded cruciform specimens and an end-plate connection, which are made
of the same steel grades and weld materials under the same welding process. First, the effects
of the stress triaxiality and the Lode angle on the fracture of structural steels are discussed
under various stress states based on experimental results collected from the literature and the
test results of two newly designed specimen types. Considering the effects of these two key

parameters, a new fracture model is then proposed to predict the fracture initiation of steel.

Second, in welded connections, the high temperature and different cooling rates during the
welding process will cause locally different microstructures, inhomogeneous properties and
residual stresses in the weld zone, which can be divided into three material areas, base metal,
weld and HAZ. The stress-strain relationships and fracture strains of the weld and HAZ are
measured in both longitudinal and transverse directions through tensile tests on a series of
miniature coupons extracted from the butt-welded plates, and their results are compared with
those of the base metal. The magnitude and distribution of weld residual stresses of fillet welds
and butt welds in longitudinal, transverse and normal directions are measured from a series of
welded cruciform specimens and an end-plate connection using the neutron diffraction strain

scanner Kowari at the Australian Nuclear Science and Technology Organization (ANSTO).

Finally, tensile tests are conducted on welded cruciform specimens, and three finite element
models are developed for each specimen type by assuming the stress-strain relationships of the
weld and HAZ are the same as the base metal (FEM-B), adopting the properties of the weld
(FEM-BW) or adopting the properties of both the weld and HAZ (FEM-BWH). The simulated
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results are compared with the test results to discuss the effect of the material inhomogeneity in
the weld zone on the performance of the welded connections. The fracture process of the
cruciform specimens is simulated by considering the local properties of the base metal, weld
and HAZ using the proposed fracture model calibrated by the test results of the miniature
coupons. Therefore, based on the test data and discussion provided by the experimental and
numerical studies, the mechanical properties and fracture performance of welded connections

are comprehensively studied.

1.3 Structure of the thesis

This thesis is written in eight chapters:
In Chapter 1, an overview of the thesis topic is provided.

In Chapter 2, an extensive literature review is conducted about the fracture prediction models,
measurement of stress-strain relationships and fracture strains of weld and HAZ, measurement
of weld residual stresses, and experimental studies and numerical simulation of fracture in

welded connections.

In Chapter 3, the effects of the stress triaxiality and the Lode angle on fracture strains of
structural steels are discussed under various stress states based on the experimental data
collected from the literature and two newly designed specimens. A new fracture model, termed
the Lode angle Modified Void Growth Model (LMVGM) is proposed by predicting the fracture

strains as a function of the two key parameters.

In Chapter 4, a series of miniature flat plate coupons are designed and extracted from the base
metal, weld and HAZ in the weld zone of butt-welded plates. The stress-strain relationships of
the weld and HAZ are measured for both longitudinal and transverse directions and are

compared with those of the base metal.

In Chapter 5, the fracture strains of the weld and HAZ under various stress states are measured
using miniature coupons for both longitudinal and transverse directions and are compared with
those of the base metal. The fracture loci of the three material areas in the whole stress state
regime are then predicted using the fracture model LMVGM calibrated by the test results of

the miniature coupons.

In Chapter 6, the distribution and magnitude of residual stresses generated by fillet welds and
butt welds in welded cruciform specimens and an end-plate connection are measured using the

neutron diffraction method. Based on the measurement results, the effect of weld size and weld
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types on the residual stress patterns of welded connections made by the same materials under

the same welding conditions is discussed.

In Chapter 7, tensile tests are carried out on a series of welded cruciform specimens, and finite
element models are developed to discuss the effects of the inhomogeneity of mechanical
properties in the weld zone. The fracture process of the welded cruciform specimens is then
simulated using the fracture model LMVGM calibrated by the fracture strains of the three

material areas measured from the miniature tests.

In Chapter 8, the thesis conclusions are summarized and the suggestions for further research

are provided.
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Chapter 2  Literature review

2.1 Introduction

This chapter introduced the present understanding of the fracture prediction models, the
measurement methods of mechanical properties in the weld zone and the weld residual stresses,
and the fracture investigation of welded steel connections. Section 2.2 introduced previous
studies about fracture prediction models. The fracture strains of structural steels were highly
affected by the stress triaxiality and the Lode angle, which were used to characterize the stress
states for various loading conditions. Various widely used fracture mechanics models were
then introduced. Different specimen types were tested in previous studies for the investigation
of the fracture under different stress states, and a summary of existing fracture specimen types

was presented.

In welded connections, the steel components are connected by the heating, melting and fusing
of weld materials. During this welding process, the high temperature locally changes the
microstructure around the weld, and the weld zone always includes, from the centreline of the
weld outward, a weld area, a HAZ area, and an unaffected base metal (BM) area. Materials in
the three areas have different chemical compositions or microstructures, and correspondingly
have different mechanical properties. The mechanical properties of the weld and HAZ,
including their stress-strain relationships and fracture strains, and weld residual stresses, will
have a significant effect on the performance of welded connections. However, these properties
have not been fully considered in the fracture analysis of welded connections. To summarize
the measurement methods and recent results, Section 2.3 briefly introduced previous research
on the weld-zone mechanical properties and WRS. Numerous experiments were carried out on
welded connections to study their strength and failure mode under monotonic tensile loading,
and some fracture models were used to simulate the fracture process of connections. In Section
2.4, an overview of previous investigations on experiments and numerical simulations of

fracture in welded connections was provided. Section 2.5 summarizes the whole chapter.

2.2 Fracture mechanics models

2.2.1 Characterization of stress states
A series of parameters are defined to characterize the stress states for various specimen types

under loading conditions. Letting g1, 02 and o3 denote the three principal stresses, the first
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invariant of the stress tensor, /1, and the second and third invariants of the stress deviator tensor,

J> and J3, are given respectively as:

I, =0,+t0,t0,=30, (2-1)

_ 1 2 2 2 (2‘2)
Jz _g|:(o-l_o-2) +(62'63) +(61'63) :|

J, =(0,-0,)(0,-0,,)(0;-0,) (2-3)

where om = (o1+02 +03)/3 is the hydrostatic stress. The von Mises stress o is defined as a

function of J; as follows:

o= (. 24

The stress state of a material point can be characterized by the stress triaxiality 7" and Lode
angle parameter ¢, defined in terms of the normalised first invariant of the stress tensor, /1, and

the normalized third invariant of the stress deviator tensor, J3, respectively:

7=t (23)
3o
27J. (2-6)
$=—=
20
The Lode angle parameter ¢ is related to the associated Lode angle 6 as follows,
E=as (36) (2-7)

Note that 8 ranges between 0 and n/3, and hence the range of £ is between -1 and 1. Two other
related parameters, which are sometimes adopted to describe the Lode angle dependence, are

normalized Lode angle 6 and the Lode parameter L, which are defined as follows,

1 @
T
;25795 _%7% 9
a-¢ T

In Eq. (2-9), =(01-03)/2 and g13=(01+03)/2 are the maximum shear stress and the normal stress
on the same plane, respectively. The Lode angle parameter ¢ is closely related to the normalized

Lode angle 6 and Lode parameter L as follows,
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. cosE -5 } (2-10)

_L(L-3)L+3) (2-11)

§ (LZ + 3)3/2

In the space of stress triaxiality and Lode angle parameter, as shown in Fig. 2-1, the main
distinguishing stress states are located in different quadrants. The values of Lode angle
parameter for several common stress states are as follows: (1) tensile axisymmetric stress state,
with o2 equal to g3, corresponds to ¢=1; (2) compressive axisymmetric stress state, with o1 equal
to a2, corresponds to ¢=-1; and (3) plane strain, with o2 = (g1+ 03)/2, corresponds to {=0. For
instance, the axisymmetric tensile (i.e. 7> 0, £ = 1), equi-biaxial tensile (i.e. 7> 0, £ = -1),
axisymmetric compressive (i.e. 7' < 0, ¢ = -1) and equi-biaxial compressive (i.e. 7<0, = 1)
stress states are located in the first, second, third and fourth quadrants, respectively. The plane
stress state (dashed line in Fig. 2-1) crosses all four quadrants, under which 7" and ¢ are related

by the following expression

27 1 (2-12)
E=-S T -3).
2 3
E?;Iifr:ax'al Axisymmetric
P S tension —n]
~ 3 R
E Plane stress  |Plane strain____ == %
= e
g 0 = T = 1 0
= -
@ '% "::::::-n_____ Equi-biaxial
b T Compression’y| -
2 o Axisymmetric 3
compression

Lode angle parameter ¢

Figure 2-1. Stress states plotted on the plane of stress triaxiality versus Lode angle parameter.

In Fig. 2-1, the stress states in the top shaded region, above the plane stress state, are considered
as high stress triaxiality. Medium stress triaxiality refers to a stress state in which the stress
triaxiality is non-negative but not sufficiently high to make all three principal stresses positive
(tensile). The medium stress triaxiality states fall in the yellow shaded region between the top
segment of the plane stress state and the abscissa (the axis of the Lode angle parameter). Pure
shear and combined shear and tension stress states are typical examples of medium stress

triaxiality states. Low stress triaxiality refers to a negative stress triaxiality state in the blue
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shaded region below the abscissa, which can be achieved by combined shear and compression

and three-dimensional compression.

Since the values of the stress triaxiality and Lode angle parameter normally vary during plastic
deformation, their equivalent average values are employed in the fracture analysis to reflect the
loading history. The average values of stress triaxiality 7avg and Lode angle parameter &avg Over

the loading history are calculated as:

| e (2-13)
T =—|  Tde,
gf

1 ce (2-14)
&= ],

‘9f 0
where ¢r and ¢p are the fracture strain and equivalent plastic strain, respectively. The stress and

strain tensors needed to calculate 7, ¢ and ¢, can be obtained from finite-element analyses.

2.2.2 Fracture models considering the effect of stress triaxiality

Over the last four decades, a substantial body of research has been conducted to understand the
underlying mechanisms governing the ductile fracture of metals including the prediction of
fracture initiation as a function of local plastic strain and multi-axial stresses. Microscopically,
ductile metals fracture due to the nucleation, growth and coalescence of microvoids [1], based
on which a variety of fracture mechanics models have been proposed to predict the fracture
initiation.

Rice and Tracy [2] studied the effect of the stress triaxiality, defined as the ratio of the
hydrostatic stress to the von Mises stress, on the growth rate of a spherical void in an infinite
axisymmetric continuum. They concluded that the growth rate of a spherical void with a radius
of Ry in a rigid-plastic continuum relates to the plastic strain rate dep and the stress triaxiality 7

through the following,

dR
*=0.283dg e’
R

v

(2-15)

It is generally acknowledged that when subjected to high stress triaxiality, ductile metals
fracture when the microscopic voids grow to a critical size, causing coalescence of voids [2].
Hence, following Eq. (2-15), the fracture initiation strain &r is assumed to be inversely
proportional to void growth rate, and thus decreases exponentially as the stress triaxiality

increases, 1.€.,
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gf:a-e_bT (2’16)

where a and b are free parameters. Herein, Eq. (2-16) is the so-called void growth-based
exponential function, i.e., VGEF. Since Eq. (2-15) was first proposed, several fracture initiation

models have been developed with forms similar to Eq. (2-16).

Hancock et al. [3] added the strain at which the microscopic voids nucleate to the right-hand
side of Eq. (2-16), and assigned a value of 1.5 to parameter b to be consistent with Eq. (2-15),

thereby expressing the fracture strain as:

gf:é}l +a.e_15T (2-17)

where &, is the void nucleation strain, which Hancock et al. [3] found to be about 0.2. Following

this form, Johnson and Cook [4] proposed the more general expression for the fracture strain:

g=c+ae” (2-18)

Another prominent model, termed the Void Growth Model (VGM) [5], is expressed as follows,

D= nje”dgp (2-19)

where # and / are two free parameters and fracture occurs when D=1. The VGM is essentially

the integral form of the VGEF.

VGEEF is the foundation of the fracture initiation models described above, along with other
similar models that have been presented in the literature. The validity of the VGEF has
generally been established for regions of moderate to high stress triaxiality based on cylindrical
notched bar tests and is further substantiated by microscopic images of the dimpled fracture
surface. A remaining challenge, which is addressed by the tests describe below, is to further
valid the VGEF for low stress triaxiality regimes where the microscopic voids grow more

slowly with plastic strain.

2.2.3 Fracture models considering the effects of stress triaxiality and Lode angle

Recent numerical [6] and experimental [7] studies have shown that stress triaxiality by itself is
insufficient for determining the fracture strain, especially for low triaxiality stress states. Zhang
et al. [6] performed numerical three-dimensional analyses of a spherical void contained within
a cubic cell under various stress states. The results showed that the effect of Lode angle cannot
be ignored, and that the effect increases as the stress triaxiality decreases. Barsoum et al. [7]
designed and tested a series of double notched tube specimens. The fractography of the fracture

surfaces revealed (1) that the fracture mode at low stress triaxiality is characterised by internal
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void shearing, as compared to the internal void necking mode occurring at high stress triaxiality,

and (2) that the Lode angle plays a significant role in the transition between the fracture modes.

Following these initial studies, the effect of the Lode angle has been a field of active research,
and several fracture models have been proposed to incorporate the Lode angle effect [8-15]. In
the phenomenological fracture models proposed in [8-9], the Lode angle effect was empirically
considered along with the stress triaxiality, while recently numerical methods were employed

[10-11] to evaluate the effect of the Lode angle on the growth and change of the shape of voids.

Accordingly, some VGEF-based fracture initiation models have been modified to incorporate
the effect of the Lode angle. Xue et al. [8] assumed that the most and least favourable conditions
for fracture are the axisymmetric (&=1) and plane strain ({=0) stress states, respectively.
Therefore, by using two VGEFs to describe the fracture criteria corresponding to these two

stress states, the Xue-Wierzbicki model is expressed as:

g = Cle = (Cle ™ = Cie )= ¢y 2-20)
in which Ci, (3, C3 and C; are free parameters. Xue et al. [8] assumed an even integer for 1/n,

such that Eq. (2-20) implies a symmetric fracture locus with respect to £.

Bai et al. [9] suggested that in addition to the {=1 and &=0 stress states, the {=-1 stress state
should also be a limiting case in the fracture locus. After introducing another VGEF for the &=-

1 stress state, the Bai-Wierzbicki model takes the following form:

- — 2-21
& = [%(Dle_DzT +De ") = De " } 0 + %(Dle_DzT — D, "")0 + De ™ (2-21)
where D) to Ds are free parameters and 6 is a modified form of the Lode angle parameter,

related to ¢ by the expression ¢=sin( 6-1/2).

Smith et al. [14-15] proposed a Stress-Weighted Ductile Fracture Model (SWDFM) based on
Rice and Tracey’s void growth theory [2] and observations from finite element plasticity
simulations of void growth as well as the fractographic analyses of fracture surfaces. The

SWDFM is expressed as,

(2-22)

D = Coyppy x| {exp(l 37) —[

&

jexp(—l .3T)} exp| kgwor (€] 1) e,

o SWDFM

where CswprMm, fswprm and kswprwm are free parameters.
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In addition to fracture models using VGEF to describe the stress triaxiality effect, other fracture
initiation models have been proposed , which describe the effect of stress triaxiality using other
functional forms [16-20] or simply neglect the stress triaxiality effect for stress states with low
stress triaxiality [21]. Lou and Huh [16-17] analysed the damage accumulation induced by
nucleation, growth, and shear coalescence of voids and developed a shear-controlled ductile
fracture model (LHM) with the stress triaxiality and Lode parameter as variables in the form

of,

el (7

where L is the Lode parameter, which is related to the Lode angle parameter ¢ through Eq. (2-

_]x, when x>0 (2-23)
%, with =g, gpen x<0

11), and C; to C; are free parameters.

Despite numerous fracture models considering the effect of Lode angle, its effect on fracture
strains is still not fully understood. These fracture models are primarily based on numerical
observations. Moreover, in most of the experimental studies, the effect of the Lode angle was
generally not isolated, since the analyses are based on experimental results of specimens
featuring both different Lode angles and different stress triaxialities. Therefore, it is necessary
to conduct experimental investigation of the Lode angle effect using the test results of
specimens under stress states with identical stress triaxiality to eliminate the stress triaxiality

effect.

2.2.4 Specimen types for fracture tests

To evaluate the fracture strain of ductile metals under varying stress states, experiments have
previously been conducted on various types of specimens for different stress states [10,14,22-
23]. The most common specimen types for fracture analysis are smooth and notched round bars
[10], as shown in Fig. 2-2(a). These specimens generally generate a tensile axisymmetric stress
state with high 7'and £=1 in the first quadrant in Fig. 2-1. Bridgman [24] tested smooth round
bars under longitudinal tensile loading in a high-pressure chamber, where the circumferential
pressure generated the equi-biaxial compression stress states with medium or low stress

triaxiality states with =1 in the fourth quadrant in Fig. 2-1.

Another widely used specimen type is grooved plates [25], as shown in Fig. 2-2(b), which
represents the plane strain stress state with high 7" and =0 in the first quadrant in Fig. 2-1. Note
that there is a lack of test data set that covers the continuous range of stress triaxiality from low

to high stress triaxiality regimes with {=0. One exception is the double notched specimens in
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[26], which generate stress states with stress triaxiality ranging between -0.24 and 0.64, but the
stress triaxiality of 0.64 is apparently not high enough for the effect of high stress triaxiality to
be reflected. Inclined notched specimens [27], as shown in Fig. 2-2(c), are also tested under
longitudinal loading at both ends for stress states in the first quadrant in Fig. 2-1. By changing
the inclining angle from 0 to 90 degree, the loading condition in the central area changes from
pure shear, combined tension and shear, to uniaxial tension and the stress states with positive
T and ¢ ranging from O to 1 can be generated. The equi-biaxial tension state with positive 7 and

= -1 in the second quadrant in Fig. 2-1 can be tested using the disk specimen [28], punch
specimen [29], and Nakajima specimen [30], as shown in Fig. 2-2(d). For the stress states in
the third quadrant in Fig. 2-1, Bai et al. [27] conducted compression tests on short cylindrical
specimens and large diameter round bars with notches in the middle, as shown in Fig. 2-2(e),

to generate the compressive axisymmetric stress state.

It is noticed that there are limited specimen types available for stress states with constant stress
triaxiality. One of the rare exceptions is the study by Smith et al. [14], where a series of
rectangular notched specimens were designed to generate a series of stress states with the Lode
angle parameter (¢) ranging from 0 to 1, while the stress triaxiality (7) was approximately
constant, equal to about 1.1, as shown in Fig. 2-2(f). While these tests provide valuable
experimental data to isolate the effect of the Lode angle, they only cover a narrow range of
stress states, i.e. 7=1.1 and 0<¢<1.0. Therefore, additional data are required to evaluate the
Lode angle effect over a wider space of stress states, particularly the range of moderate stress

triaxialities where the Lode angle effect is more pronounced [6].

To provide experimental data for the stress states with limited data available, two new specimen
types were designed and introduced in Sections 3.2.1 and 3.3.1. Together with results collected
from the literature, the effects of stress triaxiality and Lode angle are investigated and a new

fracture model is proposed in Section 3.4.
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(a) Smooth and notched round bars [10] (b) Grooved plates [25]

(d) Disk specimen [28]

(¢) Inclined notched specimen [27]

(e) Compression cylindrical specimens [27] (f) Rectangular notched specimen [14]

Figure 2-2. Widely used specimen types for fracture under various stress states.
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2.3 Measurement of weld-zone mechanical properties and WRS

2.3.1 Characterization of weld zone

Welding is one of the most common methods in civil engineering for connecting steel
components for its high manufacturing speed, flexibility and reliability with low costs [31].
However, welding is a complex metallurgical process. In a welded connection, the steel
components are connected by melting and fusing of the weld material and a portion of base
metal. During this process, the high temperature and different cooling rates lead to locally
different microstructures, inhomogeneous properties and residual stresses in the weld zone,
which can then be divided into three material areas, base metal, weld and heat affected zone
(HAZ). To investigate the heterogeneous properties in the weld zone, the first step is to
characterize the areas of weld, HAZ and base metal. In previous research [32-34],
microstructure observation and hardness tests are common methods to determine the shapes

and distributions of weld and HAZ.

To identify the weld, HAZ and base metal by observing the microstructure in the weld zone,
specimens are normally cut perpendicular to the weld, and the cross-sections are subsequently
polished and chemically etched. The fusion line and the line between HAZ and base metal can
then be observed, as shown in Fig. 2-3 [35]. The distinct features in the weld zone become
visible, including geometries of weld and HAZ, and multiple weld passes. Fig. 2-4 presents the
SEM images of the microstructure of the base metal, weld and HAZ in a welded steel
connection [33]. The base metal consists of martensite and ferrite dual phases (Fig. 2.4(a)),
while weld mainly exhibits martensite (Fig. 2.4(b)). It is observed that the microstructure in
HAZ is inconsistent, and this material area can be divided into two parts: HAZ near weld that
mainly consists of martensite (Fig. 2.4(c)), and HAZ near base metal where is dual phases of
martensite and ferrite (Fig. 2.4(d)). The difference of microstructure in the weld zone can be
explained by different peak heating temperatures and cooling rates during the welding process
[36]. The weld is heated to melting at the highest peak temperature and then is cooled down at
the highest cooling rate, which forms a full martensite microstructure in the weld. In the HAZ,
the material is partially heated to melting with a lower peak temperature followed by rapid
cooling, which forms the martensite microstructure in the part near the weld and remains the
dual phases in the part near the base metal. In the case of welding with multiple running passes,
the weld zone experiences several cycles of heating and cooling, which will lead to a more

complex microstructural distribution and property distribution, especially in the HAZ.
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In addition to the discussion of the microstructure in the weld zone, Fig. 2-5 shows a grid of
Vickers indents across the weld zone and the corresponding hardness map of a butt weld [37].
The highest hardness is observed in the weld because of the martensite microstructure, which
has higher hardness and strength than the ferrite microstructure. As discussed, different parts
in the HAZ experience different heat treatments during the heating and cooling cycles, resulting
in various microstructures, which lead to inconsistent hardness distributions in the HAZ. The
material heterogeneity of the weld zone is further verified by this hardness map, and therefore,
it is necessary to determine and consider the inhomogeneous mechanical properties in the weld

zone for accurate understanding and simulation of welded connections.

Weld Fusion Zone

— (WF2)
/ :_\_ Weld Passes

Heat Affected Zone
(HAZ)

Base Metal
(BM)

Figure 2-3. Macroetched image of a butt weld [35].

Figure 2-4. Microstructure of (a) base metal; (b) weld; (¢) HAZ near weld; (d) HAZ near base
metal [33].
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Figure 2-5. Vickers hardness map of a butt weld [37].

2.3.2 Stress-strain relationships of weld and HAZ

Through tests of coupons, the strengths and stress-strain curves of metals (i.e.,) can be easily
obtained. The conventional method to obtain the properties of the weld zone in welded
connections is to conduct tensile tests on standard specimens [38-39]. As shown in Fig. 2-6,
the standard specimens are extracted from the weld or HAZ of welded connections, but
conventional coupons are in the scale of the centimetre, which is obviously too large for the
tests of HAZ, the width of which is normally around 2 to 5 mm [31]. Therefore, it is difficult
to ensure the parallel part of the coupon consists of only the material in the HAZ and get reliable
properties of the HAZ. In addition, for many practical welded connections with small or
awkwardly located welds, it is not possible to extract standard specimens from weld or HAZ,
and the alternative method is to test the specimen extracted from a standard butt-welded plate
using the same weld and base metal. However, the obtained properties may not be transferable
to the practical connections since the effects of different connection geometries and different

heat treatments during the welding process are ignored.

(a) Extraction from a welded plate [38] (b) Extraction from a T-connection [39]

Figure 2-6. Tests on standard specimens.
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Recently, three other methods have been used to identify the local properties of weld and HAZ:
1) Perform the Vickers hardness test and then compute the material yield stress and tensile
strength through empirical hardness-strength correlation functions [36, 40-43]. Pavlina et al.
[40] collected the hardness values and yield and tensile stresses for over 150 steel grades
covering a wide range of compositions and microstructures and determined the correlation of
the yield and ultimate stresses to the hardness values using regression analysis, as shown in
Fig. 2-7. Pham et al. [42] conducted nanoindentation across the weld zone to estimate the
mechanical properties of the weld, base metal and HAZ, as shown in Fig. 2-8 and it is
concluded that the weld has the highest elastic modulus and hardness and the base metal has
the lowest values, while the properties in the HAZ gradually decrease from the weld part to the
base metal part. Among these investigation methods, the hardness-strength correlation method
has a relatively simple test process, but its accuracy highly depends on the precision of the

correlation functions, which also change between materials.

2000 ¢ 2500
1800 + i % ¢
L L]
< 1600 1 tee = 2000 *3n
a 1 P - o
s 1400 1 e s I
,%, 1200 T 3 "..,' . ._% 1500 + ‘
¢ 1000 + s 8. . £ ;“'n'\ .
— i - . =
& 800+ . AE,-.- ® 1000 + 13
I @
E 600 T Ky "L " g,., - - ..
> 4001 e S 5001 o2 %",
200 +
0 . t = t ) t + + 0 ; N ; N } N 4 . ; .
100 200 300 400 500 600 700 100 200 300 400 500 600 700

Diamond Pyramid Hardness

(a) Plot of yield stress and hardness

Diamond Pyramid Hardness

Figure 2-7. Linear correlation between strength and hardness [40].
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(b) Plot of tensile stress and hardness

Figure 2-8. Distribution of elastic modulus and hardness across the weld zone [42].
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2) Extract miniature coupons with the cross-sectional dimension of the millimetre from the
weld and HAZ, and perform tests on the miniature coupons [33, 44-49]. Due to the small and
irregular shapes of weld and HAZ, miniature coupons are designed and extracted from the three
material areas to directly measure their material properties, as shown in Fig. 2-9. To support
these miniature coupons, a pair of grippers need to be made and fixed in a special test frame
with the digital image correlation (DIC) system to measure the local deformation within a small
gauge length, as shown in Fig. 2-10. Among all the measurement methods, the greatest
advantage of the miniature tensile test method is that the properties of weld and HAZ can be
directly obtained, but the manufacture of miniature coupons is difficult, and special testing

frames are required resulting in a complex fabrication and testing process.

Figure 2-9. Geometry and dimensions of miniature tensile test specimen [48].

Light source DIC camera

Figure 2-10. Test frame for miniature tensile tests [33].

3) With the help of the DIC system, the material properties can be measured based on the strain
distribution in the welded area [50-55]. Reynolds and Duvall [50] first introduced the method
of determining the properties of the weld, HAZ and base metal using DIC. In this method,
tensile tests are conducted on transverse weld samples, as shown in Fig. 2-11, and the strain
fields over the loading process are captured by DIC, as shown in Fig. 2-12. After calculating
the local stress using the iso-stress assumption [50] or using the virtual field method [51], the

stress-strain relationships of the three material areas can be obtained. In this method, the
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difference in properties between the longitudinal and transverse directions is ignored. Since
only the surface strain can be obtained using DIC, it is assumed that the strain distribution is

the same through the thickness, so this method is less accurate for bulk material.

Figure 2-11. A transverse weld sample (1-weld, 2-HAZ, 3-base metal) [52].

Figure 2-12. Strain maps measured by DIC during the loading process [53].

2.3.3 Fracture strains of weld and HAZ

A great number of coupon tests have also been conducted to evaluate the fracture strains of
base metal, weld and HAZ materials. Similar to the measurement of stress-strain relationships
over the weld zone, the conventional method is conducting tensile tests on normal-size
specimens [38-39, 56-57]. As introduced in Section 2.2.4, the fracture strain of a ductile metal
is notably affected by the stress state the material is subjected to, so the coupons are designed
with various geometries to generate different stress states, e.g., notched round bars for
axisymmetric tri-axial tension states and grooved plates for plane strain tri-axial tension states,
as shown in Fig. 2-13. However, as stated in Section 2.3.2, the normal-size coupons are always
too large for the weld and HAZ areas, and it is difficult to extract normal-size coupons from
practical weld connections. In addition, the difference in properties between the longitudinal

and transverse directions cannot be determined using normal-size specimens.
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(a) Notched round bars (b) Grooved plates

Figure 2-13. Normal size specimens for fracture strains of weld, HAZ and base metal [57].

Tests on specially designed miniature coupons for various stress states are thus preferred to
investigate the fracture strains of small-scale materials. Mae et al. [58] tested mini-notched and
unnotched bars and mini-flat butterfly coupons to characterise the fracture properties of a cast
aluminium alloy, as shown in Fig. 2-14. Gorji et al. [59] conducted experiments on aluminium
alloy 6016-T4 using miniature uniaxial tension coupons, notched tension coupons, central hole
coupons and smiley shear coupons, as shown in Fig. 2-15. Miniature coupon tests for various
stress states were also conducted on welded connections. Pandya et al. [60] developed a micro-
tensile testing technique to characterise the fracture strains of weld and HAZ materials in a
resistance spot weld of dual-phase steel sheets, as shown in Fig. 2-16. Despite the many
methods and studies summarised above, limited experimental data is available for structural
steel weld and HAZ materials, and the differences in the fracture strains between the

longitudinal and transverse directions are hardly discussed.

(a) Specimen preparation (b) Test setup for miniature round bars

Figure 2-14. Miniature coupon tests on a cast aluminium component [58].
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Figure 2-15. Experimental results of miniature central hole coupons: (a) Force-displacement
curve, (b) top view of fracture specimen, (c) evolution of the surface strain field [59].

Figure 2-16. Location of miniature tensile coupons extracted from the weld and HAZ [60].

2.3.4 Waeld residual stresses
Weld residual stresses are the internal stresses in a welded connection which are in equilibrium
with the surroundings [61-62]. The heating and cooling in the welding process lead to a non-
uniform temperature distribution and differential contractions within the weld zone, and
residual stresses are formed by the constraint of the weld contraction by the surrounding base

metal when the weld solidifies [63]. For a single-pass butt weld, the typical distributions of the
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residual stresses in the longitudinal and transverse directions are shown in Fig. 2-17. Residual
stresses can overlap or offset the service-induced stresses and then be detrimental or beneficial.
Therefore, it is necessary to conduct experimental measurements to quantitatively investigate

the magnitude and distribution of weld residual stresses.

Figure 2-17. Distribution of residual stresses (a) longitudinal; (b) transverse [64].

Various measurement methods have been used to evaluate the weld residual stresses, including
destructive methods [61, 65], such as slitting [66-68] and hole drilling [69-73], and non-
destructive methods, such as X-ray diffraction [75-77] and neutron diffraction [78-81]. The
slitting method is a mechanical relaxation technique and is well suited for through thickness
measurement [67], in which a planar slit is cut from the component and the residual stress is
calculated from the deformation near the slit due to stress release, as shown in Fig. 2-18(a).
Hole drilling method is another destructive method, in which the residual stress is determined
based on the redistributed strain field formed by drilling a hole through the centre of a strain
gauge rosette, as shown in Fig. 2-18(b). In these destructive methods, the accuracy of the
measurement highly depends on the gauge volume, which is the size of the cut strip, and the
relatively large gauge volume leads to a coarse stress gradient [74], as shown in Fig. 2-19. In
the non-destructive methods such as diffraction techniques, the lattice spacing is used as the
gauge volume, which can provide more information and increase the measurement accuracy.
The X-ray diffraction method [75-77] is suitable for surface measurement, in which normal

stress is normally assumed to be zero, and the in-plane residual stresses are determined by
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measuring lattice spacing under various angles [61]. Compared to X-ray diffraction, the
neutron diffraction method has a similar measurement technology but with better penetration
because neutrons interact with nuclei while X-ray interacts with electrons [63]. Therefore, the
neutron diffraction method is outstanding in providing high-resolution results in small gauge
volumes and under various thicknesses, and it has been widely used to investigate the

magnitude and distribution of weld residual stresses in three directions [78-81].

(a) Slitting method [68] (b) Hole-drilling method [70]

Figure 2-18. Destructive methods of residual stress measurement.

Averaged tensile residual stress & ~Accurate peak tensile

enlarged tension areas LD residual stress & regions
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Measured plate Welds Measured plate Welds
(a) Destructive method (b) Non-destructive methods

Figure 2-19. Comparison between destructive and non-destructive methods [74].
2.4 Investigation of fracture in welded connections

2.4.1 Experimental investigation
Fracture of welded connections is one of the primary failure modes in steel structures, and

numerous experimental investigations have been carried out on simple specimens or large-
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scale welded connections to study their failure mode and fracture behaviour. The photos of
fractured simple specimens, such as T-stubs [82-83], local welded specimens [84], lap-welded
specimens [85], and welded cruciform specimens [86-87], and the photos of fractured large-
scale welded connections, such as welded CHS-RHS joints [90], square column and H-beam
joints [91], RHS-to-RHS T-connections [92], and end-plate connections [93], are summarized
in Figs. 2-20 and 2-21, respectively. It is observed that fracture always occurs in the weld area
or HAZ area within the weld zone of the weld connection with large-scale plastic deformation,
and it is indicated that the determination of the weld-zone mechanical properties is critical to

the investigation of the fracture performance of welded connections.

(a) T-stub [82]

Residual —
WM M

(c) Lap-welded specimen [85] (d) Welded cruciform specimen [87]

Figure 2-20. Tests of fracture in simple welded specimens.
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(a) Welded CHS-RHS joint [90] (b) Square column and H-beam joint [91]

(e) H-section connections [94] (f) Square tube connections [95]

Figure 2-21. Tests of fracture in large-scale welded connections.

2.4.2 Numerical investigation

Various fracture prediction models were adopted to simulate the fracture initiation of welded
connections, including the CTOD method [98], the J-integral method [97], VGM [91], SMCS
[99] and the Hosford-Coulomb model [94]. As explained in Section 2.3, the mechanical

properties in the weld zone are inhomogeneous, but in the analysis or finite-element (FE)
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simulations of welded connections, the properties of the weld and HAZ are normally assumed
to be the same as those of the base metal [84, 88, 94, 96-97]. This simplified assumption is due
to the lack of experimental data related to mechanical properties of the weld and HAZ areas

and may lead to inaccurate prediction of the performance of welded connections.

Recent studies have started to measure the mechanical properties of the weld and include them
in the numerical simulation of welded connections. Shi et al. [85] conducted tensile tests on a
series of lap-welded joints, and it was observed that the fracture always initiated from the weld
root and propagated through the weld area. Coupon tests were carried out on rectangular
specimens and smooth and notched round bars extracted from the weld, as shown in Fig. 2-
22(a), to obtain the fracture strains and calibrate the fracture parameters of VGM and Stress
Modified Critical Strain Model (SMCS). The fracture strains of two weld materials (ER55-G
and ER55-D2) were compared, and it was concluded that the weld material with higher yield
stress (ER55-D2) showed lower ductility. The fracture process of lap-welded joints was
simulated, as shown in Fig. 2-22(b), and predicted using the two fracture models, and VGM

provided better predictive results.
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(a) Coupons for various stress states (b) Distribution of weld and base metal

Figure 2-22. Fracture simulation of lap- welded connections [85].

Ran et al. [89] conducted tensile tests on lap-welded connections and cruciform welded
connections, and it was observed that fracture occurs in the weld zone for both specimen types
and the fracture was more likely to be located near the fusion line in the cruciform specimens.
To determine the fracture strains of the weld and base metal, the smooth and notched round
bars and rectangular notched specimens were extracted from a butt-welded plate, as shown in
Fig. 2-23(a), and it was found that weld has lower fracture ductility than the base metal. Finite

element modes were established for welded connections using the properties of the weld and
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base metal obtained from the coupon tests, where the weld zone was extended 0.5 mm into the
base metal and its shape was simplified as rectangular, as shown in Fig. 2-23(b). The fracture
process of the welded connection was simulated using the Bai-Wierzbicki model which

considered the effects of both stress triaxiality and Lode angle.

(a) Coupons for various stress states (b) Distribution of weld and base metal

Figure 2-23. Fracture simulation of welded cruciform connections [89].

In these recent research results, although the mechanical properties of the weld area were
measured and included in the numerical simulation of welded connections, the mechanical
properties of the HAZ area were ignored. In addition, the difference in properties of the weld
zone between longitudinal and transverse directions was not considered in the fracture analyses.
Therefore, to achieve an overall understanding of the performance of welded connections, it is
necessary to conduct a detailed investigation of the mechanical properties of the three material
areas in the weld zone in both longitudinal and transverse directions and to include these

measurement results in the fracture simulation of welded connections.

2.5 Summary

This chapter introduced previous investigations about the fracture prediction models, the
mechanical properties in the weld zone, the weld residual stress and fracture investigation of
welded steel connections. As summarized in Section 2.2, experimental and numerical analyses
have determined that the stress triaxiality and the Lode angle are the key factors for the fracture
of structural steels. Various fracture models have been proposed and used to predict fracture
initiation by considering the effects of stress triaxiality and Lode angle. In terms of the stress
triaxiality effect, the void growth-based exponential function is the foundation of many models
and has been widely used to describe the effect of the stress triaxiality, but its applicability to

stress states with low stress triaxiality has rarely been discussed. The Lode angle effect has
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been considered in many fracture models based on numerical observations, but its isolated
effect has not been investigated using experimental methods. Therefore, it is necessary to
discuss the effects of the stress triaxiality and the Lode angle for the whole stress states based

on experimental evidence.

Due to locally different microstructures and inhomogeneous properties, the weld zone can be
divided into three material arecas, the base metal, weld and HAZ. Section 2.3 introduced
methods of measuring the mechanical properties of the weld and HAZ, including their stress-
strain relationships and fracture strains under various stress states, and weld residual stresses.
Among the methods of determining their mechanical properties, the test of miniature coupons
is the only method to directly measure the properties of the three material areas in both the
longitudinal and transverse directions. Although the mechanical properties of the weld and
HAZ have been measured by some previous studies, limited experimental data is available for
the weld and HAZ materials used in steel structures, and the difference in the properties
between longitudinal and transverse directions has rarely been discussed. Measurement
methods of the weld residual stresses were introduced, and the neutron diffraction method is
outstanding in providing high-resolution results in small gauge volumes and under various
thicknesses. Section 2.4 introduced previous experimental investigation and numerical
simulation of fracture in welded connections. It is observed that fracture always occurred in
weld zone, and it is indicated that determining the weld-zone mechanical properties is critical
for fracture investigation of welded connections. Although the mechanical properties of the
weld area have been included in some studies, the properties of the HAZ area were always
ignored, and the difference in properties of the weld zone between the longitudinal and
transverse directions has hardly been discussed. Therefore, it is necessary to conduct a detailed
investigation of the weld-zone mechanical properties and discuss their effects on the

performance of the welded connections.
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Chapter 3 A new fracture model considering the effects of stress

triaxiality and Lode angle

3.1 Introduction

In this chapter, the effects of the stress triaxiality and the Lode angle on fracture strains of
structural steels are discussed under a wide range of stress states. Considering that fracture
strains are affected by these two parameters, test results with constant values of stress triaxiality
or Lode angle parameter were collected from the literature to discuss the isolated effect of each
parameter. Two specimen types were designed for stress states with limited test data available,
including plane strain specimens for stress states with the Lode angle parameter being 0 and

rectangular notched specimens for stress states with stress triaxiality being 0.6.

In Section 3.2, the effect of the stress triaxiality on fracture strains of steels is discussed. In
available fracture initiation models, the void growth-based exponential function (VGEF) was
widely used to describe the effect of stress triaxiality. Its validity has largely been demonstrated
for loading conditions with high stress triaxiality, but it has rarely been validated for situations
with medium to low stress triaxialities. To fill this knowledge gap, the dependence of fracture
strains on the stress triaxiality over the entire stress triaxiality regime was investigated based

on test data collected from published literature and the newly designed plane strain specimens.

In Section 3.3, the effect of the Lode angle is investigated based on experimental data. As
mentioned in Section 2, the Lode angle has a significant effect on fracture, but existing studies
of the effect of the Lode angle were primarily based on numerical observation. This section
aims to discuss the effect of the Lode angle on the fracture strain of steels based on the fracture
strains obtained from both the literature and newly designed rectangular notched specimens. It
was observed that the influence of the Lode angle could be modelled by an exponential function

of the Lode angle parameter.

In Section 3.4, having evaluated the effect of the Lode angle, a new fracture model termed the
Lode angle Modified Void Growth Model (LMVGM) is proposed, which can be used to predict
the fracture strains of steels as a function of stress triaxiality 7" and Lode angle parameter, ¢.

Section 3.5 summarizes the whole chapter.
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3.2 The effect of stress triaxiality

3.2.1 Tests on plane strain specimens

3.2.1.1 Specimen design

The flat grooved specimen (Fig.2-2(b)) and inclined notched specimen (Fig.2-2(c)) with an
inclining angle of 0-degree have been widely adopted to generate =0 stress states in the high
and medium stress triaxiality regimes, respectively. By combining the features of these two
specimen types, a new plane strain specimen type was designed, as shown in Fig. 3-1, to
investigate the er -7 dependency at more closely spaced stress triaxiality values between 0 and
1.0. To generate the plane strain stress state, the Plane Strain (PS) specimen was designed with
the thickness much larger than the in-plane dimension of the central region where the plastic

deformation localized.

Figure 3-1. Geometry of Plane Strain (PS) specimens.

Similar to the inclined notched specimens, the inclining angle of the central region is changed
to generate different stress triaxiality at the central region. As shown in Fig. 3-1, Specimens

PS0, PS30, PS45, PS60 and PS90 features inclining angles of 0°, 30°, 45°, 60° and 90° in the

centre region, respectively. Ideally, the central region of Specimens PSO is subjected to pure
shear. However, for high ductility materials, the inclining angle of the central region may
increase as the specimen deforms and rotates, leading to a stress triaxiality slightly higher than

0. The central region of Specimen PS90 is subjected to a high stress triaxiality, the value of
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which depends on the radius of the two cylindrical holes forming the central region. For

specimens with inclining angles between 0° and 90°, the central region is subjected to a stress

triaxiality between those of the PSO and PS90 specimens.

3.2.1.2 Stress-strain relationship

Two standard Smooth Round Bar (SRB) coupons, SRB1 and SRB2, were extracted from a 20
mm thick plate of steel grade AS350 [100], the same plate from which the PS specimens were
extracted. The SRB geometries are shown in Fig. 3-2, and the coupons were tested in
accordance with AS 1391 [101]. The specimen deformations were measured over the 25 mm
gauge length using an extensometer located at the centre of the specimen. The loading strain
rate was less than 0.006/min before initial yielding, while after yielding the strain rate was
increased to about 0.05/min. To obtain the static load-deformation curves, stress relaxation was
accommodated by pausing the straining for 100s at numerous intervals during the loading
process [102]. Fig. 3-3(a) shows an example of converting the original quasi-static curve with
stress relaxation to the static load-deformation curve and Fig. 3-3(b) shows the static load-

deformation curves for the two specimens.

12 12
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(a) A quasi-static curve with stress relaxation (b) Static load-deformation curves

Figure 3-3. Load-deformation curves of smooth round bars.
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The average static values of elastic modulus, yield stress and tensile strength are 206 GPa, 379
MPa and 483 MPa, respectively, and the mechanical properties are summarised in Table 3-1.
Prior to the commencement of necking, the true stress and strain (i.e., owue and &gue) Were
calculated using the following equations from the engineering stress and strain (i.e., geng and

geng):
Ee=In(1+5,,,) (3-1)

O true = O nom (1 + geng) . (3-2)

true

A linear post-necking true stress-strain relationship was assumed, as pre [103], and several
trial-and-error finite element analyses were performed, the results of which were compared
with the coupon test results to determine the appropriate post-necking strain hardening modulus,

as shown in Fig. 3-3(b). The stress-strain curve obtained is shown in Fig. 3-4.

Table 3-1. Mechanical properties (static).

Specimen Elastic modulus Yield stress Tensile strength
E (GPa) oy (MPa) ou (MPa)
SRB1 202 378 480
SRB2 210 380 487
Average 206 379 483
800
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=
2
2 400
2
3
200 -eee-- Engineering stress-strain curve 2
r True stress-strain curve
0 M 1 L 1 L
0.0 0.2 0.4 0.6
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Figure 3-4. True stress-plastic strain curve.
3.2.1.3 Experimental investigation
For each of the five types of plane strain (PS) tensile coupons shown in Fig. 3-1, three replicated
tests were performed, as shown in Fig. 3-5. The initial thickness, #i, and the initial width of

the central region, wini, were measured for each specimen, as summarised in Table 3-2. The
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deformation of the specimen was also measured using the 25mm gauge length extensometer.
The loading rates were adjusted (between 0.1 mm/min and 0.3 mm/min) for the strain rate
being about 0.01/min before initial yielding and 0.1/min after yielding commenced. The
technique of stress relaxation was also adopted to obtain the static response of the specimens.
For all specimens, the plastic deformation was highly localized at the central region, and
fracture occurred in this region, as shown in Fig. 3-5(b). As mentioned in Section 3.2.1.1,
although designed to generate a pure shear stress state, the PSO specimen experienced a
combined shear and tension stress state at the later loading stage due to the deformation and
rotation of the central region. Hence, in addition to the PS specimens, three nominally identical
Inclined Notched specimen with an inclining angle of 0-degree (INO) were also tested, as

shown in Fig. 3-6, to provide additional data for the pure shear condition.

(a) Unfractured specimens (b) Fractured specimens (c) Test setup

Figure 3-5. Plane strain (PS) specimens.

Table 3-2. Dimensions and fracture deformations of PS and INO specimens.

Specimen Lini Wini D¢ Specimen Lini Wini D¢
(mm)  (mm)  (mm) (mm)  (mm)  (mm)
INO-1 4.00 4.07 3.92 PS45-1 19.69 2.04 1.94

INO-2 4.00 4.06 3.69 PS45-2 19.68 2.03 2.09
INO-3 4.01 4.06 3.89 PS45-3 19.73 2.03 2.07
INO-Avg 4.00 4.06 3.83 PS45-Avg  19.70 2.03 2.00
PSO-1 19.71 2.05 3.21 PS60-1 19.73 2.07 1.19
PS0-2 19.72 2.07 3.31 PS60-2 19.72 2.06 1.18
PS0-3 19.72 2.07 3.27 PS60-3 19.72 2.06 1.11
PSO-Avg  19.72 2.06 3.26 | PS60-Avg 19.72 2.06 1.16
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PS30-1 19.70 2.07 2.70 PS90-1 19.70 2.05 0.31
PS30-2 19.69 2.08 2.53 PS90-2 19.72 2.01 0.30
PS30-3 19.77 2.08 2.52 PS90-3 19.70 2.02 0.28
PS30-Avg 19.72 2.08 2.58 PS90-Avg  19.71 2.03 0.30

|‘2()"| I'-‘[—l 2
I | :
SUL O~rs Rd"um O _H:Rz.s
il
| 42[]'!} | “""| |‘—4
w l“q -

Figure 3-6. Inclined notch specimen (INO).

The load-deformation curves of the INO and PS specimens are shown in Fig. 3-7. The fracture
plane developed almost instantaneously without an obvious fracture propagation process, so
only a very short degradation stage was experienced before complete fracture and a steep drop
in load. For all specimens, the deformations corresponding to the complete fracture (Dr), as
measured by the extensometer over the 25 mm gauge length, are summarised in Table 3-2. The
PS specimens with smaller inclining angles sustained larger deformations than those with

larger angles.

4 30 30
25 25¢
—~ =10 220
- 2 = 15} - 15
: 2 — 2 1
— —= 10} TRB— PS0-2 =10
' 5 PS0-3 5
—— PS0-FEM ) . _ — PS30-FEM
%‘{) 08 16 24 32 40 %.0 06 12 1.8 24 3.0 3.6 %.0 04 08 1.2 1.6 2.0 24 28
Deformation (mm) Deformation (mm) Deformation (mm)
(a) INO (b) PSO (c) PS30
30 30 30
25 25}
=20+ =201
< £
- 15}, = 15H]
=] ! = i
=] ] o
| PS60-2 ~ 107
5 PS60-3 5 PS90-3
. . _ — PS45-FEM . . — PS60-FEM —— PS90-FEM
%.0 03 06 09 1.2 1.5 1.8 2.1 %.0 02 04 06 08 1.0 12 8.00 0.08 016 024 032
Deformation (mm) Deformation (mm) Deformation (mm)
(d) PS45 (e) PS60 (f) PS90

Figure 3-7. Load-deformation curves of INO and PS specimens.

3-6



3.2.1.4 Numerical simulation

Complementary numerical simulations of the specimen tests were performed using the
commercial finite element (FE) software ABAQUS to determine the stress and strain states in
the central region of the specimens. Four-node plane strain elements with reduced integration
(CPE4R) and eight-node linear solid elements with reduced integration (C3D8R) were used to
model the plane strain specimens and the inclined notch specimen, respectively, with element
sizes of approximately 0.2mm in the central region of the specimens. Boundary and
displacement loading conditions in the FE simulations matched those of the experiments. The
FE model geometries are based on measured average dimensions, as shown in Table 3-2, and

the material properties are based on those shown in Table 3-1 and Fig. 3-4.

To verify the plane strain assumption and the accuracy of the FE simulations using the 2D
CPEA4R plane strain elements, FE models were also run using 3D eight-node solid elements
(C3D8R), and the simulation results for the PS60 specimen were compared in Fig. 3-8.
Utilizing symmetry, only half of the specimen was modelled using C3D8R elements. As
observed in the Fig. 3-8, the two models agreed well in terms of both von Mises stress
distribution and load-deformation curve, therefore confirming the accuracy of the plane strain
assumption. For the elements in the central zone, the average Lode angle parameter over the
loading history was calculated from the 3D model, as per Eq. (2-14), and it ranged from 0.007

to 0.011 (close to 0), which further confirms that the plane strain state in the specimens.

(a) Numerical model and von-Mises contours (b) Numerical model and von-Mises

of model using plane strain elements contours of model using solid elements



2
N

20+
Z 15}
B
S 10 Plane strain elements
gl sk Solid elements

9002 04 05 08 10 12
Deformation (mm)

(c) Load-deformation curves

Figure 3-8. Comparison of models for the PS60 specimen using (2D) plane strain elements and
(3D) solid elements.

The load-deformation curves from the tests and simulations are compared in Fig. 3-7, and the
surface deformations and strains of Specimen PS60 are compared in Fig. 3-9. As shown in
these figures, both the overall load-deformation response and the localized deformations in the
centre region are accurately captured by the FE simulations. Accordingly, the FE models are

assumed to accurately simulate the localized stresses and strains during the loading process.

AL= (a) Omm (b) 0.2mm (c) 0.4mm (d) 0.8mm

Note: 1. AL is the elongation of gauge length, measured by extensometer.
2. FE results in the bottom are presented in the form of contours plots of equivalent plastic strain.

Figure 3-9. Deformation of PS60 specimen over the loading history.

Since complete fracture of the PS specimens occurred rapidly, it was difficult to determine the
fracture initiation location directly from the experimental observation. Through detailed

measurements of the specimens after complete fracture, the angle of the fracture plane was
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found for each specimen. Assuming the fracture plane went through the centre of the specimen,
the point on the edge of the fracture plane could then be determined. Based on the average
stress triaxialities (7avg), Lode parameters (Savg) and equivalent plastic strains (e), which are
summarised in Table 3-3, at the instant of fracture, all of the PS specimens had almost identical
stress states but notably different equivalent plastic strains at the edges. This suggests that
fracture did not initiate from the edges as otherwise the equivalent plastic strains at the edges
would have been nearly identical for all specimens. As the equivalent plastic strain at the centre
of the fracture plane was always higher than or similar to that of all the other points on the
fracture plane, fracture is assumed to initiate at the centre of the PS specimens. This is
consistent to observations reported for similar types of specimens, including butterfly

specimens [23], inclined notched specimens [27] and double-notched specimens [26].

Table 3-3. Stress indices and plastic strains at centre and edge of fractured sections.

Specimens Center Edge
Tave Cavg Eeq Tavg Cavg Eeq
PSO 0.161 0.001 0.973 0.553 0.006 0.497
PS30 0.265 0.006 0.748 0.574 0.010 0.568
PS45 0.396 0.004 0.744 0.577 0.004 0.647
PS60 0.531 0.005 0.615 0.597 0.004 0.626
PS90 0.923 0.013 0.247 0.629 0.011 0.196

Using the average stress indices (7ave, Cavg) and the equivalent plastic strains (&) at the point
of failure, the critical VGEF fracture strain (er.vegr) was calculated using Eq. (2-16). Referring
to Eq. (2-16), the two free parameters, a and b, were calibrated using the test results in Table
3-4 using a least square regression to minimize the error between the calculated (er.vegr) and
measured (er.test) values of the fracture strain, where the measured fracture strain was assumed
to be the value of plastic strain (&eq) in the FE simulation at the applied displacement when the
specimen fractured. The results shown in Table 3-4 demonstrate the following trend: the larger
the inclining angle, the higher the stress triaxiality at the fracture initiation location, and the
lower the fracture strain. The relative percentile error (RE) between the calculated and

measured fracture strains is then calculate as follows:

RE — gf—VGEF B gf—test % 100% ) (3-3)

gf-test
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Subsequently, the root mean squared relative error (RMSRE) of the prediction for the entire

set of data is calculated as follows to evaluate the overall accuracy of the VGEF model:
(3-4)

RMSRE =

where N is the number of tests in the group. As shown in Table 3-4, for this set of tests the
maximum RE is 21.0% and the RMSRE is 11.2%. Together with additional test results
collected from the literature, the data summarised in Table 3-4 will be used to validate the

VGEF in the following section.

Table 3-4. Experimental data and fracture prediction for AS350 steel.

Specimen Tavg Cave Ef-test Ef-VGEF RE RMSRE
INO 0.010 0.062 1.239 1.231 -0.62% 11.21%
PSO 0.160 0.001 0.973 0.975 0.19%

PS30 0.265 0.006 0.748 0.829 10.86%
PS45 0.396 0.004 0.744 0.677 -8.96%
PS60 0.531 0.005 0.615 0.549 -10.56%
PS90 0.923 0.013 0.247 0.299 21.00%

3.2.2 Discussion of the effect of stress triaxiality

3.2.2.1 Stress states with =0

In the high stress triaxiality regime, stress states with {=0 have g>=(g1+03)/2 where the three
principal stresses a1, 02, 03 are all positive. This is a tensile plane strain stress state, which can
be generated by tensile flat grooved specimens. In addition, the newly designed PS specimens
provide results for low, medium and high stress triaxiality with £=0. Besides these specimens,
three other specimen types were used to evaluate the ¢=0 stress states, including: (1) the
inclined notched specimens with an inclining angle of 0°, which generate low stress triaxiality;
(2) the double notched specimens which generate high or medium stress triaxiality when loaded
in tension and low stress triaxiality when loaded in compression; and (3) the rectangular

notched specimens, which generate high stress triaxiality states.

In addition to the data of AS350 steel presented in Section 3.2.1, four sets of data were collected
for steel grades AISI 1045 [26], A572 [14], Q460 [105] and Q690 [104]. The Young’s modulus
and yield stress of the materials are listed in Columns 3 and 4 of Table 3-5, respectively. In the

publications, it was stated that the tests were conducted under very slow loading rates, so the
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experimental results were deemed quasi-static. The average stress triaxialities Tavg, average
Lode angle parameter {avg and fracture strain éerist were obtained from the literature and
summarized in Table 3-6. Column 4 of Table 3-6 shows the designation of the coupons, where
letters “GP-R” refers to a grooved plate with a groove radius of R in mm; “FP” refers to a flat
plate specimen which can be construed as an equivalent groove plate specimen with a groove
radius of infinity; “DN- ¢” refers to a double notch specimen with an inclining angle of ¢ in
degrees; “RN” refers to a rectangular notched specimen; and “IN” refers to an inclined notched

specimen.

The VGEF parameters (a and b coefficients from Eq. (2-16)) shown in Table 3-5 were obtained
through regression analyses to minimize the error between the calculated and measured fracture
strains for all of the experimental data within each group, similar to the procedure described
previously for the tests summarized in Table 3-4. Similarly, the last two columns of Table 3-6
list the RE for each test and the RMSRE for each material group. The data of Q460 present
stress states with high stress triaxiality and illustrate that the VGEF has an excellent accuracy
for high stress triaxiality states with =0, with both RMSREs smaller than 3%. The data of the
remaining materials present stress states over the full range of stress triaxialities. In general,
the comparisons reveal better agreement (lower REs and RMSREs) for the tests and test groups
with higher stress triaxialities, although overall the VGEF is shown to provide reliable

prediction results with reasonable accuracy.

Table 3-5. Basic properties of materials and fracture parameters of VGEF.

No.  Material E oy VGEF VGEFTension
(MPa) (MPa) a b QTension Drension
1 AISI 1045 — 333 0.45 2.46 — —
2 AS72 196000 353 2.35 1.19 1.64 0.84
3 AS350 206000 379 1.25 1.55 — —
4 Q460 222800 430 2.57 1.30 — —
5 Q690 216000 745 1.37 0.55 0.99 0.18
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Table 3-6. Experimental data and fracture prediction for different materials.

No. Material No. Specimen  Tavg davg Ef-test  Ef-VGEF RE RMSRE

I AISI'1045 1.1 DN-p=110 0.640 0 0.155 0.101 -34.61% 21.38%

1.2 DN-¢=100 0.461 0 0.173  0.144 -16.95%
1.3 DN-¢p=90  0.335 0 0213  0.196 -7.80%
1.4  DN-p=80 0.061 0 0.302 0383  27.06%
1.5 DN-p=60 -0.242 0 0.829 0.808 -2.65%
2 AS572 2.1 GP-R=1.19 1.280 0 0.530 0515 -2.80%  6.18%
2.2 GP-R=1.59 1.080 0 0.710  0.653 -8.01%
23 RN 1.050 0 0.670 0.676 1.01%
24 GP-R=3.18 0.920 0 0.730  0.789  8.17%
2.5 IN-¢p=0 0.140 0 1.860 1992  7.10%
2.6 IN-¢=0 0.130 0 2.150 2015 -6.23%
4 Q460 4.1 GP-R=1 1.204 0 0.524 0537  2.58% 2.83%
4.2 GP-R=3 0.884 0 0.846 0814 -3.67%
43 GP-R=10 0.755 0 0.945 0.963 1.98%
5 Q690 5.1 GP-R=5 0.962 0 0.826 0.809 -2.07% 1.73%
52  GP-R=15 0.845 0 0.844 0862  2.17%
53 IN-¢p=0 0.007 0 1.364 1363  -0.10%

Note: Test data and VGEF predictions of AS350 are shown in Table 3-4 and are not repeated

here.

Comparisons between the predicted VGEF fracture loci and the test results, plotted as a
function of stress triaxiality and fracture strain, are shown in Fig. 3-10. For each material, the
experimental data largely follow an exponential curve over the entire stress triaxiality range.
For practical applications, it is substantially easier to machine and test high stress triaxiality
coupons, (GP specimens in the case of ¢=0), as compared to the medium and low stress
triaxiality coupons. Accordingly, the dashed curves for A572 and Q690 steel in Fig. 3-10(b)
and Fig. 3-10(e) were calculated using only high stress triaxiality data to determine the a and
b parameters defining the VGEFension, as shown in Table 3-5. An obvious deviation is observed
between the calibrated curves and the experimental data at low stress triaxiality, indicating that
data from specimens representing both high and low stress triaxialities are required to

accurately calibrate the VGEF parameters for the medium to low stress triaxiality range.

3-12



0.3}

3 00 03 06 09 00 " 0a4 08 12 16
T T T
(2) AISI 1045 (b) A572 (¢) AS350
12 2.0
0.9} 1.5}
w 0.6 w 1.0
0.3} 0.5}
96 08 10 12 14 %90 0.4 0.8 12
T T
(d) Q460 (¢) Q690

Figure 3-10. Predicted fracture loci for stress states with { =0 and various stress triaxialities.

3.2.2.2 Stress states with =1

In the high stress triaxiality regime, stress states with {=1 have o1>0>=03>0, which is an
axisymmetric tension stress state. Tensile smooth round bars and the notched round bars are
commonly used to generate these stress states. For the stress states with high stress triaxiality,
four sets of data were collected for steel grades Q460 [105], Q690 [104], AISI 1045 [106] and
AISI 316L [107]. In contrast, data of tests that cover a broader range of stress triaxialities were
collected from Bridgman [24], who conducted a series of experiments, in which smooth round
bars were pulled longitudinally in a high-pressure chamber. Due to the circumferential pressure,
the specimens were subjected to medium or low stress triaxiality states with {&=1. For each
material tested, an additional smooth round bar coupon, with high stress triaxiality and =1,
was tested under normal atmospheric pressure. The basic properties of the test materials used

to evaluate cases with ¢=1 are summarized in Table 3-7.

Table 3-7. Basic properties of materials and fracture parameters of VGEF.

No.  Material E oy Omax Hollomon VGEF
hardening
(MPa) (MPa) (MPa) K n a b
1 Q460 222800 430 — — — 3.81 1.57
2 Q690 216000 745 — — — 8.25 3.04
3  AISI 1045 — — — 1147.60  0.23 3.26 2.19
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4 AISI316L — — — 135830  0.36 4.22 1.66
5 Steel-1 — 689.50  890.49 — — 2.08 1.87
6 Steel-2 — 896.35 1043.14 — — 2.23 2.39
7 Steel-3 — 1034.25 1331.49 — — 1.79 3.89
8 Steel-4 — 1034.25 1458.71 — — 0.94 4.47
9 Steel-5 — 772.24  1060.11 — — 1.85 1.06
10 Steel-7 — 96530 1314.53 — — 2.62 1.87
11 Steel-8 — 965.30  1289.09 — — 2.21 1.62

As Bridgman [24] did provide information about the local stress triaxiality 7., and fracture
strain epeq for his tests, the eres — Tave dependency, Tue, and eceq have been calculated in the
present investigation. Ideally, the detailed stress triaxiality and strain history of the tests would
be determined through a FE simulation, in a similar manner as reported previously for the INO
and PS tests. However, Ref. [24] did not report the necessary material and specimen response
data to calibrate the FE model. Rather, the available data were limited to: the axial stresses at
initial yielding (oy), necking (omax), and fracture (or), the test chamber pressure P, the neck
aspect ratio a/R (i.e. ratio of the radius of curvature at the neck to the cross-sectional radius of
the neck) measured after specimen fracture, and the reduction in the specimen area Ao/A.
Therefore, the approximation method proposed in [14] is herein adopted to estimate the stress
triaxialities and equivalent plastic strains at yield, necking, and fracture, which are then used
to calculate the average stress triaxiality over the loading history. For the first point,
corresponding to initial yielding, the stress triaxiality and equivalent plastic strain are

calculated, respectively, as:

1P (3-5)
Uy
£, =0. (3-6)

For the second point, corresponding to necking initiation, the stress triaxiality and equivalent

plastic strain are calculated, respectively, as:

r=l__2 3-7)
3 O-max
£, =02. (3-8)

For the third point, corresponding to complete fracture, the stress triaxiality and equivalent

plastic strain are calculated, respectively, as [24]:
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Using these equations, the average values of the stress triaxiality, Lode angle parameter, and
fracture strain are calculated for Bridgeman’s tests and summarized in Table 3-8. These tests
had stress triaxialities varying from about -0.5 to about 0.5, covering the high, medium and low

stress triaxiality regimes.

Table 3-8. Experimental data and fracture prediction for different materials.

No. Material  No. Specimen P (psi) Tavg  Savg  Eftest  ELVGEF RE RMSRE

1 Q460 1.1 NRB-R=1.5 — 1.330 1 0542 0470 -13.25%  7.82%
1.2 NRB-R=3.125 — 1.029 1 0739 0.755  2.17%
1.3 NRB-R=6.25 — 0.835 1 0951 1.024 7.74%
1.4 SRB — 0.566 1 1.599 1.564 -2.13%

2 Q690 2.1 NRB-R=5 — 1.206 1 0.185 0211 14.42%  9.09%
2.2 NRB-R=10 — 1.050 1 0362 0339 -6.33%
23 SRB — 0.642 1 1.170  1.171 0.15%

3  AISI'1045 3.1 NRB-R=1.2 — 1.209 1 0328 0.228 -30.21% 17.83%
3.2 NRB-R=2.5 — 0.944 1 0415 0409 -1.29%
33 NRB-R=5 — 0.731 1 0551 0.653 18.67%
3.4 SRB — 0.465 1 1.209  1.172 -2.99%

4 AISI316L 4.1 NRB-R=1.2 — 0.990 1 0830 0.818 -142%  091%
4.2 NRB-R=2.5 — 0.820 1 1.080 1.084  0.41%
4.3 NRB-R=5 — 0.700 1 1.310 1323  0.99%
4.4 SRB — 0.520 1 1.790 1.783  -0.38%

5 Steel-1 5.1 1-5 Atmos.  0.450 1 091 0.893 -1.82% 1.27%
52 1-3 40000  0.223 1 1.35 1.366 1.23%
53 1-10 140000 -0.198 1 3.01 3.007 -0.08%

6 Steel-2 6.1 2-4 Atmos.  0.429 1 0.77  0.797  3.59% 3.75%
6.2 2-7 54000  0.193 1 1.34 1401  4.55%
6.3 2-6 117000 -0.020 1 245 2337  -4.61%
6.4 2-2 188000 -0.200 1 3.55  3.593 1.22%
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7 Steel-3 7.1 3-1 Atmos.  0.375 1 046 0416 -958%  6.96%
7.2 3-8 26000  0.258 1 0.61 0.654 7.34%
7.3 3-5 96000  0.066 1 1.39  1.382  -0.57%

8 Steel-4 8.1 4-1 Atmos.  0.336 1 023  0.208 -9.58% 8.19%
8.2 4-6 28000  0.219 1 040 0351 -12.14%
8.3 4-4 112000 -0.033 1 1.03  1.085  5.36%
8.4 4-3 200000 -0.189 1 220 2182  -0.79%

9 Steel-5 9.1 5-1 Atmos.  0.462 1 1.12 1.131 0.99% 0.71%
9.2 5-2 83000  0.057 1 .75 1.737  -0.74%
9.3 5-5 227000 -0.453 1 298 2983  0.11%

10 Steel-7 10.1 7-1 Atmos. 0476 1 .10 1.077 -2.08%  2.61%
10.2 7-2 115000  0.069 1 222 2304  3.82%
10.3 7-3 155000 -0.002 1 271 2,633 -2.84%
10.4 7-4b 189000 -0.068 1 297 2981 0.36%

11 Steel-8 11.1 8-1 Atmos. 0475 1 1.09 1.025 -5.82% 21.48%
11.2 8-2 88000  0.167 1 2.00 1.684 -15.40%
11.3 8-4 158000 -0.103 1 251 2.608  3.93%
114 8-5 Atmos. 0431 1 0.79 1.100 38.15%

Table 3-8 summarizes the specimen properties, stress states, measured fracture strains, and

calculated VGEF fracture strains, along with the RE and RMSRE error statistics for each

material group. The specimen designations in Column 4 of Table 3-8 are defined as follows:

“NRB-R” refers to notched round bar with a circumferential notch radius R in mm; and “SRB”

refers to a smooth round bar which represents an NRB with a notch radius of infinity; and for

Bridgman’s tests, the first and second numbers show the material type and specimen number,

respectively. The two VGEF parameters calibrated for each material are listed in Table 3-7.

Referring to Table 3-8, the generally low values of RE and RMSRE confirm the accuracy of

the VGEF for & =1 over the full range of stress triaxiality. Additionally, the comparison

between the tests and VGEF-predicted results in Fig. 3-11 further illustrates that the VGEF

reliably captures the e - T dependency.
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Figure 3-11. The predicted fracture locus for stress states with £ =1 and low stress triaxialities.

3.2.2.3 Stress states with &=-1
In the high stress triaxiality regime, stress states with £ =-1 have g1=02>03>0. Notable tests

included in this regime include the disk punch tests by Bai and Wierzbicki [28], punch tests by
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Qin and Beese [29], and Nakajima specimen tests by Gu et al. [30]. These tests exhibited equal-

biaxial tension (¢ =-1 and T = 0.66), while stress states with £ =-1 and other positive T values

were not achieved. Similarly, in the medium stress triaxiality regime, stress states with & =-1
have g1=0>>0>03, which is also difficult to achieve with coupon tests, and no data was found

covering this stress state.

In the low stress triaxiality regime, stress states with ¢ =-1 can be investigated using
compression cylinder tests. Structural steels have good compressive ductility and require very
high plastic strains to fracture under compression, which is difficult to achieve prior to the
specimen failing by buckling. Bao and Wierzbicki [22] conducted a series of compression
cylinder tests on 2024-T351 aluminium alloy, which is relatively more brittle than structural
steels to interrogate this space. The compression cylinders featured stress triaxialities ranging
from T = -0.224 to -0.278, and the VGEF was shown to be accurate for this range. However,
this stress triaxiality range is too narrow to conclude the validity of VEGF in the negative stress

triaxiality regime.

To investigate the dependence of fracture strain on 7 for £ =-1, at least three stress states with
the same ¢ =-1 are needed to establish the relationship between fracture strain and 7. However,
only two stress states with £ =-1 were often reported in the past, i.e., equal-biaxial tension (¢ =-

1 and T = 0.66) and uni-axial compression (¢ =-1 and 7" = -0.33). Furthermore, these two

stress states were seldomly studied for the same material. The equal-biaxial tension stress state
was predominantly used for sheet metal while the uni-axial compression for bulk metal. Hence,
a need remains for additional tests with more stress triaxiality values in order to conclusively

deem the VGEF valid for all £ =-1 stress states.

3.3 The effect of Lode angle

3.3.1 Tests on rectangular notched specimens

3.3.1.1 Specimen design

A series of Rectangular Notched (RN) specimens was designed and tested to obtain data of
fracture strains under stress states with different Lode angle parameters but almost identical
moderate stress triaxiality. As shown in Fig. 3-12(a), the RN specimen is shaped as a square
bar with a flat groove on each side, producing a small rectangular prism with fillets at the
central region of the specimen. The RN specimen is similar to one designed by Smith et al. [14]
(referred to as the Smith RN specimen or SRN specimen), shown in Fig. 3-12(b). However,

the flat grooves of the RN specimen induce relatively low stress triaxiality, as compared to the
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high stress triaxiality induced by the circular notches of the SRN specimens. The parametric
study in [14] showed that when the area of the SRN net section is held constant, the aspect ratio
(ratio of nominal width #1 to depth #2) of the cross-section has a strong influence on the Lode
angle parameter at the centre of the specimen, where fracture initiates, and a relatively minor
effect on the stress triaxiality. Therefore, to generate identical stress triaxiality but different
Lode angle parameters in the RN specimens, the central regions of the RN specimens were
designed to have identical net section area but different aspect ratios. Five types of RN
specimens were tested, whose nominal width ¢, depth 7, and area Arn are summarized in Table

3-9.
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Figure 3-12. Geometry of RN and SRN specimens.

Table 3-9. Dimensions and fracture deformations of RN specimens (AS350 steel).

Test t1 (mm) t> (mm) ArN F-test [2-test Ds(mm)
(mm?) (mm) (mm)

RN-1 4 6 24 3.99 6.03 1.95

RN-2 3 8 24 2.98 7.99 1.83

RN-3 2.4 10 24 2.42 10.01 1.68

RN-4 2 12 24 2.02 11.99 1.46

RN-5 1.5 16 24 1.53 16.02 1.31

3.3.1.2 Experimental investigation
All rectangular notched specimens were extracted from the 20mm thick plate of steel grade
AS350 described in Section 3.2.1.2. The mechanical properties of the material are summarized

in Table 3-4 and the true stress-strain curve is shown in Fig. 3-1. For each of the five RN
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specimen geometries listed in Table 3-9, two nominally identical tests were performed, and the
average values of the measured notch dimensions (#i-test, f2-test) are reported. The specimens
were loaded using a Criterion S0kN machine, as shown in Fig. 3-13(c), with the loading rate
set to 0.1 mm/min. The elongation of the middle portion of the specimen was measured using
a 25mm gauge length extensometer. Stress relaxation was accommodated by pausing each test
for 100s at regular intervals during the loading process to obtain static load-deformation curves.

The resulting load-deformation curves for all RN specimens are plotted in Fig. 3-14.

Plastic deformations in the specimens were highly localized at the grooved portion, where
necking subsequently occurred at the mid-height of this portion, denoted by the peak load on
the load-deformation curve. The load then gradually dropped until fracture initiated at the
center of the necked cross-section, leading to a sudden change of stiffness. Therefore, the point
on the load-deformation curve corresponding to the sudden change of stiffness was regarded
as the point where fracture initiated, identified by the square and circle points in Fig. 3-14. The
deformations Dr corresponding to the fracture initiation points were averaged and are
summarized in Table 3-9, where one can see that the RN specimens with larger aspect ratios
exhibited larger values of Dr. Eventually, the fracture propagated through the entire cross-

section, marking the complete failure of the specimens, as shown in Fig. 3-13(b).

(a) Unfractured specimens (b) Fractured specimens (c) Test setup

Figure 3-13. Rectangular notched specimens.
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Figure 3-14. Load-deformation curves for RN specimens.

3.3.1.3 Numerical simulation

In order to determine the stress and strain fields at the fracture initiation point and to calculate
the histories of the stress state parameters (7 and £) and plastic strain (gp), a three-dimensional
Finite Element (FE) model was developed for each RN specimen using ABAQUS. Utilizing
symmetry, half of the specimen was modeled using eight-node linear solid elements with
reduced integration (C3D8R). The boundary conditions and applied displacements were
chosen in accordance with the assumed half-model symmetry and the experimental loading
procedure. The material was modelled by isotropic von-Mises plasticity with the same strain

hardening stress-strain relationship as the true stress-strain curve shown in Fig. 3-1.

Finite element models with mesh sizes ranging from 0.1 mm to 1 mm in the grooved region
were established for the RN-1 specimen, as shown in Fig. 3-15. The corresponding load-
deformation curves and strain (at the centre of the specimen)-deformation curves are compared
in Fig. 3-16, from which it can be observed that progressively lower load curves and higher
strain curves are obtained as the mesh is refined. In general, the difference between the curves
becomes insignificant when the mesh size is smaller than 0.5 mm, and the curves can be
considered to have converged to a stable state when the mesh size is 0.2 mm, or less. Hence, a
mesh size of approximately 0.2 mm (resulting in about 8 to 20 elements across the smallest
dimension of the notch) was adopted for the grooved region of the specimen to provide a

sufficiently accurate mesh density in the fracture initiation region.
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Figure 3-15. Finite element models of RN-1 specimen with varying mesh sizes.
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Figure 3-16. FE curves of RN-1 specimen modelled with varying mesh sizes.

As shown in Fig. 3-14 the load-deformation curves from the FE simulations compared well
with the experimental results for all RN specimens. Shown in Fig. 3-17 is a comparison of the
deformed geometry of test specimen RN-5 and its FE counterpart in the grooved portion where
plasticity localized. On the right-hand side of Fig. 3-17, the simulated von Mises stresses are
overlaid on the deformed geometry. The results shown in Fig. 3-14 and Fig. 3-17 verify that
the FE models can accurately capture the full-range behaviour, substantiating the calculated

stress triaxiality, Lode angle parameter and plastic strains for each specimen.

Figure 3-17. Plastic deformation of RN-5 specimen at longitudinal deformation over the gauge
length before fracture; left half experiment, right half FE.

As illustrated previously in Fig. 3-1, the true stress-strain relationship for the FE simulations

was calibrated to data from standard axisymmetric tensile coupons. As shown in Fig. 3-14,
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when used in conjunction with the von-Mises yielding criterion, this plasticity model accurately
simulates the load-deformation curves of the RN specimens, even though the stress triaxialities
and Lode angle parameters in the RN specimens are different from those of the axisymmetric
tensile coupons. This implies that the flow stress of the material in these specimens (i.e., AS
350 grade steel) is insensitive to both the hydrostatic stress and the Lode angle. Therefore,
notwithstanding that the yield surface (i.e. flow stress) may, in general, be affected by the stress
state the material [9], in this study, the effect of the stress state on the flow stress is small
enough to allow the use of a large strain plasticity model with the classical von-Mises yielding

criterion.

For each specimen, the fracture strain eris defined as the equivalent plastic strain at the fracture
initiation location when fracture initiated at the measured deformation Dr. Specifically, for each
specimen, the stress and strain fields were calculated from the FE model, and the plastic strain
&p, average stress triaxiality Tave, and Lode angle parameter Cavg, were calculated until the instant
of fracture initiation, as identified from Fig. 3-14 using Eqgs. (2-13) and (2-14), respectively,
and er was obtained as g, at the same instant. In the positive stress triaxiality regime, it is widely
accepted that under stress states with identical Lode angle parameter, the fracture strain reduces
as the stress triaxiality increases for many steel grades. According to the numerical simulations,
for all RN specimens the centre of the necked cross-section had the highest stress triaxiality as
well as the largest equivalent plastic strain. Hence, while the fracture initiation location and
propagation were not visibly observable during the tests, it is assumed that fracture initiated
from the centre of the necked cross section and, accordingly, the fracture strain was determined
from that location. As summarized in Table 3-10, up to the strain at failure, &r, the average
stress triaxiality 7ave was about 0.6 for all RN specimens while the average Lode angle
parameter &avg varied from 0.1 to 0.9. Hence, the variation in fracture strains is assumed to
depend on the Lode angle parameter at the constant value of triaxiality, where the RN
specimens with larger aspect ratio exhibited higher Lode angle parameters and lower fracture
strains. Shown also in Table 3-10 are the relative percentile error (RE) of using an exponential
function, i.e., Eq. (3-11) in Section 3.3.2, to describe the dependence of the fracture strain on
the Lode angle parameter observed in the tests and the root mean square of the REs (RMSRE).
RE and RMSRE are defined as per Egs. (3-3) and (3-4), respectively.
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Table 3-10. Experimental results and fracture prediction for RN specimens (AS350 steel).

Specimen Tave Cave Ef-test Ef-pred RE RMSRE
RN-1 0.569 0.950 0.712 0.711 -0.1% 2.3%
RN-2 0.574 0.771 0.733 0.723 -0.9%

RN-3 0.595 0.557 0.755 0.743 -1.6%
RN-4 0.610 0.365 0.728 0.759 4.2%
RN-5 0.641 0.112 0.796 0.780 -2.0%

3.3.2 Discussion of the effect of Lode angle

The SRN specimens in [14] are similar to the RN specimens in that both tests obtained values
of fracture strain under constant values of stress triaxiality but different positive Lode angle
parameters, thereby enabling the effect of Lode angle on the fracture strain to be investigated.
The key difference between the two series is that the stress triaxialities in the SRN and RN

specimens are different, about 1.1 and 0.6 respectively.

Seven SRN specimens made from steel grade A357 were tested in [14]. The fracture strain of
each specimen and the corresponding effective stress triaxiality and Lode angle parameters are
summarized in Table 3-11. The resulting dependence of the fracture strain on the Lode angle
parameters obtained from the RN and SRN tests are plotted in Figs. 3-18(a) and 3-18(b). From
Tables 3-10 and 3-11 and Fig. 3-18, it is clearly observed that for the range of Lode angle
parameter investigated, the fracture strain decreases as the Lode angle parameter increases, and

the dependence can be characterized by an exponential function, i.e.:
g =c e (3-11)
where ¢ and ¢; are free parameters.

Table 3-11. Experimental results and fracture prediction for SRN specimens for AS572.

Specimen Tavg Cavg Ef-test Ef-pred RE RMSRE
SRN-1 1.14 1 0.39 0.36 -7.6% 9.5%
SRN-2 1.15 0.85 0.43 0.39 -8.5%

SRN-3 1.12 0.82 0.37 0.40 8.3%
SRN-4 1.15 0.64 0.48 0.44 -7.2%
SRN-5 1.09 0.48 0.42 0.49 16.6%
SRN-6 1.09 0.30 0.51 0.54 6.8%
SRN-7 1.05 0.08 0.67 0.62 -7.5%
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Figure 3-18. The test results and predicted fracture locus.

Using the fracture strains of the RN and SRN specimens, the values of ¢1 and ¢> were calibrated
using least square regression to be 0.79 and -0.11 for AS350 steel at the triaxiality 7' = 0.6,
respectively, and 0.65 and -0.59 for A572 steel at the triaxiality 7 = 1.1, respectively. Using
Eq. (3-11) and the calibrated parameters, the fracture strain corresponding to the RN and SRN
specimens can be predicted and are summarised in Tables 3-10 and 3-11, respectively. The
fracture strain calculated by Eq. (3-11), using the fitted parameters, are plotted and compared
to the test results in Fig. 3-18. Considering the scatter in the experimental results, the
comparison indicates that Eq. (3-11) presents a good estimation of the dependence of fracture

strain on the Lode angle parameter in both medium and high triaxiality ranges.

The accuracy of Eq. (3-11) is further evaluated by comparing the test results eriest and the
predicted strains erpred by calculating RE for each specimen type using Eq. (3-3), and the overall
accuracy of Eq. (3-11) for each material is quantified by calculating RMSRE of the prediction
using Eq. (3-4). For the RN specimens made from AS350 steel, the absolute values of RE are
all less than 5%, and the RMSRE is 2.3%, as shown in Table 3-10. For SRN specimens made
from A572 steel, with the exception of one test, the absolute values of RE are less than 9%,

and the RMSRE is 9.5%, as shown in Table 3-11.

The above comparisons have confirmed the accuracy of Eq. (3-11) for describing the
dependence of fracture strains on the Lode angle parameter, but only in the first quadrant of
the 7-¢ stress space. The main reasons for having focused on this quadrant are, firstly, fracture
in steel structures primarily occurs in tension or tension-dominated stress states, i.e. 7> 0, and
secondly, experimental data in the second quadrant of the 7-¢ stress space are sparse. Stress
states falling in the second quadrant are difficult to achieve using coupon tests because they

typically involve bi-axial tension loading, which requires a complex loading set-up. However,
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in practice, fracture may occur in this quadrant. A simple example would be a plane stress state
with equal bi-axial tension, i.e. 1 = 62> 0, g3 = 0. This stress state, corresponding to 7' = 2/3

and ¢ = -1, is found in 3D beam-column connections and is very common for metal sheets.

To evaluate the effect of Lode angle in the negative Lode angle parameter range, notably for
stress states in the second quadrant of the 7-¢ stress space, experimental data were collected
from the literature covering stress states with the Lode angle parameter ranging from -1 to 1.
Four sets were collected for steel grades DP600 [29], TRIP 690 [28], DP980 [30] and 22MnB5
[108], whose material properties are summarized in Table 3-12. The test data for the stress state
with ¢ = -1 were generated under equi-biaxial tension state by punch tests using the punch
specimen [29], disk specimen [28] and Nakajima specimen [30]. While punch tests may
produce less well-defined stress states than those produced by dog-bone and butterfly
specimens, they provide a practical way to interrogate the & = -1 stress state. Table 3-13 shows
the average stress triaxiality Tavg, average Lode angle parameter &avg and fracture strain &f.tesc of
each test for each material. Note that the original sources of the DP600, TRIP 690 and DP980
steel test data used Gayg to characterize the stress states, and the source for 22MnBS5 steel used

Lave. The values of 6ag and Laye were converted to Cag using Egs. (2-10) and (2-11),

respectively.
Table 3-12. Material properties of steels.
Material Yield Hardening parameters
stress
(MPa) A (MPa) K (MPa) n
DP600 — 1004 694 0.16
TRIP 690 446.4 — — —
DP980 — 1386 848 0.075
22MnB5 1108.7 — — —
Table 3-13. Experimental data for different steels.
No. Material No. No. Specimen Tavg Cavg Owg  Lavg  Eftest a b
1 DP600 -1 1-1-1 Punch 0.66 -1.00 -1.00 1.00 0.74 — —
-2 1-2-1 Butterfly-5=90 0.58 000 0.00 000 037 075 122
1-2-2 Butterfly-4=0 0 0.02 001 -0.01 0.75
(0.66) (0.000 — —  (0.34)
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-3 1-3-1 Butterfly-5=70 047 0.74 053 -049 030 0.69 1.77
1-3-2 Butterfly-5=30 0.17 0.68 048 -0.44 0.51
(0.66) (0.70) — —  (0.21)
I-x  1-x-1 Central hole 033 1.00 096 -095 0.61 — —
1-x-2 Notched plate-R=6  0.51 0.60 041 -0.38 0.32
1-x-3  Notched plate-R=10 047 0.75 0.54 -0.50 0.32
1-x-4  Notched plate-R=20 042 090 0.72 -0.69 0.32
2  TRIP690 2-1 2-1-1 Disk 0.67 -099 -092 091 095 — —
22 2-2-1 Butterfly-1 0.58 0.00 0.00 000 046 0.65 0.59
2-2-2 Butterfly-2 0.00 0.00 0.00 0.00 0.65
(0.67) (0.000 — —  (0.44)
2-3  2-3-1 Dog-bone 038 1.00 1.00 -1.00 0.75 132 1.5
(0.67) (1.00) — —  (0.48)
2-x  2-x-1 Flat 047 0.70 050 -046 039 — —
3 DP980  3-1 3-1-1 Nakajima 0.66 -1.00 -096 095 065 — —
32 3-2-1 V-bending 054 0.15 0.10 -0.09 053 090 0.98
3-2-1 Notched plate-R=5  0.62  0.18 0.11 -0.10 0.49
(0.66) (0.17) — — (047
3-3 3-3-1 Central hole 034 099 093 -092 057 095 1.5
(0.66) (0.99) — —  (0.35)
3-x  3-x-1 Notched plate-R=10 0.58 043 029 -026 052 — —
3-x-2  Notched plate-R=20 0.53  0.65 045 -0.42 0.56
3-x-3 In-plane shear 0.01 005 0.04 -0.03 0.75
3-x-4  Out-of-plane shear  0.05 0.00 0.00 0.00 0.57
4  22MnB5 4-1 4-1-1 Equi-biaxial 063 -100 — 097 038 — —
4-2 4-2-1 Notched plate-R=5  0.69 0.09 — -0.05 052 085 0.71
4-2-2 In-plane shear 0.02  0.08 — -0.04 0.85
(0.63) (0.08) — —  (0.54)
4-3  4-3-1 Central hole 048 098 — -085 0.69 142 1.5
(0.63) (0.98) — —  (0.55)

Notes: 1. The values of Tayg and &avg are obtained from the literature as the reported integrated

values, as per Egs. (2-13) and (2-14). 2. Fracture strains in brackets are calculated using VGEF.
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As summarized in Table 3-13, the four sets of tests included various types of coupons, which
generated a variety of stress states. The only stress state with a negative Lode angle parameter
is the plane stress state with £ = -1. To account for differences in stress triaxiality between the
tests, the triaxiality of the specimen with £~ -1 is taken as the reference for each material, and
the fracture strains representing ¢ = 0 and & = 1 are adjusted if their stress triaxialities differ
from the reference value. This adjustment allows the Lode angle parameter dependency to be

analysed across constant values of stress triaxiality.

As discussed in Section 3.2, the Void Growth-based Exponential Function (VGEF) with free
parameters a and b is validated to describe the effect of stress triaxiality in the whole stress
state. Hence, for a given steel alloy, as long as there are test results of specimens representing
two triaxialities, Eq. (2-16) can be calibrated, and the fracture strain can be normalized to have
the reference triaxiality. To demonstrate the adjustment for differing stress triaxialities,
consider the DP600 steel. As shown in Table 3-13, specimen No. 1-1-1 has £= -1, so its stress
triaxiality, 7 = 0.66, is taken as the reference stress triaxiality. Using the test results for
specimens Nos. (1-2-1, 1-2-2) and (1-3-1, 1-3-2), the values of a and b were calculated using
Eq. (2-16) for stress states with £ = 0 and & = 0.7, respectively. The calibrated VGEFs were
then employed to calculate the fracture strains for 7= 0.66 with £ = 0 and £ = 0.7, shown in
brackets in Table 3-13. These fracture strains with identical triaxiality (7' = 0.66) and various
Lode angle parameters were subsequently plotted in Fig. 3-19(a) to show the er— ¢ relationship.
Figs. 3-19(b), 3-19(c) and 3-19(d) show the results for the other three materials obtained using
the same process. The values of a and b for various steel grades and triaxiality levels are
summarized in the last two columns in Table 3-13. Note that for the TRIP 690, DP980 and
22MnBS5 steels, only one test was available for £~ 1. Hence, for these three materials, the value
of b for stress state with ¢ = 1 was assumed to be 1.5, according to Rice and Tracey’s theory
[2], and the value of @ was calculated based on the available test result using Eq. (2-16). Results
for the these and other specimens with different triaxialities are also presented in Table 3-13

for use in Section 3.4 to validate the proposed fracture model.
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Figure 3-19. Effect of Lode angle parameter.

Three observations can be made from Fig. 3-19. First, the effect of Lode angle parameter on
fracture strain is asymmetric with respect to £&=0. This contradicts the assumption made in many
fracture models [8-9, 14], where the fracture response is assumed to be symmetric about ¢=0.
Second, for the high strength 22MnB5 steel, the fracture strain increases slightly with
increasing Lode angle parameter, while it decreases for the others. The microscopic
mechanisms behind this inconsistency are not yet understood, implying that the effect of Lode
angle parameter for a particular steel should be determined by testing, since trends from tests
of similar steels (e.g. steels of similar strength and other properties) are not necessarily
transferable. Thirdly, irrespective of whether the fracture strain increases or decreases with the
Lode angle parameter, the dependence of the fracture strain can be estimated by an exponential
curve. Hence, Eq. (3-11) can be extended to the negative Lode angle parameter range. (Note
that functions other than the exponential function could be used to fit the trend of the fracture
strain for varying Lode angle parameters. However, the exponential function has a practical
advantage of allowing the effects of Lode angle parameter and triaxiality to be combined in a

simple expression for the fracture criterion, as discussed further in Section 3.4).
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3.3.3 Influence of stress triaxiality and yield stress on the Lode angle effect

Previous numerical studies of the Lode angle [6, 109] suggest that its effect on the fracture
strain depends on the level of stress triaxiality and yield stress. However, this finding has not
been systematically established by a broad range of experimental evidence. The RN and SRN
results, presented in Sections 3.3.1 and 3.3.2, provide some evidence on the Lode angle effect
for two steel grades with discrete values of stress triaxiality, i.e., 7 = 0.65 and 7 = 1.1.
Additional experimental data were obtained from other published sources that extend this study

for specimens with a range of stress triaxialities and ¢=1 or ¢=0.

Notched round bars with varying notch radii are routinely used to quantify the relationship
between triaxiality 7 and fracture under axisymmetric tension stress with a constant Lode angle
parameter. Such tests are routinely used to calibrate the VGEF model, i.e., Eq. (2-16), for ¢ =
1. Similarly, grooved plate specimens with varying groove radii and pure shear specimens
have been used to calibrate the VGEF for stress states with £ = 0. Taken together, data from
these previous tests with varying 7 and £ = 1 or ¢ = 0 can be used to further establish the
relationship between Lode angle parameter and fracture strains under different stress

triaxialities for various steels.

Experimental data are collected from the literature for steel grades A572 [14], AISI 1045 [106],
Q460 [105] and Q690 [104]. The average stress triaxialities 7Tavg, average Lode angle parameter
Cavg and fracture strains er.esc Of each test are listed in Table 3-14. Note that, the tests of Q460
and Q690 steels reported the stress states in terms of Gayg values, which are converted to Eave
using Eq. (2-10). For each steel, the two free parameters in Eq. (2-16), a and b, were calibrated
for stress states with £ =1 and £ =0, using the corresponding data and a least square regression.
These data are summarized in Table 3-14, along with results of additional tests with the other

values of Lode angle parameter that will be used in Section 6 to validate the proposed fracture

model.
Table 3-14. Experimental data for stress state with positive values of &,
No.  Material No. Specimen Tavg  Cavg éavg Lavg  &ftest a b

1 AS572 1-1-1 Rectangular notched-1 1.14 1 — -1 0.39 201 144
1-1-2 Notched round bar 1.57 1 — -1 0.21
1-0-1 Grooved plate-1 0.92 0 — 0 0.73 234 1.18
1-0-2 Grooved plate-2 1.08 0 — 0 0.71
1-0-3 Grooved plate-3 1.28 0 — 0 0.53
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1-0-4 Inclined notched-5 0.14 0.09 —  -0.05 1.86

1-0-5 Inclined notched-6 0.13 005 — -0.03 2.15
1-0-6 Rectangular notched-7 1.05 0.08 — -0.05 0.67
1-x-1 Rectangular notched-2 1.15 085 — -0.61 043
1-x-2 Rectangular notched-3 1.12 082 — -0.57 0.37
1-x-3 Rectangular notched-4 1.1I5 064 — -041 048
1-x-4 Rectangular notched-5 1.09 048 — -0.29 042
1-x-5 Rectangular notched-6 1.09 030 — -0.18 0.51
1-x-6 Inclined notched-1 054 08 — -0.61 093
1-x-7 Inclined notched-2 048 062 — -039 1.30
1-x-8 Inclined notched-3 045 058 — -036 1.14
1-x-9 Inclined notched-4 034 027 — -0.16 1.68
2 AISI1045 2-1-1 Smooth round bar 0.47 1 — -1 1.21 325 2.19
2-1-2 Notched round bar-R=5mm 0.73 1 — -1 0.55
2-1-3  Notched round bar-R=2.5mm  0.94 1 — -1 0.42
2-1-4  Notched round bar-R=1.2mm  1.21 1 — -1 0.33
2-0-1 Torsion 0.02 0 — 0 1.34 136 1.13
2-0-2 Tension-k 0.67 0 — 0 0.64
2-x-1 Compression cylinder -049 -0.68 — 045 1.50
2-x-2 Combination-k=0.5 0.08 036 — -022 1.13
2-x-3 Combination-k=1 0.15 061 — -0.38 1.11
3 Q460 3-1-1 Smooth round bar 0.57 1 1 1 1.60 3.81 1.57
3-1-2  Notched round bar-R=6.25mm  0.88 1 1 1 0.95
3-1-3  Notched round bar-R=3.125mm 1.03 1 1 1 0.74
3-1-4  Notched round bar-R=1.5mm  1.33 1 1 1 0.54
3-0-1 Grooved plate-R=10mm 0.76 0 0 0 0.95 257 130
3-0-2 Grooved plate-R=3mm 0.84 0 0 0 0.85
3-0-3 Grooved plate-R=1mm 1.20 0 0 0 0.52
3-x-1 Pure shear flat plate 0.11 032 021 -0.19 1.46
3-x-2 Tensile shear flat plate 043 090 0.71 -0.68 1.26
4 Q690 4-1-1 Smooth round bar 0.64 1 1 -1 1.17 825 3.03
4-1-2 Notched round bar-2 1.05 1 1 -1 0.36
4-1-3 Notched round bar-1 1.21 1 1 -1 0.19
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4-0-1
4-0-2
4-0-3

Pure shear
Grooved plate-2
Grooved plate-1

0.01
0.85
0.96

0 0 0 1.36  1.36
0 0 0 0.84
0 0 0 0.83

0.54

Note: The values of Tavg and Savg are obtained from the literature as the reported integrated

values, as per Egs. (2-13) and (2-14).

Data from the notched round bars, grooved plate, and pure shear specimens are plotted in Fig.

3-20 along with the calibrated VGEFs for Lode angle parameter stress states of =1 and ¢ =

0. The close agreement between the VGEF and measured fracture strains confirms the accuracy

of VGEF in capturing the effect of stress triaxiality for the four steel grades and two Lode angle

parameters.
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Figure 3-20. Experimental and predicted fracture strains.

The parameter K(7), calculated according to the following equation is proposed to relate the

Lode angle parameter to the fracture strain at different stress triaxialities,

K(T)=

&(T)-&7°(T)

1-0

(3-12)

:.sf:l(T) —8§=°(T) =a, et -a, Vd



where a1 and b are the two parameters defined in Eq. (2-16) for £ = 1, and ao and bo are the

two parameters in the same equation for £ = 0.

As illustrated in Fig. 3-21, K(7) is the slope, relative to the 7-¢ plane, of the straight line
connecting two corresponding points with identical 7. The solid black line in Fig. 3-21
highlights the connection between two measured data points with 7=0.9 for Q460 steel. A value
(slope) of K(7) equal to zero implies a negligible effect of Lode angle on the fracture strain,
while a large (absolute) value of K(7) indicates a significant Lode angle effect. For each steel
alloy considered in this section, K(7)-values were calculated for 7 in the range between 0 and

2. Table 3-15 summarises the K(7)-values for representative stress triaxialities.

It is noted from Table 3-14 that for each material, two tests shared approximately identical
values of triaxiality 7 while one had a Lode angle parameter of £ =1 and the other £ = 0. These
test pairs included Nos. 1-1-1 and 1-0-2 for A572 steel, Nos. 2-1-2 and 2-0-2 for AISI 1045
steel, Nos. 3-1-2 and 3-0-2 for Q460 steel, and Nos. 4-1-2 and 4-0-3 for Q690 steel. Therefore,

K(T) can also be directly calculated using these test results simply as 55 (1) - sf (7). In

Table 3-15, these experimentally calculated values are shown in brackets. The values are very

close to the values calculated by Eq. (3-12) based on the VGEF, further confirming the
accuracy of the VGEF and Eq. (3-12).

- @- &0

A 8l
B Test results
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o *\
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Figure 3-21. Experimental and predicted fracture strains for Q460.
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Table 3-15. K(7) for T ranging from 0 to 2.

T 0 0.1t0 0.6 07 08 09 1.0 1.1 12019 2.0
A572 034 -034t0-031 -029 -027 -025 -024 -022 -021t0o-0.12 -0.11
(-0.30)
AISI1045 1.89 140t00.18 0.08 0.01 -0.03 -007 -0.10 -0.11to-0.11 -0.10
(-0.09)
Q460 124 1.00t0030 023 017 013 009 006 0.04t0-0.03 -0.03
(0.11)
Q690 688 47910035 005 -0.15 -030 -040 -046 -0.50to-0.46 -0.44

(-0.46)

Note: Values in brackets are calculated using test results in Table 3-14.

The calibrated values of K(7) versus T are plotted in Fig. 3-22 for the four steels. The points

representing the K(7)-values calculated by Eq. (3-12) using the test results are also plotted in

the figure, highlighting that the calibration is anchored to experimental data for triaxialities

between 0.65 and 1.1. The non-zero values of K(7) confirm that the Lode angle has a significant

influence on the fracture strains of the steels, however, the differences between the various

curves indicate that the Lode angle effect varies with stress triaxiality and type of steel. A few

specific observations are as follows:

1y

2)

3)

The absolute value of K decreases sharply with increasing stress triaxiality until
reaching a value of approximately zero, indicating a less important influence of the
Lode angle at high triaxialities. This observation is consistent with the well-
acknowledged theory that stress triaxiality is the primary driving force causing
fracture in the high triaxiality region.

In the low triaxiality range, the value of K increases with increasing yield stress. This
can most likely be related to the different microscopic behaviour of the steels caused
by different crystalline structures and inclusions, e.g. resulting from different
chemical compositions and different thermal or mechanical processes used to
produce the steel; a topic requiring further investigation at the microscopic level.
The K(T)-curve for A572 steel is negative over the entire range of stress triaxiality,
which is different from the trends of the other three steels. This variability K(7)
between the steels is consistent with data shown previously in Figs. 3-18 and 3-19,
where the fracture strain at £ = 1 can be either larger or smaller than that at £ = 0,

depending on the alloy. This finding reiterates the result that the fracture properties
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of seemingly similar steels are not necessarily similar.
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Figure 3-22. Slope K(7) of fracture surface for increasing Lode angle parameter ¢ as function of
triaxiality 7.

3.4 Lode angle modified void growth model

Based on the data presented in Section 3.3, it is concluded that the relationship between the
Lode angle parameter and fracture strain can be described using an exponential function, i.e.
Eq. (3-12). Therefore, by combining this equation and the Void Growth-based Exponential
Function (VGEF), i.e. Eq. (2-16), which has been shown to be capable of describing the effect
of stress triaxiality in Section 3.2, a new fracture model, termed the Lode angle Modified Void

Growth Model (LMVGM), is proposed as follows,

G=a e PTre

(3-13)

where a, f and y are free parameters. Average values of stress triaxiality Tave and Lode angle
parameter avg, as defined in Eqgs. (2-13) and (2-14) respectively, would ordinarily be used for
T and ¢ in Eq. (3-13) when the stress state changes during loading. An alternative way of
accommodating variations in 7 and ¢ during the loading history is to integrate the damage index

D over the plastic strain history as follows,

3-14
D= I _1 ) eBT—rid% ( )
8[’0[

where fracture is predicted when D reaches unity.

In the rest of this section, the LMVGM is compared to three alternative models from the

literature, including VGM (Eq. (2-19)), SWDFM (Eq. (2-22)), and LHM (Eq. (2-23)). The
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three fracture models are widely accepted, which have been introduced in Section 2.3 and have
comparable numbers of parameters as LMVGM. In addition, for LHM According to [17], the
parameters Ci to C3 should all be positive values, however, as demonstrated by the test data in
Sections 4 and 5, the parameter C;, which describes the effect of the Lode angle, can also be

negative for certain steel grades.

It is noted that the SWDFM has a similar form to the LMVGM. However, the two models are
different in the following respects. First, the SWDFM is targeted at cyclic loading, while the
LMVGM is based on monotonic loading tests. Second, in the SWDFM, the effect of the stress
triaxiality is described using a hyperbolic sine function (with the added term 1/Bswprm), which
can consider both the void growth at positive triaxiality and void shrinkage at negative
triaxiality under cyclic loading. The parameter fswprm is then used to represent the ratio
between the rates of void growth and shrinkage. The hyperbolic sine function also implies the
existence of a cutoff value for the stress triaxiality below which no damage occurs. The cutoff
value can be zero or negative depending on the value of the parameter fswprm. The LMVGM,
on the other hand, uses the VGEF to describe the effect of stress triaxiality. Since the presence
or absence of a cutoff value of stress triaxiality for various materials and stress states is still
under discussion and fracture has been observed at stress triaxialities lower than -0.4 in
experiments [24, 110], the VGEF, whose applicability for negative low and high triaxialities
has been verified experimentally in Section 3.2, is chosen for the LMVGM. (Note that fracture
under high negative stress triaxiality rarely occurs in practice, because the fracture strain under
such triaxialities is substantially higher than the strain magnitudes typically developing in
structural components. Hence, whether a cut-off value of triaxiality should be imposed is more
an academic than practical consideration). Third, according to [ 14, 15], the fracture locus under
cyclic loading is symmetric with respect to =0 in the first and third quadrants of the 7-¢ stress
space, i.e. 7> 0,¢>0and 7<0, ¢ <0. This is the reason for the absolute value applied to the
¢ variable in Eq. (2-22). This symmetry with respect to ¢ in the SWDFM is in contrast to the
situation studied in Section 3.3, where under monotonic loading, the fracture locus is
asymmetric about =0 in the first and second quadrants of the 7-¢ stress space, i.e. 7> 0, >0
and 7 > 0, ¢ < 0. Therefore, in comparing how symmetry with respect to ¢ is treated in the
LMVGM versus SWDFM, one should recognize that they were each developed with different
loading states in mind, i.e., monotonic loading in the case of LMVGM and reverse cyclic

loading for SWDFM.
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The experimental results collected from the literature in Tables 3-13 and 3-14 were used to
compare the accuracy of the LMVGM to those of the VGM, LHM and SWDFM. Firstly, the
free parameters of the fracture models are calibrated and summarized in Table 3-16. As noted
previously, for the LHM, the Lode parameter L (or alternatively Lavg) is related to the Lode
angle parameter ¢ (or alternatively &uvg) using Eq. (2-11). In addition, since the test of the
compressive cylinder for AISI 1045 steel has a stress triaxiality of T =-0.49 that is lower than
the cutoff value in LHM (Tcutott = -1/3) and SWDFM (Tcutort = 0), comparisons of the AISI 1045
steel are not included for LHM and SWDFM.

Based on the calibrated parameters in Table 3-16, the predictive accuracy of each fracture
model is evaluated by comparing the model prediction to the experimental data. Two indexes
are used to quantify the accuracies. The first one, as compared in Fig. 3-23, is the RMSRE (Eq.
(3-4)) of the predicted fracture strains for each steel type, and the second one, as compared in
Fig. 3-24, is the Average Squared Error (ASE) of predicted damage Dr.pred, calculated as

follows,

N

ASE=(1/N)x Y (1-D;

f-pred
i=l

)2 1005 (3-16)

where N is the number of tests for each material.

Table 3-16. Free parameters of fracture models.

No. Fracture models ~ DP600 TRIP 690 DP980 22MnB5 A572 AISI1045 Q460 Q690

1 LMVGM a 0.73 0.59 0.67 0.84 2.39 1.06 1.51  1.50

p 0.97 0.12 0.33 0.83 1.30 1.29 0.86  0.77

y -0.45 -0.34 0.11 0.25 -0.33 0.38 0.23  -0.67

2 VGM n 0.55 0.60 0.64 0.82 2.29 1.02 1.80  1.53

A 0.92 0.29 0.29 0.91 1.44 0.85 0.88 143

3 LHM Ci 4.98 3.98 1.02 -1.07 -3.46 — 1.75 -5.88

C 0.95 0.35 0.24 0.54 1.17 — 0.89 0.56

G 0.68 0.80 0.65 0.55 0.81 — 1.50  0.54

4 SWDFM Cswpem  1.50 0.80 0.87 0.94 0.55 — 035 0.72
SswDFM 6 10 17 14 8 — 15 10

kswprm  -0.13 -0.72 -0.44 -0.13 0.28 — -0.33  0.19
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Figure 3-23. The RMSRE values of fracture models.
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Figure 3-24. The ASE values of fracture models.

The overall RMSREs for LMVGM, VGM, LHM and SWDFM are 19.1%, 25.2%, 23.0%, and
26.5%, respectively, while the overall ASE values are 0.09, 0.15, 0.11, and 0.14. It is noted
that for all four fracture models, the RMSRE and ASE values of Q690 steel are significantly
higher than those of the other seven steels. Excluding the results for Q690 steel, the overall
RMSREs of the other seven steels for LMVGM, VGM, LHM and SWDFM are 15.0%, 20.2%,
16.8% and 23.5%, respectively, while the overall ASE values are 0.05, 0.10, 0.04, and 0.11.

From Figs. 3-23 and 3-24, it is observed that the accuracy of the SWDFM is consistently less
than the other models for the first four steel grades, which include results for tests under equi-

biaxial tension. The lower accuracy is explained in part by the fact that the SWDFM was
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developed for cyclic loading in the first and third quadrants of the 7-¢ stress space (Fig. 2-2),
whereas the equi-biaxial tension specimens interrogate the second quadrant of the 7-¢ stress
space. For the other four steels, the results for the SWDFM are more in line with the other
models but still less accurate than the LMVGM model. Compared to the other two monotonic
fracture models (VGM and LHM), the LMVGM is consistently more accurate because of the
way that accounts for the Lode angle effect. Overall, the newly proposed LMVGM provides

the most accurate predictions using a simple equation with only three free parameters.

3.5 Summary

This chapter investigated the effects of stress triaxiality and Lode angle on the fracture of
structural steels under a wide range of stress states based on experimental evidence. A large
amount of experimental data was collected from the literature, and additional series of newly
designed plane strain specimens and rectangular notched specimens were tested to augment the
experimental database. The discussion was carried out separately for groups of tests with
identical stress triaxiality or Lode angle parameter to obtain the isolated effect of each

parameter.

The validity of the void growth-based exponential function over a wide range of stress
triaxialities was assessed based on the fracture strains under stress states with identical Lode
angle parameter and different stress triaxialities. The VGEF showed good accuracy for high
stress triaxiality states, while for stress states covering high, medium and low stress triaxialities,
the average relative error of VGEF slightly increased. It is concluded that, in general, the VGEF
can be adopted to accurately describe the effect of stress triaxiality over the full range of stress
triaxialities. In addition, although it is difficult to perform tests in the low stress triaxiality
regime, it is recommended to calibrate the VGEF parameters with some data in this region,

rather than extrapolating the calibration from tests in the high stress triaxiality regime.

A thorough understanding of the Lode angle effect was developed based on analyses of
experimental results. It is concluded that the Lode angle has a demonstrative effect on the
fracture strain of steels, and its dependence can be captured by an exponential function for the
full range of Lode angle parameters from -1 to 1. This also implied an asymmetric fracture
locus with respect to the central Lode angle parameter line, £ = 0. The effect of the Lode angle
increased with a decreasing value of the stress triaxiality and was more pronounced for high

strength steels.
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Having quantified the dependence of the fracture strain on the stress triaxiality and the Lode
angle parameter based on these data sets, a new fracture model called the Lode angle Modified
Void Growth Model (LMVGM, see Eq. (3-13)) was proposed and validated against
experimental results. The LMVGM, which included three free parameters, combined the effect
of stress triaxiality 7, through the Void Growth Exponential Function (VGEF), and the effect
of the Lode angle parameter ¢, using an exponential function. Similar to other void growth
models, the LMVGM predicted that the critical fracture strain would decrease under increasing
T. On the other hand, the model and supporting test data indicated that critical fracture strain
did not present a consistent trend with respect to the Lode angle parameter, ¢, i.e., the fracture

strains might increase or decrease with increasing ¢, depending on the material.
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Chapter 4  Stress-strain relationships of weld, HAZ and base

metal

4.1 Introduction

Fracture in welded steel connections accompanying large plastic deformation is an important
mode of failure in steel structures. Therefore, it is necessary to investigate and simulate the
fracture in welded connections to assess the performance of the steel structures. In welded
connections, the high temperature and different cooling rates during the welding process lead
to locally different microstructures, inhomogeneous properties and residual stresses in the weld
zone, which can be divided into three material areas, base metal, weld and heat affected zone
(HAZ). To investigate the fracture in welded connections, the weld-zone mechanical properties
and WRS were measured to discuss their effects on the performance of the welded connections
in the following chapters. As introduced in Chapter 2, many studies have been carried out to
quantitatively investigate the mechanical properties of the weld zone, but limited data is
available for structural steels, and the difference in the properties between the longitudinal and
transverse directions has rarely been discussed. In this chapter, the stress-strain relationships
of the weld and HAZ in the weld zone of butt-welded plates were measured for both

longitudinal and transverse directions and compared with those of the base metal.

In Section 4.2, the weld geometry, the materials and welding parameters of the butt-welded
plates are introduced. In Section 4.3, after macroetching the cross-sections of the plates, the
areas of the base metal, weld and HAZ are identified, after which hardness tests are performed
for the three material areas. In Section 4.4, considering the narrow sizes and irregular shapes
of the weld and HAZ in the weld zone, a series of miniature flat plate coupons are designed to
measure the stress-strain relationships of the three material areas in both longitudinal and
transverse directions. To support these miniature coupons, a pair of custom-built jigs were
designed, and tensile tests were then conducted. In Section 4.5, the true stress-strain
relationships of the base metal, weld and HAZ are obtained for both directions based on the
experimental results and corresponding FE simulations. The differences in the yield stress and
ultimate stress among the three material areas and between the two directions are discussed. In
Section 4.6, tensile tests are carried out on normal-size specimens extracted from the base metal.
Their test results are compared with those obtained from the miniature coupons to discuss the

accuracy of the miniature coupon testing scheme and setup. Section 4.7 summarizes the
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experimental and simulated results of the miniature flat plate coupons extracted from the three

material areas in the two directions.

4.2 Materials and welding

Two butt-welded plates were made for the measurement of local properties in the weld zone,
as shown in Fig. 4-1. The components were cut from 10 mm thick AS350 grade steel plates
[100]. The single-V butt welds were welded on one side of the plate with a backing strip on the
other side, and the joint preparation was prequalified according to [111] with the width of the

root gap being 6 mm and the included angle being 30°. The longitudinal and transverse

directions were defined in Fig. 4-1, where the longitudinal direction was the same as the rolling
direction of the steel plate. The butt welds were made by four runs through the Gas Metal-Arc
Welding (GMAW) using the welding wire of grade B-G49 [111], and the shielding gas of 18%
CO; bal Ar. The welding voltage ranged from 23 to 26 V, the current ranged from 200 to 220
A, and the welding speed ranged from 200 to 250 mm/min, i.e. the heat input ranged from 1.10
to 1.71 kJ/mm. Weld Australia was consulted to review the Welding Procedure Specifications
(WPSes) and confirmed the WPSes satisfied the requirements of the AS/NSW 1554.1:2014 SP
Category [111]. Weld Australia’s representative was present during the welding to ensure the

welding was performed with the welding parameters within the proposed ranges.

Figure 4-1. Single V groove butt weld.

4.3 Macroetching and hardness tests

Four 10 mm thick slices were cut from each welded plate, as shown in Fig. 4-2, after removing
the 40 mm long parts from the edges to eliminate the run-on and run-out effects. The weld
zones of the slices were cut in half, making 16 pieces in total, which were then mounted in

epoxy resin. After grinding and polishing, their surfaces were etched using 4% nitric acid. The
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photo of an etched surface is shown in Fig. 4-3(a). The dividing lines between the weld and
HAZ and between the HAZ and the base metal were observed in the weld zone, and the three
material areas were distinguished, which are highlighted with different colours in Fig. 4-3(b).
It’s worth noting that because it is difficult to extract miniature coupons for the HAZ subareas
with tiny widths, the HAZ area studied in this project was considered a single area without

subdivisions.

L1[]'1{) . ll[) ” LO h |10[4C

(a) Segmentation drawing of a welded plate (b) Photo of slices

Figure 4-2. Slices cut from welded plates.

[
w

I

(a) Etched surface (b) Etched surface with colour-filled areas
Figure 4-3. Photo of etched surface.

The width of the HAZ was measured as the distance between the two dividing lines at different
distances from the top surface of the plate along two directions. In this study, both the
horizontal distance and the nominal net distance in the direction perpendicular to the V groove

(i.e., the direction with a 15° slope) were measured as shown in Fig. 4-3(b), representing the

horizontal width and net width of the HAZ, respectively. For each macro-etched piece, the
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horizontal width and net width were measured from six positions at different distances from
the top surface of the plate, making a total of 96 measurements for both the horizontal and net
width, as shown in Fig. 4-4. The majority of the measurements ranged from 1.5 mm to 3.0 mm,
with the average values being 2.23 mm and 2.08 mm for the horizontal and net width,
respectively. It was observed that the measured results of the horizontal width were slightly

more discrete than those of the net width.
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Figure 4-4. Width of HAZ.

The Vickers hardness was measured on the surfaces of two pieces cut from one slice using the
DuraScan machine. Measurements were conducted at 18 locations, six in the weld area, six in
the HAZ area and the rest six in the unaffected base metal area. The three locations in each
material area were randomly selected, and the distance between each location was large enough
that they did not interact with each other. The test result of the Vickers hardness for one location
in the base metal area is shown in Fig. 4-5. Under the load of 4.9 N (0.5 kg), the average
indentation sizes were 77.15 um, 71.29 um and 67.32 pm, and the average HV0.5 values were
computed as 155.5, 182.7 and 205.3, for the base metal, HAZ and weld, respectively, as shown
in Fig. 4-6. The comparison among the results of the three material areas showed that the weld

had the highest hardness while the base metal was the softest.
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Figure 4-5. Measurement of hardness for one location in the base metal area.
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Figure 4-6. Hardness values of the base metal (BM), HAZ and weld.
4.4 Tensile coupon tests

4.4.1 Specimen design

Miniature flat plate (FP) coupons were designed to determine the stress-strain relationships of
the three material areas in the weld zone of the butt-welded plates. The dimensions of the cross-
section of the parallel part in these miniature FP coupons were in the range of I mm to 2.5 mm,
and their geometries are shown in Fig. 4-7. The miniature coupons were extracted from the
three material areas in the weld zone, which were identified according to the macroetching
results. In order to discuss the difference in the properties between the two directions, the
miniature coupons were extracted along the longitudinal and transverse directions. Fig. 4-8
demonstrates the locations and directions of the coupon extraction, where the letter “BM”
refers to the base metal, “FP” to the flat plate coupons, and “L” and “T” to the longitudinal and

transverse directions, respectively.

The miniature longitudinal flat plate coupons (i.e., FPL), as shown in Fig. 4-7(a), were

proportionally scaled down from standard coupons [101]. The gauge length of the standard

coupons was equal to L, =5.65,/4, , where Ao was the size of the cross-section of the parallel
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part. Hence, the FPL coupons with a cross-section of 2.5 mm % 1 mm had a gauge length of
9.0 mm and the parallel length of 11.4 mm. As the miniature transverse flat plate (i.e., FPT)
coupons crossed through the narrow areas of the weld and HAZ, the FPT coupons were
designed with the parallel part being only 3 mm long and gauge length being 2 mm to ensure
that an FPT coupon contained only one material area within its gauge length, as shown in Fig.

4-7(b).

(a) FPL (b) FPT

Figure 4-7. Geometry and dimension of miniature FP coupons (mm).

BM

FPL-BM

FPT-BM

- W
FPL-HAZ FPL-Weld FPT-Weld

Figure 4-8. Location and direction of flat plat specimens extracted from the butt-welded plate.
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4.4.2 Test setup

The uniaxial tensile tests were carried out on the miniature coupons using a 300 kN MTS
Sintech testing machine, as shown in Fig. 4-9. Considering that the fracture load of the
miniature FP coupons was much lower than the capacity of the testing machine, the test frame
was equipped with a 300 kg load cell. Due to its small size, the miniature coupon can easily be
altered or destroyed by the bending strains caused by small misalignments when performing
tension tests. Therefore, the test frame was equipped with a pair of custom-built jigs consistent
with the coupon dimensions to support the miniature coupons. Because the parallel part of the
miniature FP coupons was only 11.4 mm, the space between the two grips could not
accommodate an ordinary extensometer. Therefore, the relative displacement between the
upper and lower grips was measured using an extensometer with a gauge length of 25 mm, and

the deformation of the miniature coupons was directly measured using the DIC system.

Miniature
specimen

Figure 4-9. Test setup of miniature FP specimens.

The design of the test jig is shown in Fig. 4-10. The jig included two grips, each with an open
slot for easy fixing of the miniature coupon and ensuring alignment of the specimen in the grips.
The open slots were in the shape of the end of the miniature coupon, including the transition
curves and part of the parallel length. A pair of interchangeable spacers were used to

accommodate the miniature coupons with different thicknesses and fixed by a bolted top cover
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from each side of the grip. At the end of each grip, a universal joint was used to connect the
grip to the support and the crosshead of the testing machine. Therefore, the axiality of the
miniature coupon in the grips was ensured with no bending moment applied to it caused by
possible misalignments. Two guides were used to facilitate the installation of the miniature
coupon into the grips, as well as the installation of the grips to the testing machine. The guides

were removed before the commencement of the test to avoid the possible friction effect.

Guidesr Universal joint

©
© O
Nuts
=
@@
M Specimen
@ Spacers
Covers
Bolts

Figure 4-10. Design of custom-built jigs.

The DIC system was used to measure the deformation of the miniature coupon due to its small
size. Before using the DIC to evaluate the coupon deformation from the captured camera
images, the projection parameters of the system were required to be calibrated using a
calibration target. To make sure the DIC system was well calibrated, the values of the relative
displacement between the upper and lower grips measured by the extensometer and the DIC
system were compared. Using the DIC system, one point on the upper grip and another point
on the lower grip captured by DIC camera were set as reference points and the distance along
the loading direction between the two points were measured during the loading process. The
deformation between the upper and lower grips measured by DIC system was then calculated.
The load-deformation curves measured by the two methods for the test on an FPL coupon
extracted from the base metal were plotted in Fig. 4-11. It is shown that the measurements of

the deformation using the extensometer and the DIC system agreed well with each other, and
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it is proved that the DIC system was well calibrated, and its results were reliable. Therefore,
the deformations of the miniature coupons could be directly measured using the calibrated DIC
system. The gauge length (i.e., Lo) of the DIC measurement was set as 9 mm for miniature FPL
coupons, while the gauge length of miniature FPT coupons was set as 2 mm. The DIC camera
was set to take photos every second to obtain the images of the miniature coupon during the
loading process. To obtain the static load-deformation curves, the loading was controlled at a
low speed of 0.5 mm/min and paused two or three times for 100s to allow stress relaxation.

The static load-deformation curves were then obtained following the same method adopted in

Chapter 3.
IS5
> 1.0r '
=
2
Sost — Extensometer
----- DIC
0.0 ; : :
0 1 2 3 4

Deformation (mm)

Figure 4-11. Load-deformation curves measured by extensometer and DIC.

4.5 Measurement of stress-strain relationships

4.5.1 Experiment results

As observed during the loading process and in Fig. 4-12, the plastic deformation was highly
localised at the parallel part of the coupon where fracture finally occurred. Six replicated tests
were conducted for each material area in each direction, leading to 36 tests in total. The load-
deformation curves of the FPL and FPT coupons are presented in Figs. 4-13 to 4-15. The test
curves of the miniature FP coupons reached a maximum load when necking commenced and
were truncated at the fracture initiation point, where a steep drop occurred. The discreteness of
the fracture deformation of FPL coupons may be caused by a slight deviation existing in the

manufacturing process of the material and the tiny coupon size.

The maximum load, Pmax, the deformation at which fracture occurred, D, and the percentage
elongation corresponding to the fracture initiation, or = Dr/ Lo, are summarized for the three
material areas in Tables 4-1 to 4-3. Note that the Jr values were not comparable between the

FPLs and FPTs as they adopted different Lo. The following observations were made:
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1) For both the longitudinal and transverse directions, the curves of the base metal were

2)

3)

nearly identical, while those of the weld and HAZ showed large variations in terms
of both the onset of yielding and post-yielding response. The large scatter indicated
that the material properties of the weld and HAZ were relatively less homogeneous
than those of the base metal, resulting from the steep temperature gradient near the
fusion line.

The average maximum loads of the base metal, weld and HAZ were 1.16 kN, 1.43
kN and 1.37 kN for the longitudinal direction, and 1.13 kN, 1.45 kN and 1.30 kN for
the transverse direction, respectively. The maximum loads of the HAZ were higher
than those of the base metal but lower than those of the weld in both directions, and
the maximum loads of the three material areas in the weld zone were similar between
the two directions.

The average percentage elongations of base metal, weld and HAZ were 0.29, 0.24
and 0.20 for the longitudinal direction, and 0.58, 0.42 and 0.38 for the transverse
direction, respectively. The comparison of percentage elongations showed that the

base metal showed the best ductility in both directions, while the HAZ material

showed the worst.

(a) FPL (b) FPT
Figure 4-12. Fractured miniature flat plates for base metal.
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Figure 4-13. Load-deformation curves of base metal.
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Figure 4-14. Load-deformation curves of weld.
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Figure 4-15. Load-deformation curves of HAZ.

Table 4-1. Maximum load, fracture deformation and percentage elongation of the base metal.

FPL FPT
Prax (kN)  Dr(mm) or Prax (kN)  Dr(mm) or

Test-1 1.15 2.88 0.32 1.12 1.14 0.57
Test-2 1.19 2.20 0.24 1.12 1.27 0.64
Test-3 1.20 2.84 0.32 111 1.30 0.65
Test-4 112 2.16 0.24 1.14 0.88 0.4
Test-5 1.17 3.06 0.34 1.16 1.16 0.58
Test-6 1.13 2.48 0.28 1.10 1.23 0.62
Avg 1.16 2.60 0.29 1.13 1.16 0.58

4-11



Table 4-2. Maximum load, fracture deformation and percentage elongation of the weld.

FPL FPT
Prax (kN)  Dr(mm) or Prax (kN)  Dr(mm) or

Test-1 1.42 2.34 0.26 1.38 0.58 0.29
Test-2 1.43 2.46 0.27 1.53 0.87 0.44
Test-3 1.35 1.53 0.17 1.46 1.01 0.51
Test-4 1.51 2.04 0.23 1.50 1.01 0.51
Test-5 1.49 2.24 0.25 1.45 0.72 0.36
Test-6 1.42 2.56 0.28 1.35 0.78 0.39

Avg 1.43 2.19 0.24 1.45 0.83 0.42

Table 4-3. Maximum load, fracture deformation and percentage elongation of the HAZ.

FPL FPT
Prax (kN)  Dr(mm) or Prax (kN)  Dr(mm) or

Test-1 1.37 1.63 0.18 1.27 0.78 0.39
Test-2 1.32 2.26 0.25 1.29 0.71 0.36
Test-3 1.25 2.10 0.23 1.32 0.78 0.39
Test-4 1.43 1.41 0.16 1.47 0.92 0.46
Test-5 1.42 1.71 0.19 1.22 0.67 0.34
Test-6 1.42 1.85 0.21 1.22 0.63 0.32

Avg 1.37 1.83 0.20 1.30 0.75 0.38

4.5.2 Stress-strain relationships

As summarized in Tables 4-4 to 4-6, the engineering yield stress, oy, and tensile strength, oy,
were calculated for the three material areas from each test. The average yield stresses of base
metal, weld and HAZ were 357.3 MPa, 463.9 MPa and 447.9 MPa for the longitudinal direction,
and 336.9 MPa, 460.1 MPa and 382.8 MPa for the transverse direction, respectively. The
comparison shows that in both directions, the yield stress of the HAZ was higher than that of
the base metal but lower than that of the weld, which was consistent with the results of the
hardness tests. In addition, for the base metal and HAZ, the yield stresses in the longitudinal
direction were higher than their transverse counterparts, while the strength of the weld was

observed to be nearly independent of the direction.
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Table 4-4. Yield stresses and ultimate stresses of the base metal (MPa).

Longitudinal Transverse
oy Ou oy Ou
Test-1 360.4 465.7 330.7 458.4
Test-2 360.9 471.9 327.6 446.5
Test-3 362.4 474.0 321.7 439.5
Test-4 349.9 466.7 348.8 455.7
Test-5 362.9 449.8 357.9 462.6
Test-6 347.0 452.3 335.8 445.9
Avg 357.3 460.1 336.9 451.4

Table 4-5. Yield stresses and ultimate stresses of the weld (MPa).

Longitudinal Transverse
oy Ou oy Ou
Test-1 460.6 566.7 443.9 553.6
Test-2 456.0 570.2 499.1 611.1
Test-3 4243 539.7 472.1 585.3
Test-4 499.4 602.5 464.7 601.9
Test-5 494.2 594.0 446.5 578.1
Test-6 449.1 565.4 434.2 542.0
Avg 463.9 573.1 460.1 578.7

Table 4-6. Yield stresses and ultimate stresses of the HAZ (MPa).

Longitudinal Transverse
oy Ou oy Ou
Test-1 456.4 548.6 351.9 509.1
Test-2 394.6 529.1 392.3 514.7
Test-3 378.4 501.5 382.8 529.7
Test-4 481.7 571.9 438.9 587.9
Test-5 485.6 568.8 364.5 488.3
Test-6 490.9 567.8 366.2 488.4
Avg 447.9 548.0 382.8 519.7
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The stress-strain relationships of the base metal, weld and HAZ were calculated for each test
following the same data processing method introduced in Section 3.2.1. The true stress oirue
and true strain euue before necking commencement were calculated from the engineering stress
oeng and engineering strain geng using Eqgs. (3-1) and (3-2). The post-necking true stress-strain
relationship was assumed to be linear [103], and the strain hardening modulus was determined
by trial-and-error finite element analyses. The calculated true stress-strain relationships for all
miniature FP coupons are plotted in Figs. 4-16 to 4-18. It is observed that for both longitudinal
and transverse directions, the stress-strain relationships of the base metal showed less
variability than those of the weld and HAZ, which was consistent with the load-deformation
curves. The true stress-strain relationship of each material area in each direction was then

obtained by averaging the curves of the corresponding coupons, as plotted in Fig. 4-19.
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Figure 4-16. Stress-strain curves of the base metal.
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Figure 4-17. Stress-strain curves of the weld.
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Figure 4-18. Stress-strain curves of the HAZ.
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Figure 4-19. Average stress-strain curves of the three material areas.
The tensile tests on the miniature FP coupons were numerically reproduced using the
commercial FE software ABAQUS. The FE models for the FPL and FPT coupons extracted
from the base metal are shown in Fig. 4-20. The materials were modelled as isotropic von
Mises plasticity using the true stress-strain curves shown in Fig. 4-19. The eight-node linear
solid elements with reduced integration (C3D8R) were used, with the element sizes being 0.2
mm in the parallel part, as shown in Fig. 4-20(a). The von Mises stress contours of the deformed
FE models under the fracture deformation Dy are shown in Fig. 4-20(b). It is observed that the
models experienced large plastic deformation before the fracture initiates, and the von Mises
stress and plastic deformation were localized in the parallel part of the miniature coupon, which

was consistent with the fractured specimens shown in Fig. 4-12.

The load-deformation curves obtained from the FE simulations are compared with the test

curves in Figs. 4-13 to 4-15, and it is shown that the simulated results agreed well with the test
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results. Note that in the FE models, the fracture phenomena were not simulated, and, therefore,
the FE curves did not drop due to the onset of fracture and continued to develop into a very
large deformation. The point corresponding to the average fracture deformation listed in Tables
4-1 to 4-3 was plotted on each FE curve in Figs. 4-13 to 4-15. The comparison of the results in
Figs. 4-13 to 4-15 and Fig. 4-20(b) verified that both the von Mises stress distribution and the
load-deformation curve of the miniature flat plates were closely simulated by the FE models.
Therefore, it is confirmed that the FE models could accurately capture the behaviour of
miniature coupons during the loading process. The FE models were then used to calculate the
stress triaxiality, Lode angle parameter and plastic strain for each material area in both

directions, as described in Section 5.3.

FPL FPT FPL FPT
(a) Undeformed models (b) Deformed models

Figure 4-20. Numerical simulation of FPLs and FPTs of the base metal.

4.6 Tests on standard specimens

Normal-size standard specimens were extracted from the base metal in both longitudinal and
transverse directions, i.e., FP-standard, and tensile tests were conducted on these specimens to
verify the accuracy of the miniature coupon testing scheme and setup. As shown in Fig. 4-21,
the width and thickness of the cross-section in the parallel part of the FP-standard specimens
were 12.5 mm and 5 mm, respectively, which were five times those of the miniature flat plate

coupons.
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Figure 4-21. Design of FP-standard specimens (mm).

The test setup for the FP-standard specimens is shown in Fig. 4-22(a). The tensile tests were
carried out in the 300 kN MTS Sintech testing machine, and the deformation of the FP-standard
specimens was measured using an extensometer located in the middle of the parallel length
over a gauge length of 25 mm. Two replicated tests were conducted on FP-standard specimens
cut along each direction, and photos of the fractured specimens are shown in Fig. 4-22(b). It is
observed that similar to the miniature flat plate coupons, the standard specimens experienced
highly localised plastic deformation during the loading process and achieved final failure by
the fracture at the parallel part. The elastic modulus of the base metal was measured using strain
gauges attached at both surfaces of the standard specimen, as shown in Fig. 4-22(a), and the

average elastic modulus was 193.32 GPa.

(a) Test setup (b) Photos of fractured specimens

Figure 4-22. Test and simulation of FP-standard specimens.
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The load-deformation curves for the longitudinal and transverse directions are plotted in Fig.
4-23. The results of the replicated tests were almost identical, and the fracture deformation of
standard specimens in the transverse direction was smaller than that in the longitudinal
direction, which was consistent with the conclusions of the miniature FP coupons that the base
metal presented better ductility in the transverse direction. Based on the load-deformation
curves, the engineering stress-strain curves of the miniature flat plates and standard specimens
extracted from the longitudinal direction were compared, as shown in Fig. 4-24, where letters
“M” and “S” refer to the miniature and standard specimens, respectively. The miniature and
standard specimens produced very similar curves prior to the tensile strength, which
corresponded to the commencement of necking. In the post-necking range, the engineering
strains of the standard specimens were slightly larger than those of the miniature coupons

because the deformation of the FP-standard specimens was measured over the 25 mm gauge
length, which was shorter than the proportional gauge length (i.e., L, =5.65\/Z =447 mm). If

the gauge length was taken as 44.7 mm, the engineering stress-strain curves obtained from the
miniature and standard specimens would agree well with each other over the full deformation

range.

35
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Figure 4-23. Load-deformation curves of FP-standard specimens.
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Figure 4-24. Engineering stress-strain curves for base metal in the longitudinal direction.

The tests of the standard specimens were modelled in ABAQUS, using the true stress-strain
relationship of the base metal obtained from the miniature FP coupons, i.e., the solid black line
in Fig. 4-19. As shown in Fig. 4-25, one-eight of the standard specimen was modelled due to
the geometric symmetry, using C3D8R element with element sizes of approximately 0.2 mm
in the critical area. The stress concentration and plastic deformation localized in the parallel
part of the deformed FE model, which was consistent with the photo of the fractured specimens
in Fig. 4-22(b) and the simulation results of the miniature FP coupons in Fig. 4-20(b). The
simulated load-deformation curves are compared with the test curves in Fig. 4-23, which shows
a good agreement. Therefore, it is confirmed that the tests of miniature coupons and
conventional normal-size coupons provide consistent results. Thus, the accuracy of the

miniature testing scheme is verified.

Figure 4-25. Numerical model of FP-standard specimens.
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4.7 Summary

In this chapter, the stress-strain relationships of the weld and HAZ were measured for both
longitudinal and transverse directions and compared with those of the base metal by conducting
tensile tests on the miniature coupons extracted from the butt-welded plates. After
macroetching the cross-sections of the plates, the three material areas in the weld zone were
observed, and the horizontal and net widths of HAZ were measured, whose average values
were 2.23 mm and 2.08 mm, respectively. The Vickers hardness was measured for the three
material areas, and the results showed that the weld had the highest hardness while the base

metal was the softest.

A series of miniature flat plate coupons were designed and extracted from the base metal, weld
and HAZ along both the longitudinal and transverse directions. The test frame was equipped
for the miniature tests with a 300 kg load cell and a custom-built jig, and the deformation of
the miniature coupons was measured using the DIC system. Six replicated tests were conducted
for each material area in each direction, and the comparison of the test results showed that the
material properties of the weld and HAZ showed great variability than those of the base metal.
The maximum loads of the HAZ were higher than those of the base metal but lower than those
of the weld in both directions. The comparison of percentage elongations of miniature FP
coupons indicated that the base metal showed the best ductility in both directions, while the

HAZ material showed the worst.

The average engineering yield stresses of the base metal, weld and HAZ were 357.3 MPa,
463.9 MPa and 447.9 MPa for the longitudinal direction, and 336.9 MPa, 460.1 MPa and 382.8
MPa for the transverse direction, respectively. It was shown that in both directions, the yield
stress of the HAZ was higher than that of the base metal but lower than that of the weld, which
was consistent with the results of the hardness tests. In addition, for the base metal and HAZ,
the yield stresses in the longitudinal direction were higher than their transverse counterparts,
while the strength of the weld was observed to be nearly independent of the direction. The true
stress-strain relationships of all the miniature FP coupons were calculated, and the true stress-
strain relationship of each material area in each direction was then obtained by averaging the

curves of the corresponding coupons.

Tensile tests were also conducted on the standard specimens extracted from the base metal in
both longitudinal and transverse directions to assess the accuracy of the miniature coupon

testing scheme and setup. The engineering stress-strain relationships of the standard specimens
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were compared with those of miniature FP coupons, and the obtained good agreement
confirmed that the tests of miniature coupons and normal-size coupons provide consistent
results. The tests of the standard specimens were modelled using the true stress-strain
relationship of the base metal obtained from the miniature FP coupons, and the simulated load-
deformation curves agreed well with the test curves, thus verifing the accuracy of the miniature
testing scheme.

Note that the conclusions are limited to the tested AS350 grade steel and accompanying weld,

laid using grade B-G49 welding wire using the documented welding process.

4-21



Chapter 5  Fracture strains of weld, HAZ and base metal

5.1 Introduction

Numerous experiments have shown that under monotonic loading, fracture of welded
connections can occur in the weld, HAZ or base metal, and many fracture models have been
adopted to predict the fracture initiation and propagation in welded connections. However, the
inhomogeneity of the mechanical properties within the weld zone, such as stress-strain
relationships and fracture strains, was ignored in previous studies of the fracture in welded
connections. Therefore, it is necessary to consider the mechanical properties of the base metal,
weld and HAZ and discuss the effect of the material heterogeneity within the weld zone on the
fracture performance of welded connections. In this chapter, the fracture strains of the weld
and HAZ under various stress states are measured using miniature coupons for both

longitudinal and transverse directions and compared with those of the base metal.

In Section 5.2, miniature notched round bars (NRB) and miniature grooved plates (GP) are
designed for the axisymmetric tri-axial tension states and plane strain tri-axial tension states to
fit the small areas of the weld and HAZ. Tensile tests were carried out on these miniature
coupons extracted from the three material areas of the butt-welded plates along the two
directions. The experimental results, such as the load-deformation curves and the fracture
deformations, are summarized and compared among the three material areas. In Section 5.3,
fracture strains of the miniature FP coupons, miniature NRB coupons and miniature GP
coupons are obtained based on the test results and parallel FE simulations. The differences in
the fracture strains among the three material areas and between the two directions are discussed.
The fracture strains are then used to calibrate the free parameters of the fracture model
LMVGM for the three material areas. The calibrated LMVGM is used to predict the fracture
loci in the whole stress state regime, the difference in which is discussed among the base metal,
weld and HAZ materials and also between the longitudinal and transverse directions. Section

5.4 summarizes the whole chapter.

5.2 Tests on miniature notched round bars and grooved plates

5.2.1 Specimen design
Miniature notched round bars and grooved plates were designed to obtain the fracture strains
of the three material areas within the weld zone for the tensile axisymmetric stress state with

high T and =1 and the plane strain stress state with high 7 and {=0. The miniature NRB
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coupons and GP coupons were made from the 10mm thick butt-welded plates described in
Section 4.2. Similar to the miniature FP coupons in Section 4.4, the miniature NRB coupons
and GP coupons were extracted from the weld, HAZ and base metal based on the macroetching
results in Fig. 4-3. However, distinct from the miniature FP coupons for which the parallel part
of the FPT coupons was designed to be shorter than the FPL coupons, the geometries of the
miniature NRB coupons and GP coupons were the same in the longitudinal and transverse
directions, as shown in Fig. 5-1. This is because the miniature NRB coupons and GP coupons
had notched shapes at the parallel part where the stress and deformation concentrations
occurred. The nominal dimensions of the smallest cross-sections of these miniature coupons
were 1.5 mm and 1 mm, and since the size of the notched part was smaller than the size of the
weld and HAZ, it can be guaranteed that the critical area of these miniature coupons extracted
along both the longitudinal and transverse directions only covered one material area of the weld
zone. Three replicated specimens were made for each material area in each direction, and the
actual dimensions of the specimens were measured using callipers or digital image processing
for dimensions which were too small for the callipers. Table 5-1 summarises the key
dimensions, including the diameter of the smallest cross-section of the miniature NRB coupons

and the width of the miniature GP coupons.

(a) NRB (b) GP

Figure 5-1. Geometry and Dimensions of miniature NRBs and GPs (mm).
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Table 5-1. Measured dimensions of smallest cross-sections of the NRBs and GPs (mm).

Longitudinal Transverse
NRB GP NRB GP
Base metal-1 1.51 1.16 1.55 1.10
Base metal-2 1.56 1.27 1.59 1.03
Base metal-3 1.50 1.18 1.56 1.25
Base metal-avg 1.52 1.20 1.56 1.12
Weld-1 1.53 1.18 1.55 1.20
Weld-2 1.55 1.10 1.53 1.20
Weld-3 1.54 1.15 1.48 1.19
Weld-avg 1.54 1.14 1.52 1.19
HAZ-1 1.51 1.16 1.52 1.07
HAZ-2 1.54 1.13 1.51 1.05
HAZ-3 1.53 1.24 1.56 0.97
HAZ-avg 1.52 1.17 1.53 1.03

5.2.2 Test setup

The uniaxial tensile tests of the miniature coupons were carried out on the 300 kN MTS Sintech
testing machine. The test setup of miniature NRB coupons was the same as that of the miniature
FP coupons, as shown in Fig. 5-2(a), while since the maximum loads of the miniature GP
coupons were higher than those of the miniature FP coupons and NRB coupons, a 5000 kg load
cell was equipped for the miniature GP coupons instead of the 300 kg load cell, as shown in
Fig. 5-2(b). The shape of the ends of the miniature NRB coupons and GP coupons was designed
to be the same as that of the miniature FP coupons, as shown in Figs. 4-7 and 5-1. Therefore,
these miniature coupons could fit in the same custom-built test jig. The nominal thicknesses of
the miniature NRB coupons and GP coupons were 2.5 mm and 8 mm, respectively, which were
thicker than that of the miniature FP coupons, and two pairs of interchangeable spacers were
then made to accommodate their thickness. The gauge lengths (i.e., Lo) of miniature NRB
coupons and GP coupons were set to be the same as that of the miniature FPL coupons, i.e. 9

mm.

The test process of miniature NRB coupons and GP coupons was similar to that of the miniature
FP coupons. The loading was controlled at a low speed of 0.1-0.5 mm/min, depending on the
deformability of the coupon, and paused two or three times for 100s to obtain the static load-

deformation curves. The deformation of the miniature coupons was measured using the DIC
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system, which was calibrated by comparing the load-deformation curves measured using the

25 mm extensometer and the DIC system.

(a) Miniature NRB (b) Miniature GP
Figure 5-2. Test setup for miniature NRB and GP specimens.

5.2.3 Experimental results

During the loading process of the miniature NRB coupons and GP coupons, the plastic
deformation developed and localized in the notched parts where the final fracture also occurred,
as shown in Fig. 5-3. The load-deformation curves of the miniature NRB coupons are plotted
for the weld, HAZ and base metal in the longitudinal and transverse directions in Figs. 5-4 to
5-7, while Figs. 5-7 to 5-9 show the load-deformation curves of the miniature GP coupons.
Similar to the results of miniature FP coupons, all test curves dropped instantly when the
fracture occurred. The maximum load, Pmax, and the deformation under which fracture occurred,
Dy, are summarized for the three material areas in Tables 5-2 to 5-4. Different from the
miniature FP coupons, the values of the fracture deformation are comparable between the
specimens extracted from the longitudinal and transverse directions as their gauge length Lo

was set to be the same. The following observations were made from the test results:

1) Inthe longitudinal direction, the average maximum loads of the base metal, weld and
HAZ were 1.35 kN, 1.61 kN and 1.45 kN for miniature NRB coupons, and 6.29 kN,
7.61 kN and 6.65 kN for miniature GP coupons, respectively. In the transverse
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2)

3)

4)

5)

6)

7)

direction, the average maximum loads of the base metal, weld and HAZ were 1.27
kN, 1.56 kN and 1.48 kN for miniature NRB coupons, and 6.20 kN, 7.61 kN and 5.83
kN for miniature GP coupons, respectively.

The comparison of the loads between the HAZ and base metal showed that the
maximum loads of the HAZ were always higher than those of the base metal but
lower than those of the weld, except for coupon GP-L. The comparison between the
two directions showed that the maximum loads of the three material areas were
always higher in the longitudinal direction, except for NRB of the HAZ. The
exceptions are attributed to the measured dimensions that were slightly different from
the nominal dimensions.

In the longitudinal direction, the average fracture deformations of the base metal,
weld and HAZ were 0.20 mm, 0.33 mm and 0.17 mm for miniature NRB coupons,
and 0.30 mm, 0.26 mm and 0.22 mm for miniature GP coupons, respectively. In the
transverse direction, the average fracture deformations of the base metal, weld and
HAZ were 0.49 mm, 0.36 mm and 0.43 mm for miniature NRB coupons, and 0.42
mm, 0.30 mm and 0.32 mm for miniature GP coupons, respectively.

The average fracture deformations of the base metal and HAZ were always larger in
the longitudinal direction than those in the transverse direction, with the ratio of
fracture deformations in the two directions (averaged between miniature NRB
coupons and GP coupons) being 1.93 and 1.99 for the base metal and HAZ,
respectively. This demonstrated the anisotropy of the properties of the base metal and
HAZ.

By contrast, the properties of the weld seemed to be more isotropic, with the ratio of
fracture deformations in the two directions (averaged between miniature NRB
coupons and GP coupons) being only 1.12. The isotropy of the material properties of
the weld was also demonstrated by the similar percentage elongation of miniature FP
coupons, yield stress and tensile strength in the two directions, as shown in Tables 4-
2 and 4-5. This is not surprising as the weld area was not subjected to the same rolling
effects as the base metal, which also affected the properties of the HAZ.

The average fracture deformation of the HAZ was always lower than that of the base
metal. This demonstrated that the thermal cycles applied to the base metal near the
weld, which turned the base metal to the HAZ, degraded the deformability of the base
metal.

Based on the comparison of the fracture deformations of miniature NRB coupons and
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Load (kN)

GP coupons, it is concluded that the HAZ had the lowest ductility in the longitudinal
direction, while the ductility of the weld was the lowest in the transverse direction.

The base metal always had the highest ductility, except for NRB-L.

(a) NRB-before loading

(c) GP-before loading (d) GP-fractured
Figure 5-3. Photos of miniature NRB and GP specimens.
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Figure 5-4. Load-deformation curves of miniature NRB of base metal.

Load (kN)

5-6



1.8 —— 1.8
1.5} 1772 _"“ ik
=121 ~121f
< 0.9} < 0.9+
: 2
—~ 0.6 ~ 0.6
0.3 0.3
0. e e Pl 0. ' ' '
%.0 0.1 0.2 0.3 0.4 %.0 0.1 0.2 0.3 0.4
Deformation (mm) Deformation (mm)
(a) Longitudinal (b) Transverse

Figure 5-5. Load-deformation curves of miniature NRB of weld.
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Figure 5-6. Load-deformation curves of miniature NRB of HAZ.

8 7
Tt 6k
=9 =[]
és g A @4 il
o 4 =
S <3
Q@1 Q
— —
2 2
1 It
00 o1 02 03 04 00 01 02 03 04 05
Deformation (mm) Deformation (mm)
(a) Longitudinal (b) Transverse

Figure 5-7. Load-deformation curves of miniature GP of base metal.
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Figure 5-8. Load-deformation curves of miniature GP of weld.
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Figure 5-9. Load-deformation curves of miniature GP of HAZ.

Table 5-2. Maximum load, fracture deformation and percentage elongation of base metal.

NRB-L NRB-T

Prax (kKN) Dr(mm) Prax (kN) Dr(mm)
Test-1 1.30 0.20 1.29 0.47
Test-2 1.25 0.23 1.22 0.47
Test-3 1.49 0.18 1.31 0.52
Avg 1.35 0.20 1.27 0.49

GP-L GP-T

Prax (KN) Dr(mm) Prax (KN) Dr(mm)
Test-1 6.27 0.29 6.20 0.42
Test-2 6.42 0.32 6.44 0.44
Test-3 6.17 0.28 5.97 0.41
Avg 6.29 0.30 6.20 0.42
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Table 5-3. Maximum load, fracture deformation and percentage elongation of weld.

NRB-L NRB-T

Prax (KN) Dr(mm) Prax (KN) Dr(mm)
Test-1 1.71 0.36 1.56 0.36
Test-2 1.58 0.29 1.54 0.33
Test-3 1.53 0.33 1.59 0.39
Avg 1.61 0.33 1.56 0.36

GP-L GP-T

Prax (KN) Dr(mm) Prnax (kKN) Dr(mm)
Test-1 8.00 0.28 7.57 0.28
Test-2 7.14 0.23 7.65 0.31
Test-3 7.70 0.26 7.62 0.30
Avg 7.61 0.26 7.61 0.30

Table 5-4. Maximum load, fracture deformation and percentage elongation of HAZ.

NRB-L NRB-T

Prax (KN) Dr(mm) Prax (KN) Dr(mm)
Test-1 1.53 0.16 1.49 0.46
Test-2 1.37 0.19 1.50 0.38
Test-3 1.45 0.16 1.44 0.44
Avg 1.45 0.17 1.48 0.43

GP-L GP-T

Prax (KN) Dr(mm) Prax (kN) Dr(mm)
Test-1 6.50 0.21 5.76 0.33
Test-2 6.51 0.22 5.76 0.34
Test-3 6.93 0.23 5.97 0.29
Avg 6.65 0.22 5.83 0.32

5.3 Fracture loci of weld, HAZ and base metal

5.3.1 Fracture strains under various stress states

Following the same modelling strategy described in Section 4.5.2, the tests of the miniature
NRB coupons and GP coupons were simulated using ABAQUS, as shown in Fig. 5-10. The
measured dimensions of the miniature coupons summarized in Table 5-1 were used for the FE

models, and the true stress-strain relationships obtained from the miniature FPL coupons and
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FPT coupons (i.e., Fig. 4-19) were adopted in the simulation. Similar to the miniature FP
coupons, the C3D8R elements with the element sizes being 0.2 mm in the parallel part were
used, as shown in Fig. 5-10(a). The von Mises stress contours of the deformed FE models under
the fracture deformation Dy are shown in Fig. 5-10(b). For both miniature NRB coupons and
GP coupons, the von Mises stress and plastic deformation localized in the notched parts, which
was consistent with the fractured specimens shown in Fig. 5-3. The simulated load-deformation
curves are compared with the experimental curves in Figs. 5-4 to 5-9. Without defining fracture
propagation models in the FE analyses, the FE curves did not drop due to the onset of fracture
and continued to develop into very large deformations. The points corresponding to the fracture
deformations in Tables 5-2 to 5-4 are plotted on the FE curves. A good agreement between the
experimental and FE curves is observed up to the fracture points. The comparison of the test
and simulated results verified that both von Mises stress distribution and load-deformation

curve of the miniature flat plates were accurately simulated by the FE models.

NRB GP NRB GP

(a) Undeformed specimens (b) Deformed specimens
Figure 5-10. Numerical simulation of miniature NRB and GP specimens for base metal.
The miniature FP coupons, NRB coupons and GP coupons represented different stress states,
which could be characterised by the stress triaxiality, 7, and Lode angle parameter, £, as
explained in Section 2.2.1. For each coupon type, the value of fracture strain er was obtained
from the FE models as the plastic strain ¢, at the centre of the cross-section where fracture
initiated, under the deformation corresponding to the fracture deformations summarized in
Tables 4-1 to 4-3 and Tables 5-2 to 5-4. Similarly, the values of Tave and &avg represented by
each coupon type were also obtained from Eqs. (2-13) and (2-14) calculated at the same
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locations of the FE models using the values of the stress and strain tensors generated during
the loading process. The values of ef, Tavg and avg of all the miniature coupons are summarized
in Tables 5-5 to 5-7. The miniature FP coupons and NRB coupons exhibited stress states with
Cavg values of approximately 1, and low Tayg values ranging from 0.40 to 0.59 and high Tavge
values ranging from 1.04 to 1.25, respectively, while the miniature GP coupons had high Ty,
values of 1.15 and &avg varying from 0.04 to 0.47. In Fig. 5-11, &r of the base metal, weld and
HAZ in the longitudinal and transverse directions are plotted relative to the 7-¢ plane. As the
fracture strain could be regarded as a non-dimensionalised fracture deformation, the
observations made from the fracture deformations in Sections 4.5.1 and 5.2.3 also applied to
the fracture strain. In addition, it is observed that, for the three material areas in both directions,

er generally increases with a decrease in 7 and an increase in ¢.

Table 5-5. Stress states and fracture strains of miniature FPs.

Longitudinal Transverse
Tavg Cavg er Tavg Cavg er
Base metal 0.40 0.97 0.82 0.49 0.89 0.90
Weld 0.44 0.93 0.94 0.49 0.91 0.69
HAZ 0.44 0.94 0.80 0.59 0.77 0.78

Table 5-6. Stress states and fracture strains of miniature NRBs.

Longitudinal Transverse
Tavg Cavg er Tavg Cavg er
Base metal 1.04 1.00 0.18 1.08 1.00 0.61
Weld 1.13 1.00 0.42 1.20 1.00 0.50
HAZ 1.14 1.00 0.18 1.25 1.00 0.62

Table 5-7. Stress states and fracture strains of miniature GPs.

Longitudinal Transverse
Tavg Cavg ef Tavg Cavg ef
Base metal 1.08 0.47 0.10 1.10 0.18 0.32
Weld 1.18 0.16 0.18 1.18 0.18 0.19
HAZ 1.16 0.27 0.11 1.20 0.04 0.41
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Figure 5-11. Stress states and fracture strains of base metal, weld and HAZ.

5.3.2 Predicted fracture loci

As introduced in Chapter 3, the fracture model LMVGM was proposed based on a
comprehensive body of experimental data. In the LMVGM, the effects of stress triaxiality and
Lode angle were described using the void growth-based exponential function and an additional
exponential term, respectively. In this section, the LMVGM was used to predict the fracture

loci of the weld, HAZ and base metal in the longitudinal and transverse direction based on the

experimental results of miniature coupons.

According to Egs. (3-13) and (3-14), there are three free parameters a, £ and y in the LMVGM,
which were calibrated based on the test data listed in Tables 5-5 to 5-7 and summarized in
Table 5-8. Using the calibrated LMVGM model, the fracture surfaces in the space of stress
triaxiality, Lode angle parameter and fracture strain are plotted in Figs. 5-12 to 5-14, where the
marked points represent the test data of the miniature coupons. Fig. 5-15 presents the
comparison of the test results and the predicted fracture loci for the stress states with the Lode

angle parameter being 1 for base metal, weld and HAZ in the longitudinal and transverse

directions. The following observations can be noted:

1) All fracture surfaces tilt towards stress states with high 7" and low ¢, indicating that
the fracture could initiate more easily when the materials were subjected to loading
conditions under these stress states.

2) The fracture strains in the longitudinal direction present larger variation over the full
range of stress states than those in the transverse direction, and generally, the fracture

locus of the HAZ is lower than that of the base metal but higher than that of the weld.
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3) The fracture loci of the three material areas in the longitudinal direction were lower
than those in the transverse direction under high stress triaxialities, while the

longitudinal fracture strains increased at a steeper slope with a decreasing stress

—_ -
= W
: -

triaxiality.

4) Tt is indicated that generally, the ductility of HAZ was in-between those of the base
metal and the weld, and the three material regions had higher longitudinal ductility
under low stress triaxialities, but higher transverse ductility under high stress
triaxialities.

Table 5-8. Calibrated free parameters of LMVGM.
Longitudinal Transverse
a B y o p y
Base metal 0.97 2.44 0.84 0.67 0.79 0.75
Weld 0.72 1.27 0.89 0.32 0.62 1.17
HAZ 1.21 2.23 0.62 0.73 0.51 0.47
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Figure 5-12. Predicted fracture loci of base metal.
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Figure 5-13. Predicted fracture loci of weld.

(b) Transverse

0 BM-test

(a) Longitudinal
Figure 5-14. Predicted fracture loci of HAZ.
3.0 3.0
— BM

Py T Weld 7
g A — HAZ K= I
g . 0 BM-test g 249
© .58\ O Weld-test 015t
g Ne A HAZ-test B
EI.O‘ ‘\‘ :{;1_0:..;
) =

0.5+ 0.5+

0.%

0

05 To0 15 09,

Stress triaxiality 7'
(a) Longitudinal

05 10 15
Stress triaxiality

(b) Transverse
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5.4 Summary

In this chapter, the fracture strains of the weld and HAZ were measured for both longitudinal
and transverse directions and their values were compared with those of the base metal. A series
of miniature notched round bars and grooved plates were designed and extracted from the three
material areas. Tensile tests were conducted on these miniature coupons using the test frame
introduced in Chapter 4. Three replicated measurements were taken for each material area in
each direction and the comparison of the experimental results showed that generally, the
maximum loads of the HAZ were higher than those of the base metal but lower than those of
the weld, and the maximum loads of the three material areas were higher in the longitudinal
direction than in the transverse direction. The properties of the weld were relatively more
homogeneous in the two directions than those of the base metal and HAZ. The comparison of
the fracture deformations of miniature NRB coupons and GP coupons showed that the HAZ
had the lowest ductility in the longitudinal direction, while the ductility of the weld was the

lowest in the transverse direction. The base metal always had the highest ductility.

Based on the experimental results and corresponding FE simulation, the average stress
triaxiality, average Lode angle parameter and fracture strain of miniature FP coupons, NRB
coupons and GP coupons were obtained for the weld, HAZ and base metal in both the
longitudinal and transverse directions. After calibrating the free parameters using the fracture
strains of the three material areas, the LMVGM fracture model was used to predict the fracture
loci for the whole stress state regime. It was observed that the fracture initiation more easily
occurred under stress states with high 7" and low £. Generally, the fracture locus of the HAZ
was lower than that of the base metal but higher than that of the weld, and the three material
areas had higher longitudinal ductility under low stress triaxialities, but higher transverse

ductility under high stress triaxialities.

Note that the conclusions are limited to the tested AS350 grade steel and accompanying weld,

laid using grade B-G49 welding wire using the documented welding process.
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Chapter 6 Measurement of weld residual stresses

6.1 Introduction

The heating and cooling cycles that occur during the welding process cause residual stresses in
welded connections, which can have a significant impact on the performance of steel
components, including yielding, stability and fracture. The residual stress patterns generated
by butt and fillet welds, the two most commonly used weld types, have been thoroughly studied
[63, 68, 79]. However, limited studies are available to compare residual stresses generated by
different weld types and weld sizes under an identical welding process using high-precision
non-destructive measurement methods. Residual stresses in practical steel connections have
also rarely been explored due to their complexity, although these stresses may affect their
strength and stiffness. In this chapter, the distribution and magnitude of residual stresses
generated by the fillet welds and butt welds in welded cruciform specimens and an end-plate
connection are investigated using the neutron diffraction method to provide a better

understanding of the weld residual stresses in welded connections.

As introduced in Section 2.3.4, residual stresses are normally measured through destructive
methods, such as slitting or hole drilling methods, which can only provide results within
relatively large gauge volumes, or the non-destructive X-ray method, which can only provide
surface measurement results. Therefore, the non-destructive high-resolution neutron diffraction
approach was adopted in this research to obtain the three-dimensional interior residual stresses

of the welded connections, the principle of which is introduced in Section 6.2.

In Section 6.3, a series of welded cruciform specimens are designed and fabricated using 16
mm fillet welds, 12 mm fillet welds, 8 mm fillet welds, or single bevel butt welds. The residual
strains of the welded cruciform specimens were measured in the longitudinal, transverse and
normal directions using the neutron strain scanner Kowari at Australian Nuclear Science and
Technology Organization (ANSTO). The residual stresses were calculated based on the test
results and compared to discuss the effects of weld size and weld types on the residual stress

patterns of welded connections made by the same materials under the same welding conditions.

In Section 6.4, a welded end-plate connection is designed by welding an I-beam to an end-plate,
in which the I-beam was made by welding together three plates. The end-plate connection was
fabricated using the same materials, weld geometry and weld process as the welded cruciform

specimens. The magnitude and distribution of residual stresses in this practical complex steel
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connection were measured and compared with those of the welded cruciform specimens to
conduct a comprehensive assessment of the residual stresses in welded connections in steel

structures. Section 6.5 summarizes the whole chapter.

6.2 Neutron diffraction measurements

In this study, the residual stresses of welded connections were calculated based on residual
strains measured in the longitudinal, transverse and normal directions using the neutron
diffraction strain scanner Kowari at ANSTO. A schematic of the Kowari test machine is shown
in Fig. 6-1. In the strain scanner, the tested specimen is fixed on the 4 DOF sample positioner
at various positions and directions to measure the residual strains in the longitudinal, transverse
and normal directions. A neutron beam extracted from the reactor will pass through the primary
slits and strike the tested specimen as the incident beam, after which the secondary slits in the
detector will receive the diffracted beam. After determining the distribution of the neutron
counts, the diffraction peak for each measurement point of a tested specimen is found using the

software QKowari.

Scattering Vector,

Secondary Slits _~Neutron Guide Tul
~

]

T..anmary Slits

*Incident Beam

p o

Detector~"

T
““Transmitted Beam

\. 4 DOF Sample Positioner

(X, Y, Zand w)

Diffracted Beam -

Beam Stop

Figure 6-1. Schematic of Kowari at ANSTO [112].

In the neutron diffraction method, the residual strain can be determined by identifying the
corresponding lattice deformation based on the Bragg law [63, 80], where the distance between
atomic planes in the steel, lattice spacing dhk, 1s used as a strain gauge. When the neutron

incident beam passes through the material, the diffraction can be expressed as
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A=2d,,sinf),, (6-1)

where /1 is the wavelength of the incident beam and 6h is the diffraction angle, as shown in
Fig. 6-2. Because of the tensile or compressive residual stresses, the lattice spacing will expand
or contract, and the diffraction peak will shift from the stress-free state, as shown in Fig. 6-3.
By comparing with the lattice spacing of a stress-free sample (do) under a given wavelength,

the residual strain (enki) can be calculated by

_dyy—d, (6-2)
S = d— .

0
After measuring the strains (exx, &yy, €zz) in three orthogonal directions, the corresponding

residual stresses, oxx, ayy and oz, can be obtained according to Hooke’s law

- (6-3)
= il e e )

- (6-4)
Ow = m[(l - V)gyy + V(é‘xx + &z )]

- (6-5)

.. :m[(l -v)e. +v(€m + SW):|

where E is Young’s modulus and v is Poisson’s ratio, which are 206 GPa and 0.3 for the steel
used in this study, respectively. exx, &yy and &, are referred to as the longitudinal, transverse and
normal strains, respectively. During the testing process, experimental uncertainties, such as the
uncertainty in the diffraction peak position, will affect the measurements of the residual stresses.

These uncertainties in the three directions were determined [63] through

E I v 2 v Y 2 2 2 (6-6)
Ao :1 2 Ae ~+ 2 (Agxx +Ae," +Ac., )
+v -2v -2v
T 2 7 (6-7)
E v 14
A = 1+v\/ (1 —2vjAg”2 +(1 —2v] (427 a5, 82)
M 2 7 (6-8)
Ao = 1 £ \/ (1 VZ jAgnz +(1 V2 j (Agmz +As,’ +A5222)
+v -2v -2v

where Aexx, Aexx and Aexx are the uncertainties in the longitudinal, transverse and normal strain

components [113] and can be expressed as
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Eqgs. (6-6) to (6-11) were used in the following sections to calculate the uncertainties in the

residual stress calculations related to the stressed, and stress-free lattice spacing and the values

of the uncertainties were then used to evaluate the reliability of the measured results.
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Figure 6-2. Principle of neutron diffraction technique [63].
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Figure 6-3. Diffraction peak shift due to residual stresses [113].
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Residual stress measurement was conducted on a series of welded cruciform specimens and an
end-plate connection in the following sections. The components of these welded connections
were cut from the same 10 mm and 20 mm AS350 grade steel plates described in Sections 3
and 4. The specimens were welded using gas metal-arc welding (GMAW). The weld wire was
of grade B-G49 [111], and the shielding gas was 18% CO: bal Ar. As for the butt welds in
Section 4, the welding voltage ranged from 23 to 26 V, the current ranged from 200 to 220 A,
and the welding speed ranged from 200 to 250 mm/min, resulting in the heat input ranging
from 1.10 to 1.71 kJ/mm.

6.3 Residual stresses in welded cruciform specimens

6.3.1 Specimen design

A series of cruciform specimens were designed and fabricated, as shown in Fig. 6-4. In each
specimen, the supported plates were welded perpendicularly to the supporting plate through 16
mm fillet welds by six weld passes (named F16 in Fig. 6-4(a)), 12 mm fillet welds by three
weld passes (named F12 in Fig. 6-4(b)), 8 mm fillet welds by one weld pass (named F8 in Fig.
6-4(c)), or single bevel butt welds by five weld passes (named B10 in Fig. 6-4(d)). The edge
preparation of B10 is prequalified based on [111], whose root gap is 10 mm and the inclining

angle is 30°. The lengths of the specimens were 150 mm or 230 mm, (Figs. 6-4(a) to 6-4(c)).

All plates forming the specimens were extracted from the 20 mm thick steel plate, except the
10 mm thick supported plates in the butt-welded specimen. The definition of longitudinal,

transverse and normal directions is shown in Fig. 6-4(e).

(a) F16 (b) F12 (c) F8
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Supported plate

(d)B10 (e) Photo of a fillet-welded cruciform specimen
Figure 6-4. Design of welded cruciform specimens.

6.3.2 Test setup

For each cruciform specimen, the residual strains were measured in the three main directions
at the cross-section 75 mm from the edge of the specimen. For the fillet-welded specimens, the
residual strains of one fillet weld were measured along the two weld legs at the cross-section,
as shown in Fig. 6-5(a), while for the butt-welded specimen, the residual strains were measured
on the weld surface side along the supported plate and the supporting plate, as shown in Fig.
6-5(b). It is shown in Fig. 6-4 that the length of the branch on the supporting plate is 90 mm,
which is shorter than the 175 mm branch on the supported plates. Therefore, the residual stress
distribution was measured over a longer range along the weld leg on the supported plate than
the supporting plate. In the neutron diffraction method, the residual stress is measured over a
gauge volume, as shown in Fig. 6-2. For the measurement of the welds in the cruciform
connections, the gauge volume was set as 3x3x3 mm?® for the longitudinal direction and

3x3x20 mm? for the normal and transverse directions to speed up the data acquisition.

(a) Fillet-welded specimens (b) Butt-welded specimens

Figure 6-5. Point positions of each specimen.
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The interval of points in the high gradient parts was set to be 3 mm, while the measurements
were carried out at the larger intervals of 5 mm or 10 mm in the low gradient parts, as shown
in Fig. 6-5. All the points were measured at a depth of 2.5 mm from the surface of the plates.
When measuring the residual strain, the neutrons interact with nuclei of the tested specimen
and are diffracted, indicating that the more material they go through, the more counting time is
required to obtain a clear diffraction peak. Therefore, the scanning time for each point was set

based on its measurement position, ranging from 1 minute to more than 1 hour.

The specimen was positioned and oriented to measure the residual strains for the three
directions, and the orientations of a fillet-welded specimen for the strain measurement of a
point on the supported plate near the weld toe were plotted from the top view in Fig. 6-6. It is
shown that the incident beam passes through the primary slit and strikes the tested specimen,
and then the diffracted beam is received by the secondary slit. The direction of the measured
strain is shown by the red arrows in Fig. 6-6. During the measurement, the specimen was fixed
on the computer-controlled translational table, as shown in Fig. 6-7. The Kowari data analysis
software was used to collect the test results, and Qkowari software was then used to process

the raw data and determine the diffraction peak position for each point.

Diffracted Incident Diffracted Incident Diffracted Incident
beam beam beam beam beam beam

Measurement Measurement Measurement
direction direction direction
- -Cl
N ‘ )/

) Z

(a) Longitudinal (b) Transverse (c) Normal

Figure 6-6. Orientations plotted from the top view for the residual strain scanning of a fillet-
welded specimen in the three directions.
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Figure 6-7. Photo of the test setup for longitudinal residual strain measurements of a fillet-
welded specimen.

6.3.3 Measurement of lattice spacing for the stress-free reference sample

As introduced in Section 6.2, for the neutron diffraction method, the residual strain is
determined according to the difference in the lattice spacings between the stressed sample and
the stress-free reference sample. Therefore, the lattice spacing of a stress-free reference sample
is required to be measured before the residual strain measurement of the welded connections
[78-79]. Considering that the welded cruciform specimens and the end-plate connection in the
following section were made using the same materials and following the same welding
processes, only one stress-free sample was cut from an F12 specimen, and its lattice spacings
were used for all the welded connections in this study. The 40 mm long part from the edge was
first removed to eliminate the run-on and run-out effects, and then a 5 mm thick slice was cut
from the specimen to release its internal weld residual stresses, as shown in Fig. 6-8(a). The
point positions of the reference sample were the same as those of the cruciform specimens
introduced in Section 6.3.2, but the measurement was only conducted along one weld leg on

the supported plate, as shown in Fig. 6-8(b).

Based on the measurement in the three directions, the lattice spacing do of the stress-free sample
was calculated for points with different distances from the weld root, as shown in Fig. 6-9.
Since the reference sample was cut from the cruciform specimen with the weld size of 12 mm
and the thickness of HAZ was assumed to be 2mm, the part from the weld root to 14 mm from
the weld root was termed as the weld and HAZ areas, while points measured out of this range
were within the base metal area. It is observed that the values of do for points in the weld and
HAZ areas were generally higher than those in the base metal area. It has been discussed in

Sections 4 and 5 that the properties within the weld zone are not homogenous, and the weld,
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HAZ and base metal can be considered as three different materials within the weld zone, which
explains the different values of do between the weld and HAZ areas and the base metal area.
Therefore, the values of do were divided into two groups, as shown in Fig. 6-9. The average
value of the reference lattice spacing do for weld and HAZ was 1.1469A, and the average do
for base metal was 1.1468A. The values of do measured from the stress-free reference sample
were then used in the following sections to determine the residual stresses in these welded

connections.

(a) A 5 mm slice cut from F12 specimen (b) Point positions

Figure 6-8. Design of the stress-free reference sample.
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Figure 6-9. Lattice spacing in the stress-free sample.

6.3.4 Experimental results and discussion

After determining the residual strains for each specimen in the three directions, the residual
stresses were calculated using Egs. (6-3) to (6-5) and plotted in Fig. 6-10, where letters “F8-
17, “F8-2”, “F12-17, “F12-2”, “F16-1”, “F16-2”, “B10-1” and “B10-2”, refer to residual
stresses measured for the 8 mm, 12mm or 16 mm fillet-welded or butt-welded cruciform

specimen along the weld legs on the supported plate (-1) and supporting plate (-2), respectively.
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The residual stresses were measured at positions from 2 mm to 86 mm from the weld root on

the supported plates and from 2 mm to 40 mm from the weld root on the supporting plates.

For the fillet-welded cruciform specimens, the longitudinal residual stresses are the highest
among the stresses in the three directions. The tensile longitudinal stress near the weld root
decreases with increasing distance from the weld root and transforms to a compressive stress,
whose absolute value decreases to zero with the increase in the distance from the weld root.
Generally, the transverse stress increases slightly along the weld leg and then decreases, while
the distribution of the normal stress is similar to the longitudinal stress. It is observed that for
the F8 and F12 specimens, the distributions and magnitudes of residual stresses measured along
the two legs agree well with each other, but the residual stresses of the F16 specimen measured
on the supporting plate are slightly higher than those on the supporting plate. The distributions
of the longitudinal and transverse residual stresses are consistent with the typical distributions
of residual stresses shown in Fig. 2-17. As the residual stresses were measured at points with
different distances from the centreline on the cross-sections perpendicular to the weld, the
longitudinal stress is a set of balanced stresses, while the transverse residual stress is always

positive in the measured distance range.

The magnitude and distribution of residual stresses of the butt-welded specimen are different
from those of the fillet-welded specimens. The residual stress magnitudes of the B10 specimen
in the three directions are generally lower than those of the fillet-welded cruciform specimens.
On the supported plate, the longitudinal stress decreases with increasing distance from the weld
root and then increases to about 300 MPa at a distance of 10 mm, after which the tensile stress
decreases and transforms into a compressive stress. In the transverse and normal directions, the
absolute values of the compressive stresses increase until the point 10 mm from the weld root
and then decrease to zero with increasing distance. On the supporting plate, the distribution of
the longitudinal stress is similar to those of the fillet-welded cruciform specimens, while the
distributions of the transverse and normal stresses are similar to those on the supported plate

of the B10 specimen.

Compared to the yield stresses of the base metal, weld and HAZ measured in Section 4.5.2, it
is observed from Fig. 6-10 that the longitudinal residual stresses measured in the weld and
HAZ areas are higher than the yield stresses of the materials in the weld zone. To check if the
material was still in the elastic state, the von Mises stress at measurement points was calculated

using Eq. (2-4) and plotted in Fig. 6-11. As shown in Fig. 6-5, most of the points measured in
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the weld zone were in the HAZ area. Considering that the weld and HAZ dimensions of the
cruciform specimens ranged from 8 mm to 20 mm, the yield stresses of the HAZ in the
longitudinal and transverse directions were plotted in the range from the weld root to the point
20 mm from the weld root in Fig. 6-11. It is shown that although the longitudinal residual
stresses reached values higher than 400 MPa, the von Mises stresses were still lower than the
yield stress (447.9 MPa or 382.8 MPa) of the material. Therefore, it is verified that the materials

at the measurement points were still in the elastic range.

To evaluate the reliability of the test results, the uncertainties of the measured residual stresses
were calculated using Egs. (6-6) to (6-11) and plotted in Fig. 6-12. Similar to the lattice spacing
do measured from the stress-free sample, the values of the lattice spacing uncertainty Ado were
divided into two groups and the average values of Ady for the weld and HAZ areas and the base

metal area were 4.4x107° A and 4.0x107 A, respectively. It is shown that for all the welded

cruciform specimens, the values of the uncertainties were higher for the points near the weld
root because the neutron beam needed to pass through more materials at these point positions.
These average measurement errors of the welded cruciform specimens ranged from 13.07 MPa
to 18.64 MPa, which were lower than 6% of the yield stress of the base metal. Therefore, it is

verified that the measured results were reliable.
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Figure 6-10. Residual stresses of points at various distances from weld root.

6-12



Von Mises stress (MPa)

Uncertainties (MPa)

Uncertainties (MPa)

800
600
400

200

-200

-400 - ' . -
0

20 40 60 80 100

Distance from weld root (mm)

(a) Measured from supported plates

50

40

30

20

50

40

30

20

Von Mises stress (MPa)

800

600
400

200

-200

-400
0

20 40 80 100

Distance from weld root (mm)

60

(b) Measured from supporting plates

Figure 6-11. Von Mises stresses of points at various distances from weld root.
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Figure 6-12. Experimental uncertainties of calculated residual stresses of points at various
distances from weld root.

The average distribution curves for the residual stresses measured from the fillet-welded
cruciform specimens are plotted in Fig. 6-13. The solid part of the curve was obtained by
averaging the residual stresses measured along the two weld legs, while the dash part was taken
from results measured from the supported or supporting plate when only one result was
available. The distributions of the residual stresses are similar among the three specimens,
where the longitudinal stresses are the highest among the residual stresses in the three
directions, and the values of the residual stresses decrease with increasing distance from the
weld root. The comparison of the residual stress magnitudes of the fillet-welded cruciform
specimens shows that the residual stresses of the F16 specimen are the highest among the three
specimen types in the three directions, while the difference in the stress magnitudes between
the F12 and F8 specimens is less distinct. Therefore, it is concluded that the larger the weld
size, the higher the residual stresses in all three directions. The distance between the point

where the longitudinal stresses transform from tensile to compressive, and the weld root is
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termed the longitudinal peak distribution range, and Fig. 6-12(a) shows that the longitudinal
peak distribution range increases with increasing weld size. It is concluded that the larger the
weld size, the wider the longitudinal peak distribution range. Among the three specimens

discussed in this section, it is observed that the effect of the weld length was not significant in

this study.
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Figure 6-13. Comparison of residual stresses of fillet-welded cruciform specimens.
6.4 Residual stresses in a welded end-plate connection

6.4.1 Specimen design

A welded end-plate connection was designed and fabricated to investigate the magnitude and
distribution of residual stresses in a complex practical connection, as shown in Fig. 6-14. For
the residual stress measurement purpose, a 205 mm long I beam was made by welding together
three plates through 8 mm double-sided fillet welds and a butt weld. The end plate was then
welded to the I beam through 12 mm fillet welds and butt welds. All plates forming the end-

plate connection were extracted from the 20 mm thick steel plate, except the 10 mm thick web
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in the I beam. Considering the welds in the end-plate connection were made along various
directions, two sets of coordinate systems were defined in Fig. 6-14(b), where the letters “L-17,
“T-17, and “N-I” refer to the longitudinal, transverse and normal directions for the welds in the
I beam, while letters “L-E”, “T-E”, and “N-E” refer to the three directions for the welds

connecting the I beam and the end plate.

(a) Geometry of end-plate connection (b) Photo of end-plate connection

Figure 6-14. Design of welded end-plate connection.

6.4.2 Test setup

For the end-plate connection, residual stresses were measured at four cross-sections on the
fillet-welded side of the specimen, as shown in Fig. 6-15. The magnitude and distribution of
residual stresses in the I beam were measured at section A, which is 150 mm from the end plate,
as shown in Fig. 6-15(a). The residual stresses were measured at points on the flange with
different distances from the web centreline, as shown in Fig. 6-15(b), and the measurements
were conducted in the three directions as defined as “L/T/N-I" in Fig. 6-14(b). The residual
stresses of the welds connecting the I beam and the end plate were measured at sections B, C
and D, as shown in Fig. 6-15(c). The measured points were on the flange of the I beam with
different distances from the weld root, as shown in Fig. 6-15(d), and the measurements were
conducted in the three directions as defined as “L/T/N-E” in Fig. 6-14(b). At these sections,
the interval of points near the welds was set to be 2 mm, while the measurements were carried
out at larger intervals in low stress gradient range. All the points were measured at a depth of
2.5 mm from the surface of the plates, and different scanning times were set for the points at
different positions, following the same strategy as for the measurements of cruciform

specimens. The end-plate connection was fixed on the translational table at various positions
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and directions to measure the longitudinal, transverse and normal strains for each section, as
shown in Fig. 6-16. For the neutron diffraction measurement of the welds in the end-plate
connection, the gauge volume was set as 3x3x3 mm? for the longitudinal direction and 3x3x20

mm? for the normal and transverse directions to speed up the data acquisition.

_.vﬂ._
(a) Section A (b) Points on section A
|
65
e _+_
75 °
20 | B d
25 c C a
25 D D °
; |
70
| T
g5 365 !
(c) Sections B/C/D (d) Points on sections B/C/D

Figure 6-15. Point positions of each specimen.

(a) Longitudinal-A (b) Longitudinal-B/C/D

Figure 6-16. Test setup for welded end-plate connection.
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6.4.3 Experimental results and discussion

The residual stresses in section A were calculated based on the measured strains using Egs. (6-
3) to (6-5) and plotted in Fig. 6-17. It is shown that the residual stresses are higher for the points
near the welds, and the longitudinal stress is the highest among the residual stresses in the three
directions, which is consistent with the results of the cruciform specimens. The stress peak is
observed near the middle of the flange, and it is slightly unsymmetric with respect to the web
centreline, which can be explained by the welding sequence. The blue curves named F8 in Fig.
6-17 are the residual stresses of the 8 mm fillet weld measured from the welded cruciform
specimen in Section 6.2 and were plotted symmetrically according to the distance from the
weld root. The comparison of residual stresses of the 8 mm fillet welds measured from the 1
beam and the cruciform specimen shows that the distributions of the residual stresses of the
two specimen types are similar. The magnitudes of longitudinal and normal stresses of the F8
specimen are higher than those of section A, while the magnitudes of their transverse stresses
are similar. Considering that the web thickness of the I beam is 10 mm and thinner than the
supported plate in the cruciform specimens, the difference in the stress magnitude can likely
be explained by the different support conditions of the welds in the two specimen types and the
effect of the welding sequence. A more rigid support condition will result in more constrained
thermal contraction and lead to higher weld residual stresses. It is concluded that generally, the
welded specimen types using the same materials and the same welding process will produce

residual stresses with similar magnitudes and distributions.

800 800
= —=— Section A ——F8 = . —=— Section A ——F8§
A 600r K 600 |
3 :
w400 - 400+
vl o
g L
Z 200 @ 200 )fﬂ\:,«\\ﬂ
© = g =
3 o = R e B L B =
i) ‘7
L] kP
& 200} & 200}
400 L L L L L L L =400 PR R WS —— T I T —
80 -60 -40 20 0 20 40 60 80 80 -60 -40 20 0 20 40 60 80
Distance from web centerline (mm) Distance from web centerline (mm)
(a) Longitudinal (b) Transverse

6-18



800

P~ —— Section A ——F8
£ 600}

Z

= 400}

75}

o

@ 200+ o %

'C—U i \.

= [Ermm—— / \ . 24
75]

[:#]

& 200)

_4(){) 1 1 1 1 i 1 i L i L i
-80 -60 -40 -20 0 20 40 60 80

Distance from web centerline (mm)
(c) Normal

Figure 6-17. Comparison of residual stresses of fillet welds being 8 mm.

The residual stresses at sections B, C and D were calculated and plotted in Fig. 6-18. It is
observed that for the three sections, the residual stresses in three directions decrease with
increasing distance from the weld root, and the highest residual stress is in the longitudinal
direction, which is consistent with the results of the cruciform specimens. Sections B and C
present similar magnitudes and distributions of residual stresses, while the results in section D
are different. It is because section D is near the end of the flange where the weld changes its
direction around the flange, and its constraints are different from those of sections B and C.
The orange curves named F12 in Fig. 6-18 are the residual stresses of the 12 mm fillet weld
measured from the cruciform specimen in Section 6.2 and were plotted according to the
distance from the weld root. The comparison of residual stresses of the 12 mm fillet welds
measured from the end-plate connection and the cruciform specimen shows that the
distributions of the residual stresses of the two specimen types are similar. The magnitudes of
longitudinal and normal stresses of F12 are slightly lower than those of sections B and C,
because in the end-plate connection, the flange of the I beam was welded to the end plate
instead of to a single supported plate in the welded cruciform specimen and the more rigid
support conditions of the welds in the end-plate connection most likely led to higher
deformation constraints and higher residual stresses. The comparison of the results of sections
B and C and the cruciform specimen further verifies the conclusion that under the same welding
process, similar residual stresses will be generated by different specimen types made of the

same materials.

The uncertainties of the residual stresses measured from the end-plate connection were

calculated and plotted in Fig. 6-19. The average measurement errors of the end-plate
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connection ranged from 11.39 MPato 16.35 MPa, which were lower than 6% of the yield stress

of the base metal. Therefore, it is verified that the measured results were reliable.
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Figure 6-18. Comparison of residual stresses of fillet welds being 12 mm.
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Figure 6-19. Comparison of residual stresses of fillet welds being 8 mm.

6.5 Summary

In this chapter, the magnitude and distribution of residual stresses in four welded cruciform
specimens and an end-plate connection were measured using the neutron diffraction method.
The lattice spacing do of the stress-free reference sample was first measured along one weld
leg, and it was observed that the values of do for points in the weld and HAZ range were
generally higher than those in the base metal. Therefore, the results of do were divided into two
groups, where the average do for weld and HAZ was 1.1469 A, and the average do for base
metal was 1.1468 A. The uncertainties of the residual stresses measured from the welded
cruciform specimens and the end-plate connection were calculated, and the average
measurement errors were lower than 6% of the yield stress of the base metal, which verified

the reliability of the test results measured by the neutron diffraction method.

The four cruciform specimens were fabricated using 16 mm fillet welds, 12 mm fillet welds, 8
mm fillet welds, or butt welds. The residual stresses were measured for one weld along two
weld legs in each cruciform specimen at points with different distances from the weld root, and
it was shown that among all the cruciform specimens, the longitudinal residual stresses were
the highest among stresses in the three directions. The residual stresses of the fillet-welded
specimens with different weld sizes presented similar distributions, which were different from
those of the butt-welded specimens, especially in the transverse and normal directions. The
comparison of the measurement results of the welded cruciform specimens with different fillet
weld sizes showed that the larger the weld size, the higher the residual stresses and the wider

the peak distribution range.
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The welded end-plate connection was fabricated by welding an end plate to an I beam using 12
mm fillet welds and butt welds, where the I beam was fabricated by welding together three
plates using 8 mm double-sided fillet welds and a butt weld. The residual stresses in the I beam
were measured at a cross-section 150 mm from the end plate, while the residual stresses of the
welds connecting the I beam and the end plate were measured at three sections with different
distances from the web centreline. It was observed that the residual stresses were higher near
the welds, and the longitudinal stress was the highest among the three directions, which is
consistent with the results of the cruciform specimens. Generally, the residual strain results of
fillet welds measured from the end-plate connection agreed well with those of the cruciform
specimens, and it was concluded that under the same welding process, similar residual stresses
will be generated for the fillet welds with the same weld size by different specimen types made

by the same materials.
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Chapter 7  Fracture investigation of welded connections

7.1 Introduction

As one of the main failure modes of steel structures, fracture in welded connections has widely
been discussed based on experimental investigations and numerical simulations, as introduced
in Section 2.4. However, the weld-zone mechanical properties, such as stress-strain
relationships and fracture strains of the weld and HAZ, have rarely been considered in these
analyses. Therefore, in this chapter, the fracture process of a series of welded cruciform
specimens is discussed to investigate the effects of the inhomogeneity of mechanical properties

in the weld zone.

Section 7.2 describes the tensile tests carried out on the welded cruciform specimens fabricated
using 8 mm or 12 mm fillet welds. To match the capacity of the testing machine, the cruciform
specimens studied in this chapter were cut from the long specimens described in Chapter 6,
and the thickness of these specimens was 10 mm. Considering the thickness of these specimens
was only a few millimetres thicker than the stress-free reference samples used in Chapter 6, the
effect of the weld residual stresses is ignored in this study. The macroetching and hardness
tests were performed on the cross-sections of the welded cruciform specimens. Based on the
macroetching results, the weld, HAZ and base metal areas in the weld zone were identified,
and the width of HAZ was measured and compared with those of the butt-welded plates in
Chapter 4. The values of the Vickers hardness were then measured for the three material areas
in the weld zone and compared with those measured from the butt-welded plates. Considering
that the hardness of the material is related to its mechanical properties, if the hardness of the
three material areas measured from the cruciform specimens is consistent with that measured
from the butt-welded plates, it is indicated that the mechanical properties of the three material
areas measured from the butt-welded plates can be used in the simulation of the cruciform
specimens. After conducting the tensile tests on the welded cruciform specimens, the
experimental results, including load-deformation curves and fracture deformation, are

discussed and compared between the two specimen types.

In Section 7.3, finite element models are developed for the welded cruciform specimens, and
the simulation results are compared with the experimental results to discuss the effects of the
material inhomogeneity in the weld zone. Based on the measurement results of the mechanical

properties of the weld, HAZ and base metal in Chapter 4, the test process was simulated using
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the FE models by ignoring or considering the inhomogeneous mechanical properties of the
three material areas. Using the free parameters calibrated by the fracture strains of the three
material areas in Chapter 5, the fracture process of the welded cruciform specimens was
simulated using the fracture model LMVGM, and the comparison shows that the mechanical
properties of the weld and HAZ should be included in the investigation of fracture in welded

connections to obtain reliable simulation results. Section 7.4 summarizes the whole chapter.

7.2 Tests on fracture in welded cruciform specimens

7.2.1 Welded cruciform specimens

As described in Section 6.3, 230 mm or 150 mm long cruciform specimens were made by
perpendicularly welding the supported plates to the supporting plate using fillet welds with
various weld sizes. In this chapter, slices were cut from the long specimens, as shown in Fig.
7-1(a). The 40 mm long part from the edges was first removed to eliminate the run-on and run-
out effects, and then four 10 mm thick slices were cut from the long specimens, which were
made through 8 mm fillet welds by one weld pass or 12 mm fillet welds by three weld passes.
In the following sub-sections of this chapter, these cruciform slices are named “cruciform
specimens”, whose geometries are shown in Fig. 7-1(b). The letters “F8” and “F12” refer to

the two specimen types cut from the long specimens with weld sizes of 8 mm or 12 mm,

respectively.
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(a) Slices cut from long specimens (b) Geometry of F8 and F12 specimens

Figure 7-1. Welded cruciform specimens (Dimensions in mm).

As introduced in Section 6.3.3, in order to obtain the weld residual stresses using the neutron

diffraction method, a 5 mm thick sample was cut perpendicular to the weld from a specimen
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which was the same as the tested specimen and was termed as the stress-free reference sample.
Since the residual stresses were assumed to be released for the stress-free sample, its lattice
spacing was measured and used as the reference value for the residual stress calculation of the
tested specimen. Since the thickness of these cruciform specimens was 10 mm, which was only
a few millimetres thicker than those of the stress-free reference samples, they were assumed to
be free from weld residual stresses. Therefore, the effect of the weld residual stresses was not

considered in the fracture investigation of the welded cruciform specimens in this study.

The surface of each cruciform specimen was macroetched, after which the dividing lines were
determined, and the distribution of weld and HAZ could be distinguished. It is observed from
the photo of the macroetched surface of an F12 specimen in Fig. 7-2 that the three weld passes
in the 12 mm fillet welds formed curved dividing lines, and the width of HAZ was larger near
the weld toe than the weld root. The weld area was always larger than the theoretical size since
the high temperature during the welding process melted the base metal near the edge allowing
the weld area to blend into the supported and supporting plates. The length of the two weld
legs of each weld in the cruciform specimens was measured from four replicated specimens,
producing 48 results as summarized for the F8 and F12 specimens in Fig. 7-3. It is shown that
the weld legs of the F8 specimens ranged from 7.53 mm to 10.35 mm, and those of the F12
specimens ranged from 11.64 mm to 15.00 mm. The average lengths of the weld legs were

9.21 mm and 13.42 mm for the F8 and F12 specimens, respectively.

Figure 7-2. Photo of the macroetched surface of a F12 specimen.
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Figure 7-3. Lengths of weld legs of F8 and F12 specimens.

Two welds were chosen from each specimen type, and the width of HAZ and hardness of the
three materials were then measured for these two welds. The widths of HAZ were measured as
the horizontal distances between the two dividing lines on the supported plates and as the
vertical distances on the supporting plates. For each weld, the HAZ widths were measured from
four points at different distances from the weld root along the weld legs on the supported and
supporting plates, resulting in a total of 32 measurements for both the F8 and F12 specimens,
as shown in Fig. 7-4. The results of most measurement ranged from 1.5 mm to 3.0 mm, and
the average width of the HAZ area was 2.28 mm, which was close to the average horizontal
HAZ width measured from the butt-welded plates in Chapter 4. Therefore, it is concluded that
under the same welding process, the widths of HAZ measured from different specimen types

made using the same materials will be similar.
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Figure 7-4. Width of HAZ in the welded cruciform specimens.
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The Vickers hardness was measured for these two welds for each specimen type using the Dura
Scan machine at 15 locations, three in the weld area, six in the HAZ and six in the base metal
area. The three locations in each material area from each piece were randomly selected, and
the distance between each location was large enough that they did not interact with each other.
Under the load of 4.9 N (0.5 kg), the average indentation sizes were 78.07 um, 70.78 um and
65.25 um, and the average HV0.5 values were computed as 152.16, 185.41 and 217.83, for the
base metal, HAZ and weld, respectively. The test results show that the weld had the highest
hardness while the base metal was the softest. The hardness of the three material areas was
plotted in Fig. 7-5 and compared with those measured from the butt-welded plates in Chapter
4, where letters “BW?”, “FW-8, and “FW-12" refer to butt welds, 8 mm fillet welds, and 12
mm fillet welds. The comparison shows that the values of hardness of the three material areas
in the weld zone measured from the cruciform specimens are consistent with those of the butt-
welded plates. Considering the hardness of steel is related to its mechanical properties, it is
indicated that the mechanical properties of the three material areas in the cruciform specimens
were similar to those in the butt-welded plates. Therefore, the results of the stress-strain
relationships and fracture strains of the weld, HAZ and base metal measured in Chapters 4 and

5 were then used in the simulation of welded cruciform specimens in the following sections.
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Figure 7-5. Hardness results of cruciform specimens.

7.2.2 Test setup and experimental results

Tensile tests were conducted on the welded cruciform specimens to investigate their fracture
process. The tests were performed in a 300 kN MTS Sintech testing machine, and four
replicated tests were carried out for each specimen type. The photos of the test setup of the F8
and F12 specimens are shown in Fig. 7-6. To measure the deformation during the loading

process, a pair of special clamps were fixed on the supported branches, and two displacement
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meters were fixed on the clamps. The deformation of the specimen was then obtained by
averaging the measured results of the two displacement meters. The distance between the two
clamps was 90 mm, which was termed the gauge length for the cruciform specimens. To obtain
the static load-deformation curves, the loading was controlled at a low speed of 2 mm/min and
paused three times for 100s to allow stress relaxation. The static load-deformation curves were
then converted from the original quasi-static curves following the same method adopted in

Chapter 3.

(a) Unloaded F8 specimen (b) Fractured F8 specimen

L]

(d) Fractured F12 specimen

Figure 7-6. Test setup for cruciform specimens.
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The photos of the fractured F8 and F12 specimens are shown in Figs. 7-7 and 7-8, where the
first crack was noted in the black circle. It is observed that a plastic deformation developed and
localized in the weld zone during the loading process, and the first crack initiated from one
weld root before a decrease in the loading capacity occurred. The crack propagated horizontally
for a small distance, and a vertical crack was then formed, leading to the final fracture of the
weld. The exceptions are the F8-1 specimen, whose first crack propagated horizontally along
the fusion line, and the F12-2 specimen, whose first crack propagated to the middle of the weld
leg and then propagated vertically in the weld area. After the weld totally fractured due to the
first crack, another crack occurred in the other weld on the same supported branch leading to
the final failure of the cruciform specimen. It is shown that generally, the first crack of the
cruciform specimens formed vertically in the weld zone, while the second crack formed in the
weld zone horizontally or at an angle of about 45°. Compared to F8 specimens, the first crack
in F12 specimens occurs closer to the HAZ in the weld zone. The difference in the crack

location may be caused by the different weld sizes, and the fact that a crack will appear closer

to the HAZ in the weld zone with a larger weld size.

(b) F8-2

(c) F8-3 (d) F8-4

Figure 7-7. Photos of fractured F8 specimens.
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(a) F12-1 (b) F12-2

(c) F12-3 (d) F12-4

Figure 7-8. Photos of fractured F12 specimens.

The load-deformation curves of the specimens are plotted in Fig. 7-9. It is observed that the
results of the replicated tests for the F8 and F12 specimens were consistent with each other.
The curves of the F8 specimens consistently increased to the maximum load after the elastic
range and then decreased gradually to final failure, while the F12 specimens experienced a
yield plateau stage before the increase, and the post-ultimate curves dropped more sharply. The
maximum load, Pmax, and the fracture deformation (the deformation under which first crack
formed), Dy, are summarized in Table 7-1. The average maximum load and average fracture
deformation of the F12 specimens were 84.44 kN and 5.54 mm, and were much larger than
those of the F8 specimens, which were 51.39 kN and 2.17 mm. Considering that the thickness
of the supporting and supported plates was the same in the two specimen types, the difference

in their strength and ductility was caused by the different weld sizes.
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Figure 7-9. Load-deformation curves of cruciform specimens.

Table 7-1. Maximum loads and fracture deformations of cruciform specimens.

Prnax Dy Prnax Dy
(kN) (mm) (kN) (mm)

F8-1 47.75 1.92 F12-1 80.68 4.88
F8-2 51.16 2.24 F12-2 80.71 5.36
F8-3 52.59 2.35 F12-3 89.16 7.77
F8-4 54.06 2.18 F12-4 87.19 4.16
F8-avg  51.39 2.17 | Fl2-avg  84.44 5.54

7.3 Numerical simulation of fracture in welded cruciform specimens

7.3.1 Simulation considering the mechanical properties of weld and HAZ

In order to simulate the test process, three-dimensional FE models were developed for the F8
and F12 specimens using ABAQUS, as shown in Fig. 7-10. Since the geometry of the specimen
was symmetric, one-eighth of the specimen was modelled using eight-node linear solid
elements with reduced integration (C3D8R). Considering the fracture occurred within the weld
zone, the mesh size in the critical area was set to be 0.2 mm, while the element size of other
parts of the specimen was 2 mm. As discussed in Chapter 4, the mechanical properties within
the weld zone were not homogenous, and the stress-strain relationships were measured for the
base metal, weld and HAZ of the butt-welded plates, as plotted in Fig. 4-19. The hardness
results measured in Section 7.2.1 showed that the values of the hardness of the three material
areas in the weld zone measured from the cruciform specimens were consistent with those

measured from the butt-welded plates, indicating that the mechanical properties of the weld,
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HAZ and base metal in the cruciform specimens were similar to those in the butt-welded plates.
Therefore, the stress-strain relationships of the three material areas measured from the butt-
welded plates in Chapter 4 were used in the simulation of the welded cruciform specimens in

this chapter.

Figure 7-10. Numerical model for cruciform specimens.

Three FE models were established for each specimen type to investigate the effect of the
material heterogeneity within the weld zone, as shown in Fig. 7-11. In the first model, FEM-B,
the mechanical properties within the weld zone were assumed to be homogenous, and the
stress-strain relationship of the base metal was used for the whole FE model, as shown in Fig.
7-11(a). In the second model, FEM-BW, the mechanical properties of the weld were used in
the weld area, while other parts adopted the properties of the base metal, as shown in Fig. 7-
11(b). In the third model, FEM-BWH, in addition to adopting the properties of the weld, the
mechanical properties of the HAZ were used for the HAZ area near the weld, and the width of
the HAZ was assumed to be the same as the horizontal width measured from the butt-welded

plates, which was 2.23 mm, as shown in Fig. 7-11(c).

(a) FEM-B (b) FEM-BW (c) FEM-BWH

Figure 7-11. Material areas in the weld zone.
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The load-deformation curves simulated using the three FE models for the F8 and F12
specimens are plotted in Fig. 7-12. It is observed that without defining fracture models in the
FE models, the FE curves do not drop due to the onset of fracture and continue to develop into
a very large deformation. The simulated curves of the FEM-B models were always lower than
the test results, showing that assuming the stress-strain relationships of the weld and HAZ were
the same as those of the base metal would underestimate the strength of the welded cruciform
specimens. The simulated curves of the FEM-BW models were higher than the results of the
FEM-B models but were still slightly lower than the test curves, showing that considering the
mechanical properties of the weld area would increase the accuracy of the simulation results.
The simulated curves of the FEM-BWH models were higher than the results of both the FEM-
B and FEM-BW models, and it is observed that the difference between the results of the FEM-
BWH models and the FEM-BW models decreased with increasing deformation. The FEM-
BWH models provided the simulation results with the best agreement with the test results.
Therefore, it is concluded that the material heterogeneity within the weld zone has a significant
effect on the simulation results of the welded cruciform specimens and using the different
stress-strain relationships of the three material areas in the FE models will increase the accuracy

of the simulation results.

The von Mises stress contours of the FEM-BWH models corresponding to the deformation of
the gauge length equal to the fracture deformation are plotted for the two specimen types in
Figs. 7-13. A non-uniform distribution of the von Mises stresses with large plastic deformation
in the weld zone is observed with the stresses concentrating near the weld root and weld toe of

the vertical fusion line.
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Figure 7-12. Load-deformation curves considering material properties of three material areas.
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Figure 7-13. Von Mises stress distribution of FEM-BWH models.

7.3.2 Simulation considering the fracture strains of weld and HAZ

After discussing the effect of the material heterogeneity in the simulation of the welded
cruciform specimens, the fracture model LMVGM was used to simulate the fracture process of
the F8 and F12 specimens in the FE models by employing the user subroutine VUSDFLD in
ABAQUS. The fracture strains of the three material areas in the weld zone under various stress
states, including the axisymmetric tension states with high or medium stress triaxiality and the
plane strain tension states, were obtained from the tensile tests on the miniature FPs, NRBs and
GPs extracted from the butt-welded plates in Chapter 5. As discussed in Section 7.3.1, the
mechanical properties of the base metal, weld and HAZ of the welded cruciform specimens
were assumed to be the same as those of the butt-welded plates, because they were fabricated
using the same materials under the same welding process and the values of their hardness were
consistent with each other. Therefore, the fracture strains measured from the butt-welded plates

were used in the simulation of the welded cruciform specimens in this chapter.

The stress triaxiality 7, the Lode angle parameter &, and the fracture strain ¢r are summarized
in Tables 5-4 to 5-7, which were used to calibrate the free parameters of the fracture model
LMVGM, as shown in Table 5-8. Based on the different fracture strains of the three material
areas in the weld zone, the FEM-BWH models shown in Fig. 7-11(c) were developed for the
F8 and F12 specimens using the calibrated LMVGM to predict the fracture initiation and
propagation. During the simulated loading process, the LMVGM was implemented in the
VUSDFLD subroutine. In each step increment, the stress and strain tensors were first obtained
and used to calculate the stress triaxiality and the Lode angle parameter. The value of the
damage index D was then calculated using Eq. (3-14), and when D reached unity, the fracture

was predicted to initiate. Finally, the elements that reached the fracture criterion were deleted
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to simulate the propagation of the fracture. It is noted that in the fracture simulation of a full-
scale connection, the mesh size of the elements in the critical area should be close to the
characteristic length of the material since the fracture model is mesh size dependent.
Accordingly, the mesh size in the weld zone of the welded cruciform specimens was set to 0.2

mm, as shown in Fig. 7-10.

The von Mises stress contours of the F8 and F12 specimens were plotted at various stages
during the simulated loading process in Figs. 7-14 and 7-15. It is shown that the fracture
initiation, propagation, and final failure of the weld zone were captured by the FEM-BWH
models. Before the fracture initiation, the stress concentrated in the weld zone near the vertical
fusion line, as shown in Figs. 7-14(a) and 7-15(a). The fracture then initiated from the weld
root, which was consistent with the experimental observation, as shown in Figs. 7-14(b) and 7-
15(b). After that, the fracture propagated in the weld zone, as shown in Figs. 7-14(c) and 7-
15(c), which led to the final failure of the specimen, as shown in Figs. 7-14(d) and 7-15(d).
The simulated fracture initiation and propagation process of the F8 and F12 specimens agreed
well with the photos of the fractured specimens in Figs. 7-7(c) and 7-8(b). The simulated load-
deformation curves were compared with the test curves in Fig. 7-16, and it is shown that the
simulated curves for both the F8 and F12 specimens agreed well with the test results. Therefore,
it is concluded that the fracture process can be captured by adopting the mechanical properties

of the base metal, weld and HAZ in the weld zone using the fracture model LMVGM.

(a) Unfractured specimen (b) Fracture initiation
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Figure 7-14. Simulated fracture process of the F8 specimen (Von Mises stress).

5, Mises
(Avg: 75%)

5, Mises

(Avg: 75%)
+6.621e+
+6.065e+
+5.517e+

4,
+4.414e+!
+2.862¢
+3.310e+
+2.75%e+
*2.20T e+
+1.655e+
+1.103e+
+5.51 Tes!
+3.143-04

(a) Unfractured specimen (b) Fracture initiation

5, Mises
(Avg: TS%)

S, Mises
(Avg: TS%)
7

+6.263e

*+T.124e

(c) Fracture propagation (d) Complete fracture

Figure 7-15. Simulated fracture process of the F12 specimen (Von Mises stress).
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Figure 7-16. Load-deformation curves considering fracture process.

7.4 Summary

In this chapter, the fracture process of the cruciform specimens with 8 mm fillet welds (F8) or
12 mm fillet welds (F12) was experimentally investigated, and the fracture process was
simulated using the fracture model LMVGM through the user subroutine VUSDFLD in
ABAQUS. Four 10 mm thick replicated cruciform specimens were cut perpendicular to the

welds from the long specimens described in Chapter 6.

The width of the HAZ was measured from the macroetched cruciform specimens, the average
value of which was similar to the average value of the HAZ horizontal width measured from
the butt-welded plates in Chapter 4. The Vickers hardness of the base metal, weld and HAZ
measured from the welded cruciform specimens was also consistent with those measured from
the butt-welded plates. Therefore, it is concluded that the properties within the weld zone were
similar among different specimen types made using the same materials under the same welding
process and heat input. Tensile tests were conducted on the F8 and F12 specimens, and the test
results showed that the plastic deformation developed and localized in the weld zone, and the
fracture initiated from one weld root and generally propagated near the vertical fusion line. The
average maximum load and fracture deformation of the F12 specimens were higher than those

of the F8 specimens.

The loading process of the cruciform specimens was simulated to investigate the effect of
material heterogeneity within the weld zone. The mechanical properties of the base metal, weld
and HAZ measured from the butt-welded plates in Chapters 4 and 5 were used in the simulation
of welded cruciform specimens considering the values of their hardness were consistent with

each other. Three FE models were developed by assuming the stress-strain relationships of the
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weld and HAZ were the same as the base metal (FEM-B), adopting the properties of the weld
(FEM-BW) or the properties of both the weld and HAZ (FEM-BWH).

The FEM-BWH models provided results that agreed well with the test results, while the
simulated curves of the FEM-B and FEM-BW models were lower than the test curves. It is
shown that using the mechanical properties of the three material areas in the weld zone will
increase the accuracy of the simulation results. Therefore, the material heterogeneity within the
weld zone has a significant effect on the simulation results of the welded cruciform specimens,
and the assumption of homogenous properties within the weld zone using the properties of the
base metal will underestimate the strength of the welded cruciform specimens. The fracture
process of the F8 and F12 specimens was simulated using the fracture model LMVGM with
the free parameters calibrated using the fracture strains under various stress states measured
for the weld, HAZ and base metal. The fracture initiation and propagation were simulated by
deleting the elements that reached the fracture criterion using the user subroutine VUSDFLD
in ABAQUS. The simulated load-deformation curves agreed well with the test results, and it
is concluded that the fracture process of the welded connections can be simulated by
considering the mechanical properties of the base metal, weld and HAZ in the weld zone using

the fracture model LMVGM.
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Chapter 8 Conclusion

8.1 Summary of developments and findings

The thesis consists of eight chapters. After introducing the research topic and current
understanding of the mechanical properties and fracture of welded steel connections in
Chapters 1 and 2, the effects of the key factors, the stress triaxiality and the Lode angle, on the
fracture strains of steels were discussed, and a new fracture model was proposed in Chapter 3.
The mechanical properties of the weld and HAZ, including their stress-strain relationships and
fracture strains under various stress states, and the weld residual stresses were measured in
Chapters 4, 5 and 6. Note that the conclusions are limited to the tested AS350 grade steel and
accompanying weld, laid using grade B-G49 welding wire using the documented welding
process. The fracture process of welded cruciform specimens was investigated by considering
these weld-zone mechanical properties using the proposed fracture model in Chapter 7. The
following developments and findings were summarized from the core chapters:

In Chapter 3, the effects of the stress triaxiality and the Lode angle on the fracture of structural
steels under a wide range of stress states were investigated based on a large amount of
experimental data was collected from the literature, and additional series of newly designed
plane strain specimens and rectangular notched specimens. First, the validity of the void
growth-based exponential function over the full range of stress triaxialities was assessed, and
it was concluded that generally, the VGEF can be adopted to accurately describe the effect of
stress triaxiality over the full range of stress triaxialities. Second, a thorough understanding of
the Lode angle effect was discussed, and it was observed from the data sets that the effect of
the Lode angle increased with a decreasing value of the stress triaxiality and was more
pronounced for high strength steels, such as Q690 grade, than lower strength steels, such as
AS572, AISI 1045 and Q460 grades. It was concluded that its dependence can be captured by
an exponential function, which implied an asymmetric fracture locus with respect to the central
Lode angle parameter line, ¢ = 0. Finally, a new fracture model LMVGM was proposed, which
combined the effect of stress triaxiality 7, through the VGEF, and the effect of the Lode angle

parameter &, using an exponential function.

In Chapter 4, the stress-strain relationships of the weld and HAZ were measured for both
longitudinal and transverse directions and compared with those of the base metal, by
conducting tensile tests on the miniature coupons extracted from the butt-welded plates. First,

the three material areas in the weld zone were distinguished by macroetching, and the hardness
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tests showed that the weld was the hardest, and the base metal was the softest. Second, a series
of miniature flat plate coupons were extracted from the base metal, weld and HAZ along both
the longitudinal and transverse directions. The stress-strain relationships were then obtained by
tensile tests on these miniature coupons. It was observed that for the base metal and HAZ, the
yield stresses in the longitudinal direction were higher than their transverse counterparts, while
the strength of the weld was observed to be nearly independent of the direction. Consistent
with the hardness tests’ results, the maximum load and yield stress of the HAZ were higher
than those of the base metal but lower than those of the weld in both directions. Finally, the
accuracy of the miniature testing scheme was verified by comparing the test results obtained

from the normal-size specimens and the miniature coupons.

In Chapter 5, the fracture strains of the weld and HAZ were measured for both longitudinal and
transverse directions, and their values were compared with those of the base metal. Tensile
tests were conducted on a series of miniature notched round bars and grooved plates extracted
from the three material areas along both the longitudinal and transverse directions. It was
shown that generally, the maximum loads of the HAZ were higher than those of the base metal
but lower than those of the weld, and the maximum loads of the three material areas were
higher in the longitudinal direction than the transverse direction. The average stress triaxiality,
average Lode angle parameter and fracture strain of miniature coupons were obtained and used
to calibrate the free parameters of the fracture model LMVGM, which was used to predict the
fracture loci for the whole stress state regime. It was observed that the fracture initiation more
easily occurred under stress states with high 7 and low £. Generally, the fracture locus of the
HAZ was lower than that of the base metal but higher than that of the weld, and the three
material areas had higher longitudinal ductility under low stress triaxialities, but higher

transverse ductility under high stress triaxialities.

In Chapter 6, the magnitude and distribution of residual stresses of fillet welds and butt welds
were measured from four welded cruciform specimens and an end-plate connection using the
neutron diffraction method. First, after determining the lattice spacing do of the stress-free
reference sample, the residual stresses were measured for one weld in each cruciform specimen
along two weld legs at points with different distances from the weld root. The residual stresses
generated by the fillet welds with different weld sizes present similar distributions, which were
different from butt welds, especially in the transverse and normal directions. The comparison
of results showed that the larger the weld size, the higher the residual stresses and the broader

the peak distribution range. Then, a welded end-plate connection was made of the same
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materials under the same welding process as those of the cruciform specimens. The residual
stresses in the [ beam were measured at a cross-section which was 150 mm from the end plate,
while the residual stresses of the welds connecting the I beam and the end plate were measured
at three sections which were at different distances from the web centreline. Generally, the
results of fillet welds measured from the end-plate connection agreed well with those of the
cruciform specimens, and it was concluded that under the same welding process, similar
residual stresses will be generated for the fillet welds with the same weld size by different

specimen types made by the same materials.

In Chapter 7, the fracture process of welded cruciform specimens welded was experimentally
investigated, and their fracture process was simulated using the fracture model LMVGM
through the user subroutine VUSDFLD in ABAQUS. The cruciform specimens were made
using the same materials under the same welding process as those of the butt-welded plates in
Chapter 4. The comparison of the macroetching and hardness results measured from the
cruciform specimens and the butt-welded plates showed that their width of HAZ and Vickers
hardness were similar, and it was concluded that the mechanical properties within the weld
zone were similar among different specimen types made using the same materials under the
same welding process and heat input. The mechanical properties of the base metal, weld and
HAZ measured from the butt-welded plates in Chapters 4 and 5 were used in the simulation of
welded cruciform specimens. Three FE models were developed for each specimen type by
considering or ignoring the material inhomogeneity in the weld zone and the comparison of the
simulation results showed that the material heterogeneity within the weld zone has a significant
effect on the simulation results of the welded cruciform specimens and the assumption of
homogenous properties within the weld zone using the properties of the base metal will
underestimate the strength of the welded cruciform specimens. The fracture process of the
cruciform specimens was simulated using the fracture model LMVGM with the calibrated free
parameters for the three material areas and the simulated load-deformation curves agreed well
with the test results. It was concluded that the fracture process of the welded steel connections
can be simulated by considering the mechanical properties of the base metal, weld and HAZ in

the weld zone.

8.2 Future research

The following subjects might be highlighted for future research work:

8-3



1)

2)

3)

4)

Further investigation for stress states with negative stress triaxiality or negative Lode
angle parameter can be conducted to provide more experimental data for the second,
third and fourth quadrants in the space of the stress triaxiality and the Lode angle
parameter. The applicability of the proposed fracture model LMVGM should be further
verified using different data sets of various steel grades and its accuracy in simulating
the fracture process of welded connections can be further discussed by comparing
predicted results with other existing fracture models.

The properties in the subareas of the weld and HAZ can be further investigated using
the miniature testing method. The mechanical properties at the points with different
distances from the fusion line in the HAZ area and at the points in different runs of the
weld area can be further discussed.

The distribution of the weld residual stresses through the thickness of the plates can be
further discussed. Using the results of weld residual stresses, a thermo-mechanical FE
simulation and lifetime prediction of welded connections can be conducted. The effect
of the weld residual stresses on the fracture in welded connections should be further
studied by conducting experiments and numerical simulations on long cruciform
specimens and end-plate connection specimens.

The discussion of the effect of the mechanical properties can be conducted on other
welded connections with various specimen geometries made from various materials
under various welding conditions to obtain a more comprehensive understanding.
Parametric studies can be conducted on welded cruciform specimens to further discuss
the fracture performance of welded connections. The results of F12 specimens showed
a relatively large deviation, which may be related to the manufacturing process. The
discretization of the results of welded cruciform specimens can be further discussed in

future research.
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