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Abstract
The subject of this dissertation is the study of the effects of fabrication history
(prestraining, welding and heat treatment) on the mechanical properties of austenitic
stainless steel thin wall boiler tubes. These tubes are usually cold bent to shape, and
sometimes swaged, prior to interconnection by welding. The bends require solution
heat treatment before welding. In addition, subsequent to welding, the residual
stresses should be relieved. It is sometimes not practically feasible to follow these
constructional practices strictly especially when a whole boiler is constructed as a
single unit and becomes too large and complex and contains different tubing materials.
As a result of this fabrication history, the mechanical properties of boiler tube materials
can be significantly altered. Sample tubes simulating the fabrication steps were
supplied by British Energy for this project. The primary aim of the study was to
determine spatially resolved room-temperature tensile properties using digital image
correlation (DIC) by testing cross-weld specimens machined from the thin wall welded
tubes (with plain or prestrained base metal) before and after the heat treatment. The
experimental procedure which is used to retrieve the tensile properties from these
integrated tests was validated through finite element simulation.
Digital image correlation, which is a full-field strain measurement technique,
was implemented in order to obtain the local stress-strain curves from regions less than
a square millimetre in area and to extract the corresponding local tensile properties
such as offset proof strength. The variation of the 0.2% offset proof strength was
successfully obtained along these specimens. Evidence of strain hardening due to
constraint and weld thermomechanical cycles was found in the plain base metal near
the weld pool and evidence of softening was seen in prestrained base metal. On the
other hand, after the heat treatment, the effect of prestraining and welding is cleaned
out and the strength along the specimen was almost homogenized. However, aswelded cross-weld specimens with prestrained base metal have demonstrated unusual
local stress-strain behavior in the weld-affected region. For a better understanding of
this behavior, tension test of a cross-weld specimen with a high strength mismatch
between the weld metal and base metal was simulated using the finite element
method. It was found that the strength mismatch in the specimen, in combination with
the experimental procedure, may cause some anomalies in the local stress-strain
curves. It was also confirmed that these anomalies are not very detrimental for the
determination of the proof strength on the specimens with strength mismatch.
Material characterization of the welds and detailed hardness surveys on crossweld specimens were performed. Plastic strain is known to be detrimental for high
temperature performance of austenitic stainless steel tubes, therefore, the degree of the
plastic deformation should be known before these tubes enter service. DIe, hardness,
electron back-scattered diffraction and neutron diffraction (peak width and anisotropy
strain) were used to determine the amount of plastic strain in the as-welded tubes. It
was observed that there is a good agreement between the predictions of plastic strain
in 20% prestrained and welded tube.
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pre-straining direction. Hoop direction (HD) was assumed to be
perpendicular (.l) to the pre-straining direction through the width of the
specimen. Radial direction (RD) is the direction into the page and .l to
the pre-straining direction. To obtain measurements at different angles
the specimen was rotated as indicated by the arrows while the centre of
the specimen is fixed.
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Figure 7.2

The diffraction pattern obtained at Engin-X, ISIS. The diffraction from
111, 200, 220 and 311 planes is also identified.

Figure 7.3

The measurement
positions in the stacked:
specimens (a) and cross-weld specimens (b)

Figure 7.4

Experimental setup for texture measurement at Stress-Spec. The rotation
angles on the Eulerian cradle are also shown.

Figure 7.5

The spherical coordinate system of the sample (a) and the description of
the rotation angles on the experimental pole figure. (Longitudinal
direction (LO) of the tube / / to the pre-straining direction, hoop
direction (HO) and radial direction (RO) .lto the pre-straining direction)

Figure 7.6

Residual intergranular strains (a), (b), (c), (d), (e) and peak widths (f),
(g), (h), (i), G) on hkl planes at different sample directions for samples Bo,
Bto, Bts, B2o, B2s. (LO: longitudinal direction of the tube, HO: hoop
direction of the tube)

Figure 7.7

The development of residual intergranular strains on hkl planes at LO
(longitudinal direction of the tube) with increasing plastic deformation
(a) and corresponding peak widths as an average of the measurements
at different sample directions (45° to 135° or LO to HO).
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Figure 7.9

Residual intergranular strains (a), (b), (c), (d), (e) and peak widths (f),
(g), (h), (i), G) on hk1 planes at different sample directions for sample Co
at 7, 9, 12, 16 and 29mm away from WCL. (LO: longitudinal direction of
the tube, HO: hoop direction of the tube)

Figure 7.10

Residual intergranular strains (a), (b), (c), (d), (e) and peak widths (f),
(g), (h), (i), G) on hkl planes at different sample directions for sample C20
at 7, 9, 12, 16 and 29mm away from WCL. (LO: longitudinal direction of
the tube, HO: hoop direction)

Figure 7.11

Variation of residual strain distribution at loading direction (a-c) and
averaged peak width (b-d) for hkl planes along the specimen Co and C20

Figure 7.12
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Figure 7.13

The pole figures of 111 (a), 100 (b), 110 (c) and 311 (d) planes showing
the development of crystallographic texture in the parent material after
0,10,20 and 25% plastic deformation. (LO: longitudinal direction of the
tube, HO: hoop direction, RO: radial direction)
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Figure 7.14

The polished surface of the sample W20and EBSD Euler angles mapping
obtained showing the different zones where the pole figures obtained
(a) 111, 220, 200 and 311 pole figures are demonstrated in Zone-l(b),
Zone-2 (c) and Zone-3 (d). (LD: longitudinal direction of the tube, HD:
hoop direction, RD: radial direction)

Figure 7.15

Grain boundary mapping and misorientation distribution graph with
increasing plastic deformation for parent samples Po (a), PlO(b), PIS (c),
P20(d) and P25(e). Misorientations greater than 15° are high angle grain
boundaries (HAGB) and are coloured with black. Misorientation angle
2-15° represents low angle grain boundaries (LABs) and are coloured
with yellow. The direction is given in (a). LD: longitudinal direction of
the tube, RD: radial direction)

Figure 7.16

The fraction of LAB with increasing plastic deformation
samples (Po, PlO,PIS,P20,P25)

Figure 7.17

Grain boundary mapping and misorientation distribution graph for
parent sample P2Son HD-RD (a) and LD-RD (b) planes. Misorientations
greater than 15° are high angle grain boundaries (HAGB) and are
coloured with black. Misorientation angle 2-15° represents low angle
boundaries (LAB) and are coloured with yellow. (LD: longitudinal
direction of the tube, HD: hoop direction, RD: radial direction)

Figure 7.18

The variation of LAB fraction as a function of distance away from the
WCL on LD-RD surface of the specimen W20.Each point represents an
area of 300x900 flm2•

Figure 7.19

Prediction of plastic deformation on specimens Co and C20by calibrating
the anisotropy strains at different positions on specimens Co and C20
with the anisotropy strains obtained from specimens Bn.

Figure 7.20

Prediction of plastic deformation on specimens Co and C20by calibrating
the averaged peak widths at different positions on specimens Co and C20
with averaged peak widths obtained from specimens Bn for 111, 200 and
311 planes.

Figure 7.21

Prediction of plastic deformation on specimens W20 by calibrating the
LAB fraction at different positions on specimen W20 with LAB fraction
obtained from specimens Pn.

Figure 7.22

The calibration curve constructed with the hardness of the plain, 10%
pre-strained and 20% prestrained material (a) and the prediction of
plastic deformation in specimens Co, ClOand C20across the weld using
the calibration curve

Figure 7.23

Prediction
DIC

Figure 7.24

Prediction of plastic deformation in specimens Co, ClOand C20across the
weld using the local stress-strain curves obtained by DIC

of plastic strain using local stress-strain
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Figure 7.25

The comparison of plastic deformation predictions in tube Azo using
EBSO, local stress-strain curves obtained by Ole, hardness, neutron
diffraction 111 peak width measurements (NO-peak widths) and
anisotropy strain (NO-anisotropy strain) and. Horizontal bars show the
covered area where the measurement is done.
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Chapter1
Introduction
The majority of the electric energy in industrial countries is supplied by fossil
fuel (Le. coal and gas) and nuclear power plants. Due to the increasing demand for
energy, new power plants are built and existing power plants are modernized

to

improve the efficiency and to extend their service life. In the UK, 17% of electricity is
supplied

by nuclear power plants according to electricity supplied

by fuel type

statistics (2009) provided by the UK's Department of Energy and Climate Change [1].
In the UK most of the first generation nuclear power plants (Magnox reactors) have
been closed due to the completion of their life-time (the remaining two will be closed
in 2012) and the currently
scheduled

operational

advanced

gas-cooled (AGR) reactors are

to be closed by 2023 [2]. In the UK, there is an on-going research to

improve the efficiency and to extend the service life of those nuclear power plants by
deepening understanding

of unexpected degradation in the structural components in

service, for example in pipes and welds.
There is a schematic view of an AGR type reactor in Figure 1.1. In this type of
reactor, the heat is generated in the reactor core and transferred to boilers via a gas
circulated in the reactor chamber. Water in the boiler tubes is heated by gas outside
the reactor core and is converted by evaporation into steam. Finally, the steam drives
the turbines and electricity is generated. However, unexpected failure of the boiler
tubes operating at elevated temperatures

and pressures can cause shut-downs

of the
1

reactors for the repair or the replacement. Degradation of the welds in the boiler units
is one of the most critical issues limiting the efficiency of the power plant [3].
Therefore, a good understanding of the structural integrity of the boiler welds is
required to improve the efficiency of the power plant and to extend the service life.
A boiler unit in Hinkley B station (which began generating electricity in 1976)
is demonstrated in Figure 1.2(a). In this unit the tube material is AISI Type 316H
austenitic stainless steel. C-Mn steel and 9Cr1Mo steel are also used in the
manufacture of boiler units. It can be seen in Figure 1.2(a) that many parts of the unit
contain bended tubes and tube junctions such as bifurcations which are usually
produced by welding onto a bended tube as shown in Figure 1.2(b). The welding
process causes the material properties in the weld area to change and can introduce
defects from which failure may initiate. For this reason, weldments are usually the
weakest and most structurally vulnerable areas of the boiler units. Moreover very
little is known about the effects of welding onto plastically deformed tube. The ASME
Boiler and Pressure Vessel Design code [4] specifies that the limit of forming strain
for Type 316H material is 20% when the operating temperature is between 580°C and
675°C. In cases where this strain threshold is exceeded, the material should be
annealed before welding at a minimum temperature

of 1040°C to restore its

mechanical properties, tensile strength, creep strength and creep ductility to the start
of life values. Current construction practices in the UK for 316H boiler tubes forbid
welding onto material that has experienced more than 15% plastic strain, without first
solution heat treating the material [5]. Post weld heat treatment (PWHT) is also
recommended to relieve the weld residual stresses which is one of the factors that can
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contribute to the premature failure during operation [6]. Although the standards and
construction codes of practice provide fabrication guidance, it is not always possible
to follow the rules, for example in the case of a whole boiler constructed as a single
unit too large and too complex with different tubing materials to be heat treated [7].
As a result of welding onto a plastically deformed tube, the heat dissipation during
arc welding will greatly alter the properties of the plastically deformed tube near the
weld pool. In the case of welding onto a plain tube, the welding thermo-mechanical
cycles can also induce local plastic straining due to constraint effects and the
imposition of welding residual stresses [8].
The properties of the virgin tube material are greatly altered after a fabrication
process involving plastic deformation, welding and heat treatment. The boiler tubes
enter into service with these altered

material properties.

Structural

integrity

assessment of components and structures operating at elevated temperatures requires
knowledge of the variation of mechanical properties, especially in the weldment zone
where the failures mostly initiate.
Sample welded tubes with plain and prestrained (10, 15, 20 and 25%) base
metal were supplied by British Energy to simulate the fabrication history of boiler
units. Test specimens were cut for different experimental purposes and half the batch
of test specimens were heat-treated.
The primary aim of the study was to determine spatially resolved roomtemperature tensile properties using digital image correlation (DIe) by testing crossweld specimens machined from the thin wall welded tubes (with plain or prestrained
base metal) before and after the heat treatment. The experimental procedure which is
3

used to retrieve the tensile properties from these integrated tests was validated
through finite element simulation. The room temperature tensile properties are of key
importance because it is possible to predict the tensile properties at elevated
temperatures

using

those at the room temperature

[9]. Many engineering

assessments, including pressure vessel design (such as ASME Boiler and Pressure
Vessel Code), fracture assessments (such as R6: Assessment of the Integrity of
Structures containing Defects [10])and elevated temperature life assessments (such as
R5: Assessment Procedure for High Temperature Response of Structures [11]) use
tensile properties as a key input. Moreover detailed knowledge of the variation in
stress-strain properties across boiler tube weldments is expected to contribute to the
understanding and the assessment of the premature failures that have been observed
in AGRs. In addition to the determination of the local mechanical properties, material
characterization of the welds was done using optical microscopy, scanning electron
microscopy and by hardness survey. The variation in plastic strain across the
weldments was quantified using hardness, DIC, electron back-scattered diffraction
(EBSD) and neutron diffraction (ND). Plastic strain is of particular significance
because it has a great influence on creep properties [8].

1.1 Outline of the thesis
This thesis presents research carried out mainly to investigate the mechanical
properties of austenitic stainless steel welds (with a prestrained base metal) before
and after heat treatment. The structure of the thesis is as follows.
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Chapter 2 presents a literature review covering basic concepts of deformation
behavior and welding of austenitic stainless steels. The properties of austenitic
stainless steels are given first. The deformation behavior of stainless steel is explained
using the basic concepts of macroscopic stress-strain relationship, work hardening
(cold-work) effect and the plastic deformation of face-centred-cubic polycrystalline
materials. Relevant research on the effect of prior cold work on the subsequent
mechanical properties and the anisotropic behavior of austenitic stainless steels is
reviewed. The welding metallurgy, post-weld heat treatment (PWHT), weld defects
and the mechanical properties of stainless steel welds are then explained in the final
section of this chapter.
The experimental techniques used in this research are described in Chapter 3.
The fundamental working principle of optical and scanning electron microscopes,
hardness

testing, tensile testing, digital image correlation (DIC) and neutron

diffraction are explained. In addition, the optimization of DIC parameters

is

discussed in detail.
The manufacturing details of the welded tube samples supplied by British
Energy and the details of the test specimens extracted from these tubes are given in
Chapter4.
Chapter 5 presents the microstructural analysis of the plain tube material,
prestrained

tube material and the welds before and after heat treatment. The

variation of hardness values across the weld for all the conditions are also given in
this chapter.
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The tensile properties of the plain tube material, prestrained material and
welds are presented in Chapter 6. Digital image correlation (DIC) was integrated into
the tension tests of the plain and prestrained tube material and the welds. The results
obtained from DIC are compared with those from extensometer and strain gauges.
Local stress-strain curves were obtained using DIC in the tension tests of the welds
and used to determine the spatially resolved tensile properties across the weld. The
reliability of the DIC experimental procedure to obtain local stress-strain curves and
the offset proof strength distribution across the weld is tested through 2D finite
element simulation of the tension tests of welds with different strength mismatch
levels (hi-material model and multi-material model) and the results are discussed in
this chapter.
Chapter 7 presents predictions of effective plastic strain in the prestrained and
welded tube based on neutron diffraction, EBSD,hardness and DIC correlations. The
correlations
intergranular

rely on crystallographic

changes

such as the development

of

residual strains, increase in dislocation density and dislocation

structures with plastic deformation as well as local stress-strain curves obtained by
DIe.
Chapter 8 presents the overall conclusions drawn from this work. Suggestions
for the future work to advance the current understanding of the effect fabrication
history on the performance of the welds are also given in this final chapter.
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tube junctions (bifurcation) [12] (b)

8

I

9

Chapter 2
Literature Review
2.1 Stainless Steels
Stainless steels are extremely versatile engineering materials which are
extensively used in dairy and food-processing plants, health and sanitation
applications, petroleum and petrochemical plants, and the power generation and
transportation industries due to their corrosion and/ or heat resistance. Stainless steel
alloys are based on iron (Fe) and carbon (C) composition with the addition of mainly
chromium (Cr) and nickel (Ni) and low amount of other alloying elements such as
molybdenum (Mo), tungsten (W), manganese (Mn).
Chromium has relatively high affinity for oxygen and consequently oxidizes
very easily. The oxide film which forms rapidly on the surface of the chromium is
very stable and strongly adherent to the surface. Although the oxide film is extremely
thin, it protects the alloy from further attack of oxygen. The stainless steel alloys
exhibit these corrosion resisting properties particularly when the chromium content is
more than 12% [1].
Chromium also contributes to some extent to the heat resistance/creep
resistance of the alloy by ordinary substitutional solid solution. However, the high
temperature strength is primarily achieved by dispersion hardening provided by the
carbides and nitrides of the other alloying elements [1].
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Stainless steels are classified in 5 groups: martensitic stainless steels, ferritic
stainless steels, austenitic stainless steels, duplex (ferritic-austenitic) stainless steels,
and precipitation-hardening stainless steels [2]. In this thesis, the American Iron and
Steel Institute (AISI) nomenclature will be used for the classification of the stainless
steels. According to AISI, three subsequent numbers are used to define the stainless
steels. For example, 100 series are used for austenitic chromium-nickel-manganese
alloys, 200 series for austenitic chromium-nickel-manganese

alloys, 300 series for

austenitic chromium-nickel alloys, 400 series for ferritic and martensitic chromium
alloys [3]. Austenitic stainless steels will be described in details in the following
section since they have been the focus of the investigation in this study.

2.1.1 Austenitic stainless steels
Austenitic stainless steels are the group of stainless steels that preserve the
face-centred cubic (FCC) structure at room temperature. The types of the austenitic
stainless steels and their composition are given in Table 2.1. The main alloying
elements in these steel alloys are chromium, nickel, molybdenum and manganese.
The corrosion resistance is mainly achieved with the addition of chromium as
mentioned earlier. Since chromium is a ferrite stabilizer, its amount in the steel is
compensated for with other alloying elements (for example, Ni) in order to retain the
austenite in steel at room temperature. Nickel, which is an austenite stabilizing
element, is responsible for improved toughness and high strength at both high and
low temperatures [4].
Ferrite-stabilizing alloying elements such as chromium and molybdenum have
body-centred cubic (BCC) crystal structure and easily dissolve in ferrite so they
11

favour the ferrite transformation from austenite. Similarly, austenite-stabilizing
alloying elements such as nickel, carbon and manganese have face-centred cubic
(FCC) crystal structure and retard the austenite to ferrite transformation as well as
contributing to the precipitation of carbides [1].
The austenite in 300 series austenitic stainless steels is thermodynamically
unstable at room temperature for the initial solution treated state. Unstable austenite
promotes

the

precipitation

of carbides

and

intermetallics

during

elevated

temperature service for long periods of time or martensite formation during
deformation. Although the M, (the temperature at which the martensite formation
starts) is well below the room temperature for some steels, diffusionless shear
transformation of austenite to martensite occurs if the deformation is done below Ma
(the temperature below which the martensite formation starts by deformation) [5].
Austenitic stainless steels are non-magnetic in the annealed condition. They
possess high strength and also exceptional toughness, ductility and formability. They
usually have good cryogenic properties and exhibit excellent strength and oxidation
resistance at elevated temperatures. Additionally, austenitic alloys are generally
considered to be very weldable provided that proper precautions are taken during
welding.
Considering all of these distinct engineering advantages, particularly with
respect to formability and weldability, austenitic stainless steels are used in
architectural applications such as roofing and cladding, food processing plants, heat
exchangers, ovens and chemical tanks.
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2.1.1.1 AISI 316 type austenitic stainless steels
The 300 series alloys are by far the most widely used austenitic grade stainless
steel and AISI 316 type is one of the most commonly used among 300 series. These
alloys contain 0.01-0.08% C, 17% Cr, 12% Ni, 2% Mo and 0-0.13% N. L grades
represent low-carbon variants with a nominal C level of 0.03% whereas H grades
have carbon levels approaching 0.1%. 316L is used as a weld filler material since its
low carbon level reduces the formation of carbides and hence improves the resistance
to intergranular attack in corrosive environments [6].316H alloys are used at elevated
temperature since they have higher elevated temperature strength than standard or L
grades. 2% Mo improves the pitting corrosion resistance of the alloy. 0.13% N is also
added to improve the strength and pitting corrosion resistance and 316N and 316LN
alloys are preferred to be used at cryogenic applications.

2.2 The Basics of Plastic Deformation and Deformation
Behaviour of Stainless Steels
In this section the deformation of stainless steel will be discussed in macroand micro-scale.
The macroscopic stress-strain relation in a polycrystalline under tension will
be explained initially to have a better understanding of the tension test results which
will be demonstrated in the following chapters.
Some of the tubes which have been used in this project were exposed to cold
working by axial stretching for the purpose of simulating the plastic deformation
13

introduced after the shaping/bending

of the original tubes to construct the heat

exchanger units. The cold working effect on the material properties can be described
with the work hardening effect. Therefore, a general description of work hardening
will be given. The effect of cold work on the mechanical properties of stainless steel
will also be discussed.
Stainless steel which has a FCC structure is an anisotropic material; therefore it
exhibits a directional dependant response at loading. Residual strains develop
between different crystallographic hkl grain families because of the anisotropy. Some
researchers have proposed that these residual strains are indicative of macroscopic
plastic strain [7-9]. As a part of this project the relationship between intergranular
residual strains and macroscopic plastic strain was also investigated. Therefore, the
anisotropy in stainless steel will be described in detail following a general
explanation of plastic deformation of FCC polycrystalline materials in micro-scale.

2.2.1 Macroscopic stress-strain relationship
Solid materials deform when subjected to an external load. When the external
axial load P is applied on a uniform rectangular bar as shown in Figure 2.1, it is
balanced by the internal resisting force

fa dA, where

0'

is the stress normal to the

cutting plane and A is the cross-sectional area of the bar. The equilibrium equation is
given as:
p= JadA

If the stress

(2.1)
0'

is distributed uniformly or constant over the areaA, Eq. (2.1)

becomes
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p= fCTdA=aA

or

p

CT =A

(2.2)

The stress CT is represented by a scalar called engineering stress or nominal stress
that represents an average stress over the initial cross-sectional area A, meaning that
the stress in the cross-section is uniformly distributed.
Depending

on the level of the load the bar undergoes

either recoverable or

irreversible deformation. Strain is the term that describes the amount of deformation.
The engineering strain or nominal strain e of a bar axially loaded as shown in Figure 2.1
is expressed as the change in length I1L per unit of the original length Lo of the bar
(Eq. (2.3)).

(2.3)
The mechanical properties of a ductile material can be obtained from a tension
test, in which a suitably designed specimen is subjected to increasing axial load until
it fractures. Engineering stress (CT) and strain (e ) are calculated with Eq. (2.4) and
(2.5) by using the load (P) and elongation (L) recorded during the test and then
engineering

stress-strain curve is plotted as shown in Figure 2.2. The engineering

stress a is obtained by dividing the load by the original cross-sectional area (Ao) of
the specimen (Eq. (2.4)). The engineering strain e is the average linear strain which is
measured in the gauge length of an extensometer.
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p

(2.4)
~L

e=La

(2.5)

The recovery of the original dimensions when the load is removed is known as
elastic behaviour. In the elastic region stress is linearly proportional to strain. The
linearity between stress and strain is described with Hooke's Law;
a=Ee

(2.6)

where E (elastic modulus) is the slope of the linear line. Elastic modulus, a material
property, is a measure of the stiffness of the material. When the load exceeds the yield
strength ((J y) the material undergoes plastic deformation.

Beyond that point the

deformation is irreversible and permanent. When a yield stress is not easily defined
based on the shape of the stress-strain curve an offset yield stress or proof stress is
arbitrarily defined. On the engineering stress-strain curve proof stress is the stress
corresponding to the point which is the intersection of original curve and a line
parallel to the elastic part of the curve offset by a specified strain such as 0.2% or 1.0
% [10].The volume of the specimen remains constant during plastic deformation, that

is, AL

= AaLa.

As the specimen elongates, the cross-sectional area decreases (poisson

effect) and the material undergoes work hardening. This hardening tends to increase
the load-carrying capacity of the specimen as deformation increases. The plastic strain
is uniform in the gauge length until the ultimate tensile strength (U7S), which
corresponds to the maximum load that the sample can carry, is reached. Once stress
reaches U7S necking or localized deformation starts because the increase in stress
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due to decrease in the cross-sectional area of the specimen becomes greater than the
increase in the loading-carrying ability of the metal due to work hardening. The
specimen fails soon after necking. For engineering design purposes, yield stress ay
(or proof stress) and ultimate tensile stress (U7S) are used as the strength parameters
of the material. These tensile properties for austenitic stainless steels at room
temperature are a key input into all engineering assessments such as pressure vessel
design [11], fracture assessments [12] and elevated temperature life assessments [13].
0.2% offset proof strength and ultimate tensile strength of some austenitic stainless
steels at room temperature are given in Figure 2.3.

2.2.2 Work-hardening effect
After the yield point as the plastic deformation increases, the metal becomes
stronger so that the stress required extending the specimen increases with further
straining. An atomistic approach of work hardening effect will be explained in section
2.2.3.1. On the engineering stress-strain curve it can be seen that beyond U7S stress
drops down with increasing strain. This is because the stress and strain are calculated
using the original dimensions

(Aa' La), rather than instantaneous

dimensions.

Although the use of engineering stress-strain curves is perfectly acceptable while
considering elastic deformation of materials, true stress-strain curves need to be used
to understand

the strain hardening or work hardening (Figure 2.4(a)) when the

deformation is well in the plastic regime. True stress (a true) is ratio of the load on the
actual (instantaneous) cross-sectional area (A ) (Eq. (2.7)) and true strain (s ) is the
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integration of the instantaneous change in length divided by the instantaneous gauge
length (Eq. (2.8)) [14]. That is,

G'true

=

p
A

(2.7)

(2.8)

True strain can be written as a function of engineering strain as shown below (Eq. (2.9));

L
e+l=-

La
8

= In -

L

= In(e + 1)

(2.9)

La

The volume of the material remains constant during plastic deformation, so,
the following relation can be written for the uniform strain region before the necking
starts;

A

L

A

La

_a =-=e+l

Hence, true stress can be calculated from the engineering stress as;
G'true

= --P

Aa

Aa A

P
= -(e+

Aa

1) = G'eng(e+

)
1

(2.10)

The true stress-strain curve in the region of the uniform plastic deformation can be
expressed mathematically by strain hardening rule;
(2.11)
where K is the strength coefficient and n is the strain hardening exponent.
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The material becomes stronger as the loading proceeds beyond the yield point.
When the material is unloaded as shown in Figure 2.4(b), it has already been
deformed plastically and hardened. The true stress-strain curve of the subsequent
loading starts at

&0

and it follows the same trend with the previous curve in the

plastic region. The amount of strain hardening

&0

that the material received prior to

the subsequent loading can be put in Eq. (2.11) as follows [15];
(2.12)
In the next part the effect of prior cold work on the performance or the
structural integrity of stainless steels will be discussed.

2.2.2.1 Effect of prior cold work on the mechanical properties of
stainless steels
Prior cold work or pre-straining which induces plastic deformation has a
considerable influence on subsequent material properties. This can be simply

explained with the rearrangement

of the microstructure

or the development

of

damage after the plastic deformation.
The strength of the austenitic stainless steels can not be improved with heat
treatment but they are easily strengthened by cold working. However, the effect of
cold work is no more present at elevated temperatures

(> Tmelting /2)

due to

recrystallization [2]. As a result of recrystallization, deformed grains transform into
new strain free grains.
The effect of monotonic or cyclic pre-straining on room temperature tensile
behavior of 316 stainless steel was studied by Liaw and Landes [16]. They observed

19

that monotonic or cyclic pre-straining generally increases yield and ultimate tensile
strength and also changes hardening behaviour compared to the virgin material
(Figure 2.5). The increase in yield strength can be attributed to the work hardening
effect. The work hardening effect will be explained in 2.2.4.1 with an atomistic
approach. Annealed type 316 has yield strength between 200MPa and 300 MPa, but
after 5-30% cold working (at room temperature) yield strength rises to between
400MPa and 600MPa. However, the ductility reduces from 60-75% in the annealed
state to 20-30% after 20% pre-straining [17].
The effect of pre-strain on creep of types 304 and 316 stainless steel reveals that
creep resistance is improved whilst creep ductility is significantly decreased [5].
Similar to that, Willis et al reported that the tensile ductility at 575°C and creep strain
at failure at 575°C for 316 type stainless steel decrease with increasing pre-strain at
room temperature as shown in Figure 2.6 [18].
It was also reported that prior plastic deformation up to 10-20% reduces the

corrosion resistance of 316 type austenitic stainless steels in MgCh [5].
In the following parts, the room temperature tensile properties of 316H
stainless steel after several processes such as cold work, welding and heat treatment
will be focused on.

2.2.3 Plastic

deformation

of

face-centred

cubic

(FCC)

polycrystalline materials
Plastic deformation in solids involves, at the atomistic scale, the breaking of
bonds with original neighbouring atoms and reforming bonds with new neighbours
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as large number of atoms move relative to each other with a process called slip. Slip
takes place with the help of the dislocations in the material. Dislocations which form
as a result of the misalignment of some atomic bonding in a crystal can be determined
as edge dislocations (Figure 2.7(a)), screw dislocations (Figure 2.7(b)) and mixed
dislocations.

Under load the room temperature deformation predominantly takes

place with the help of these defects. Twinning is the other mechanism during
deformation however it is not a dominant mechanism in metals which have many
slip systems.
The term slip is used to define how the dislocations move in the crystals and
slip occurs in the most densely packed planes and directions. The slip mechanisms
are principally related to the crystal structure. Therefore, for face-centred cubic (FCC)
metals there are 12 slip systems on which the dislocations easily move with the effect
of the load. {Ill}

(ITo)

family of planes are favourable to slip on top of each other in

directions. In Figure 2.8, 111 plane is shown with its corresponding

slip

directions.
If we consider the deformation of a single crystal under a tensile load, the slip
takes place on the most densely packed plane when the shear stress on this plane is
large enough to break the atomic bonds (Figure 2.9(a)). The minimum shear stress
which is necessary to initiate the slip is called critical resolved shear stress,
(2.13)).
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As the deformation proceeds, the slip plane tends to rotate towards the
loading axis as shown in Figure 2.9(b). At the beginning of the plastic deformation,
the dislocations are able to move over relatively large distances without encountering
barriers.

Therefore, most of the dislocations escape from the crystal surface while

deformation occurs only on primary slip system. Thereafter, the resolved shear stress
becomes equal for another slip system (conjugate slip system) and slip also starts on
the conjugate slip system. This duplex slip system is called multiple slip [14]. With
the activation of second slip system, the dislocation density increases. Deformation by
duplex slip results in a high degree of strain hardening because of interaction
between

dislocations on two intersecting

slip systems (dislocation pile-ups).

Dislocation pile-ups create some regions called dislocation tangles which are
dislocation free regions surrounded with extensive amount of dislocations. Finally,
the stresses are high enough to move dislocations which were suppressed due to the
obstacles at lower stresses. At high stresses screw dislocations are activated and cross
slip occurs. Cross-slip creates dislocation bands inside the grains.
In a polycrystalline material, the shape of a crystal can change with the
operation of five different slip systems. This is related to the fact that an arbitrary
deformation is specified by the six components of the strain tensor. But, because of
the requirement of constant volume (~V=O=&11

+&22 +&33)

there are only five

independent strain components. Although small plastic elongation may be obtained
if there is twinning or favourable preferred orientation, crystals which do not have
five independent slip systems are never ductile in polycrystalline form. Hence, FCC
metals, which have 12 active slip systems, have higher ductility at room temperature
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in polycrystalline form compared to HCP (hexagonal dose-packed) metals, or other
low symmetry metals, which have less than 5 active slip systems [14].
The deformation of polycrystalline materials is very complex because of
various grain orientations and the geometrical constraints. The grains sustain the
mechanical integrity along the grain boundaries during deformation; that is, they do
not open up or come apart. As a consequence, each grain is constrained by the
adjacent grains and, hence greater stresses are required to initiate slip. A single grain
can not deform until the adjacent and less favourably oriented grains are capable of
slip. Therefore, the deformation of polycrystalline materials requires higher stress
levels. Empirical studies have shown that the yield strength of the material depends
on the grain size by the following equation, known as the Hall-Petch equation (Eq.
(2.14)).
(2.14)
where d is the average grain diameter and oo and K are material constants. This means
that fine-grained materials are harder and stronger than the coarse-grained material.

2.2.3.1 Work hardening
Work hardening is caused by dislocations interacting with each other and with
barriers which impede their motion through the crystal lattice. When the material is
deforming plastically under a load, the dislocations start to move. Meanwhile, as the
deformation proceeds, the number of dislocations in a crystal increases over the
number present in the annealed crystal. After a while, these dislocations start to
interact with each other or some of them are hindered by solute atoms, precipitates or
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grain boundaries. This hindering effect and the dislocation pile-ups produce back
stress which opposes the applied stress. Therefore, higher stress is required to
continue the plastic deformation in the material. This effect is called work hardening.
When the load is released, the back stresses, which arise due to the dislocation pileups and hindering mechanism, remain in the material [14]. If the material is reloaded
(Figure 2.4(b)), it will start to yield at a higher stresses, i.e. the yield strength of the
material will increase.

2.2.4 Anisotropy in stainless steel
Anisotropy in a material is the directional dependence of the physical
properties. A single crystal is, by its nature, highly anisotropic and a polycrystalline
material can be anisotropic if there exists a preferential alignment of certain crystal
structures (i.e. texture) in its structure, which may be caused by some manufacturing
processes such as rolling, extrusion or directional solidification.
The stainless steel has both elastic and plastic anisotropy. Elastic anisotropy
means that the elastic stiffness of the material is directional dependant.

The

macroscopic elastic stiffness of stainless steel is 190-210GPa. However, Pang et al [19]
performed an in-situ tensile loading test of 309H stainless steel using neutron
diffraction which provides the stress-strain curve of each crystallographic plane and
found that the elastic stiffness of crystallographic planes in the FCC unit cell of this
stainless steel ranges from 129 GPa for the 200 plane to 239 GPa for the 111 plane. As
well as the elastic stiffness, the yield strength varies for different planes. The
directional dependent yield strength means the material has plastic anisotropy.
Daymond et al performed an in-situ tensile test of an austenitic stainless steel by
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using neutron diffraction and observed that yield point ranges from 200MPa for (331)
plane to 250MPa for (220) plane [7]. The elastic and plastic anisotropy in the stainless
steel is summarized in Figure 2.10.

2.2.4.1 Texture
Texture is a term which is used to statistically quantify the distribution of the
crystal orientations in a polycrystal with respect to the macroscopic coordinate
system. A material can behave very different depending on its texture. Therefore, the
macroscopic response of the material is mainly controlled by the texture. A material
in which the crystal orientations are all random as in a powder form is said to possess
'random texture'.

The degree of the texture is quantified as 'multiple of random' by

using the random texture as a reference.
Gooch [20] suggests that texture is one of the factors being worthy of
consideration to understand the higher creep crack rates in the pre-straining (or
rolling) direction.
The development

of the texture can be attributed

to the deformation

mechanisms such as twinning and slip. Recrystallization in a preferred direction or
phase transformation can also result in a considerable amount of texture.

2.2.4.2 Residual intergranular strains .
It was mentioned earlier that the residual intergranular

strains due to the

anisotropic deformation behaviour of a polycrystalline material are fingerprints of
macroscopic plastic strain. Therefore, in this section the residual intergranular strains
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will be described and the relation between the macroscopic plastic strain and residual
intergranular strains will be explained.
Plastic strain

has

detrimental

effects on the subsequent

mechanical

performance of stainless steel. The introduction of plastic strain increases the
susceptibility of the tubing to stress corrosion cracking, creep damage and influences
the fracture properties [21].For instance, bent and swaged tubes in power generation
plants are very susceptible to intergranular stress corrosion cracking in which the
crack progressively nucleates and grows by localized corrosion along the grain
boundaries in the presence of stress/ strain [5]. Furthermore, the creep ductility of the
cold-worked tubes is significantly less whereas the creep strength and creep strain
rate is improved compared to the virgin tubes [5].However, there is no direct method
to quantify the plastic deformation introduced to the materials. For that reason, we
measured intergranular strains after different manufacturing steps such as coldworking, welding and heat treatment since it was reported that intergranular strains
have been used to provide a semi-quantitative fingerprint of the macroscopic plastic
deformation [22].
Development of internal strains during deformation, and residual inter granular
strains
In an elastically and plastically anisotropic polycrystal when it is loaded
different internal strains develop on different planes. As the deformation proceeds
after yielding grains are re-oriented. When the load is released after the polycrystal is
plastically deformed, residual intergranular strains develop between grains having
different plane orientations.
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In recent years, by using neutron diffraction many researchers have studied
the development of internal strains in a polycrystal subjected to a uniaxial tensile or
compressive load. Daymond and Bouchard [23] have tested a 316H specimens under
uniaxial tensile load at room and elevated temperatures. At room temperature the
development of internal strains with the applied load for Ill,311 and 200 planes in
axial and transverse direction is as shown in Figure 2.11. It can be seen that the stressstrain curves of different planes are not identical and show different elastic and
plastic behaviour.

The difference between the total strain on each grain family and

the extrapolated elastic line is termed as plastic intergranular strains. In Figure 2.12
the variation of the axial plastic intergranular strains with the macroscopic strain is
given. It can be seen that the intergranular strains increase as the macroscopic plastic
strain increases. Additionally,

by comparing

the experimental

and slip based

modelling results they concluded that slip is the dominant deformation mechanism
up to 450°C. Similar to that, Clausen et al performed the same experiment for another
type of stainless steel and obtained very similar results for the specific planes [24].
However, they measured the intergranular strains after the load is removed at several
plastic strains as shown in Figure 2.13. In a broader sense, Peng et al have extended
this study and analysed the variation of residual intergranular strain as a function of
the sample direction on the austenitic stainless steel samples which were produced by
unloading from a peak strain of 0.2%, 7.5%, 29.8% and 44.7% [25]. They observed that
the residual strains along the loading axis were the largest while they were essentially
zero along the normal direction as shown in Figure 2.14.
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Macroscopic plastic strain and anisotropy strain
Further analysis of in-situ tensile testing with neutron diffraction revealed that
there is a correlation between the macroscopic plastic strain and residual
intergranular strains. Daymond et al introduced the term anisotropy strain which is
the difference between the intergranular strains on the hkl planes having two
extremes of elastic stiffness and it is calculated as given in Eq. (2.15) [7].
hOO - Ghkl

G

where

EA

= AhklG

(2.15)

A

is the anisotropy strain,

Ehkl

is the intergranular strain on hkl plane,

Ahkl

is the

anisotropy factor describing the degree of variation of the crystal stiffness with
orientation. The 200 and 111 planes represent the extremes of elastic stiffness in
stainless steel. He tried to evaluate the plastic strain history of a ring which was
compressed along the diameter by calibrating the plastic strain behaviour using the
data obtained from a neutron diffraction experiment of in-situ tensile testing of a
stainless steel which is very similar to ring material. The plastic strain prediction for
this compressed ring was also validated with finite-element modelling as shown in
Figure 2.15. Korsunsky et al have investigated the in-situ deformation of a finegrained Al alloy reinforced with SiC particles in four-point bending to observe the
relation between the anisotropy strain and the macroscopic plastic strain [8]. They
reported that a direct correlation was found between the matrix plastic strain and the
anisotropy strain as shown in Figure 2.16. These results show that the prediction of
plastic strain using anisotropy strain is a promising technique to determine the plastic
deformation in a material after exposed to different manufacturing steps such as
pres training and welding.
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2.3 Welding of Stainless Steel
Welding is a process of joining two similar or dissimilar materials through the
formation of primary chemical bonding under the combined effect of heat and
pressure. The continuity of the joint or the atomic bonding across the joint is generally
obtained by three mechanisms: solid phase plastic deformation with or without
recrystallization, diffusion or melting and solidification [26]. These mechanisms are
acquired with different combinations of heat and pressure. Most of the welding
processes have been designed on the theory of melting and solidification. This type of
welding in which the continuity is attained by melting and solidification of a filler
material in-between or the joint surfaces itself is called fusion welding.
Welding is the preferred mechanism from joining the metals because weld
joints have exceptional structural integrity and they do not loosen or disassemble.
Using welding as the primary joining method when manufacturing components with
complex shapes may be more cost effective compared to those methods of producing
the component as a single unit, such as by casting or machining. However, it requires
considerable operation skill. In case of non-skilled operation, the welded part may
distort due to the unbalanced heat input. Even though the heat input is carefully
adjusted, residual stresses develop during welding. The heat also degrades the base
metal properties. Both degradation of the base metal and residual stress may cause
pre-mature failure of the component in service.
Depending on the geometrical challenges in industry manufacturers have been
generally applying 4 common types of joints: butt, T, comer and lap (Figure 2.17) [27].
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The butt type joints are particularly used in welding pipes (Figure 2.18) and plates in
ship construction.

2.3.1 Types of fusion welding
The melting of the filler metal or the joint surfaces requires heat. According to
the heat source fusion welding can be classified in four groups: gas welding, arc
welding, resistance welding and high-energy beam welding [28].
In gas welding, the heat to melt the filler metal is generated with an
exothermic reaction of a fuel gas and oxygen. Oxyacetylene welding (OAW) which is
the most common gas welding produces heat as a result of the combustion of
acetylene (C2H2) with oxygen. The flame temperature reaches up to 2500°C. Due to
the high heat input the heat-affected zone is large and distortions are likely to occur.
Arc welding is based on the electric arc between the workpiece and the
electrode, each at different polarities. The arc consists of thermally emitted electrons
and positive ions from the electrode and workpiece. By applying a potential field
between the electrode and the workpiece the electrons or positive ions are
accelerated. They convert their kinetic energy when they collide with the opposite
charged element and this produces heat for fusion [26]. The electrodes are either
consumable or non-consumable. Shielding is applied by different means such as inert
gases to prevent oxidation of the highly reactive molten weld metal. The advantage of
this type of welding is that the heat for fusion can be generated efficiently,
concentrated at a very small point and sufficiently controlled. Depending on the type
of electrode consumption and the theory of the electric arc generation, researchers
have designed several arc welding processes. Most common types of electric arc
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welding are shielded metal arc welding (SMAW), gas-tungsten arc welding (GTAW)
or tungsten inert gas welding (TIG), plasma arc welding (PAW), gas metal arc
welding (GMAW) or metal inert gas welding (MIG), flux-cored arc welding (FCAW),
submerged arc welding (SAW), electroslag welding (ESW). In this dissertation since
the test samples were produced with tungsten inert gas (TIG) welding, a detailed
explanation of TIG processes will be given.
Resistance welding such as resistance spot welding produces heat through the
resistance of the workpiece between the two terminals of the electrical circuit.
High-energy

beam welding such as electron-beam (EBW) or laser-beam

welding (LBW) employs a source of high-intensity electromagnetic radiation for
fusion to produce the weld.

2.3.1.1 Gas tungsten arc welding (GTAW)
GTAW process consists of a non-consumable tungsten electrode, a filler metal
and a shielding gas. The electric arc is generated between the workpiece and the
tungsten electrode to melt the filler metal under the shielding gas as shown in Figure
2.19. The shielding gas protects the reactive molten metal from the air contamination.
If an inert gas such as argon or helium is used as a shielding gas, GTAW is called
tungsten inert gas (TIG) welding.
Three different polarities for the electrode are used for GTAW process as
shown in Figure 2.20. Direct current electrode negative (DCEN) which is the most
commonly used polarity provides deep penetration and narrow weld area. 70% of the
heat is concentrated on the workpiece and the rest is concentrated in the tungsten
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electrode. Direct current electrode positive (DCEP) supplies only 30% of the heat in
the workpiece and the remaining heat stays in the electrode, therefore the electrode
should be cooled during the operation. This forms a shallow penetration and wide
weld area. The heat in alternating current (AC) polarity is evenly distributed between
the workpiece and electrode. The penetration and the weld area are intermediate
between DCEP and DCEN.
Tungsten electrodes containing 2% cerium or thorium are generally used in
GTAW process. Compared to the pure tungsten electrodes, these types of electrodes
have better electron emissivity (low temperature is required to emit the electrons so
that arc starting is easier and the risk of melting at electrode tip is less), current
carrying capacity and resistance to contamination [26].
Argon, helium or their mixture is used as a shielding gas in the GTAW
process. Due to the fact that the ionization of argon is easier than helium, it is easier to
start the arc and the voltage drop across the arc is lower with argon. Argon is also
heavier and this provides effective shielding [28].

2.3.2 Welding of austenitic stainless steel
Compared to the other types of stainless steels, austenitic stainless steels are
generally the most weldable of the stainless steel alloys. The welding behaviour of
austenite is very different due to its physical properties. Thermal conductivity of
austenite is lower than ferrite, therefore compared to the ferritic steels less heat is
needed to weld the austenitic steels in order to get a similar depth of penetration [29].
In contrast, the thermal expansion of austenite is greater than ferrite, which can cause
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solidification cracking after welding. However, balancing the austenite with some
amount of ferrite makes these alloys less susceptible to solidification cracking [30].

2.3.2.1 Welding metallurgy
Before explaining the welding metallurgy of austenitic stainless steels, it is
beneficial to understand how the integrity of the welded parts is attained at the
atomic scale. The filler metal is melted with the heat source and it fills the weld gap.
Some of the grains in the liquid/ solid interface also become molten with the effect of
the heat; this removes oxides in the interface. The atoms in the molten metal can
freely move however the atoms of the base metal are in poly-crystalline form. The
formation of the molten pool is explained schematically in Figure 2.21(a). Once the
temperature of the molten metal begins to fall, the heat flows through the base metal

therefore the free atoms in the molten metal lose their energy. The free atoms close to
the base metal attach onto the surface and subsequent atoms carry on attaching on
top of each other. This structure which is called dendrite progressively grows
towards the centre of the weld pool as illustrated in Figure 2.21(b). At the end of the
solidification all dendrites have already been connected to each other.
As a result of heat flow through the base metal during solidification of the
weld pool, distinct metallurgical zones are formed in the base metal alloy as shown in
Figure 2.22. Fusion zone (FZ) is the region where the filler metal becomes molten and
fills the weld gap. If the temperature of the base metal next to the fusion zone is
between the solidus and liquidus temperature,

a partially-melted zone (PMZ) is

produced. Still farther from the weld centreline, the heat influences the properties of
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the base metal by some solid-phase transformations such as allotropic phase changes,
recrystallization/

grain growth, and aging or precipitation. The region where the heat

alters the microstructure

is called as heat-affected zone (HAZ). Beyond that region the

heat is not high enough to affect the properties of the base metal.
On the other hand, in multi-pass welding processes the thermal cycles after
each subsequent pass cause expansions and contractions in and around the weld.
These volume changes accumulate plastic strain in the base metal [31-33]. This region
which is strain-hardened

by heating up and cooling down is sometimes referred to as

strain affected zone (SAZ).
Phase Diagrams
The phase diagrams are used to predict the microstructural

phases present in

alloys. However, the phase diagrams available in the literature for austenitic stainless
steels are very limited due to the complexity of the multi-component

thermodynamic

calculations and the transformation kinetics [34].
Bechtoldt
molybdenum-nickel

and

Vacher

have

proposed

a

quaternary

iron-chromium-

equilibrium diagram in which the iron content is 70% [35, 36].

Figure 2.23 represents the isothermal profiles at 1093°C and 816°C of iron-chromiummolybdenum-nickel

phase diagram. It is seen that at 816°C isothermal profile 17Cr-

12Ni-2Mo (AISI 316X) stainless steel is still austenitic. The OCcurrence of o (sigma), X
(chi) and " (Laves) phases is generally expected during the heat treatment process
and long-time exposure to elevated temperatures

since the rate of precipitation

for

these phases is sluggish [35]. The non-metallic alloying elements such as carbon are
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present in relatively small amounts but they may have a significant effect on the
microstructure.
Due to the limitation of the equilibrium phase diagrams, some researchers
develop practical methods to predict the microstructure. Schaeffler has classified the
alloying elements as ferrite and austenite stabilizers, and established a diagram to
predict the weld metal microstructure [37]. He developed formulas for chromium
and nickel equivalent (Eq. (2.16) and (2.17)) and these formulas include some
constants which were empirically defined for each alloying element.
Chromium
Equivalent
(Ferrite
Stabilizing
Eq.)
Nickel
Equivalent
(Austenite
Stabilizing
Eq.)

=(Cr)+2(Si)+1.5(Mo)+5(V)+5.5(AI)+1.75(Nb)+1.5(Ti)+O.75(W)

(2.16)

=(Ni)+(Co)+0.5(Mn)+O.3(Cu)+30(C)+25(N)

(2.17)

Fully austenitic weld metals are very susceptible to hot cracking due to high
thermal contraction of austenite during solidification and formation of low-melting
liquid films along grain boundaries. This can be overcome by ensuring the weld
metal contains a little delta-ferrite which minimises the contraction stresses around
austenite grains and dissolves the impurities such as sulphur and phosphorus
forming the low-melting liquid films [38]. In order to determine the variation in the
amount of delta ferrite in austenitic weld metals with compositional changes DeLong
has modified Shaeffler's diagram [39] and this form of the diagram (Figure 2.24) was
adopted as a standard procedure by the International Welding Institute. It can be
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seen that some types of austenitic stainless steels may have considerable amount of
ferrite. However it should be noted that this diagram does not take into consideration
of the influence caused by cooling rate and aging heat treatments.
Precipitations of carbides and intermetallics
AISI 316 stainless

steels may

also contain

some

precipitations

and

intermetallics. Carbides such as M23C6 and MC constitute the most of the
precipitations observed in AISI 316 stainless steel. M23~ which is the carbide of
mostly chromium but also iron and molybdenum is the most predominant carbide
form in those particular steels [5]. As discussed above,

(J

(sigma), X (chi) and TJ (Laves)

phases are the intermetallics which are observed in iron-chromium-molybdenumnickel system. The formation of the sigma phase is quicker compared to the other
intermetallics [40]. Additionally, it was reported that delta (B)-ferrite in weld metals
promotes the precipitation of carbides and intermetallics due to the high diffusivities
of chromium and carbon in ferrite compared with austenite [41].
Time-temperature-precipitation

(TTP) diagrams are used to predict the

formation of precipitates and intermetallics. Weiss and Stickler have generated a TIP
diagram of AISI 316 steel alloys which were solution-heat treated for 1.5 hr and water
quenched (Figure 2.25) [40]. It may be seen that the formation of M23~ is delayed
when the alloy is solution-heat treated at 1090°C because the delta ferrite, which
promotes the nucleation of precipitations, does not form at 1090°C whereas it does at
1200°C. In the annealed condition of the alloy solution heat treated at 1090°C, if the
cooling rate is above 250°C/hr or the isothermal aging treatment at 810°C is not
longer than +Ihr, precipitation of M23~ is not expected to occur (Figure 2.25(a)).
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When the alloy is cold worked, the time-temperature-precipitation

curves shifts left,

that is, the transformations take place in somewhat shorter time (Figure 2.25(b)). The
formation of M23C6 is expected to happen after nearly 10 minutes during aging
treatment at 810°C.
Welding onto cold worked stainless steel
When the metal is deformed most of the energy during the deformation
dissipates as heat whereas small amount of energy is stored in the metal. This stored
energy generates a metastable state and may modify the rate of the transformations if
the metal is heated to a temperature above solidus temperature. This is why, as
previously discussed, cold work influences the precipitation kinetics (Figure 2.25(b)).
At elevated temperatures the amount of crystal defects in the metal start to
decrease. The point defects sink at grain boundaries. Subgrains are formed with the
rearrangement

and annihilation of the dislocations. Additionally as a result of

dislocation climb the subgrain coalescence is observed. This stage of transformation
in which the defects are modified is called recovery. The next stage is the nucleation of
new strain free grains and this is called recrystallization. The stored energy is a driving
force for recrystallization. The nucleated grains start to grow in the next stage which
is called grain growth [42].
The welding of a cold worked

stainless steel produces

two types of

microstructures as shown in Figure 2.26 [43]. For the cold worked single phase alloy,
the heat generated during welding process flows through the base metal, and this
results in a temperature variation across the region. As the heat flows in the region
very close to the fusion zone recrystallization takes place and new strain free grains
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start to grow. Further away from the fusion zone where the temperature is still
sufficiently high, recrystallization may still take place, however, grain growth may be
very limited due to time and temperature constraints (Figure 2.26(a)). For a cold
worked alloy which undergoes allotropic transformations the microstructure after
welding is more complex. It may have two recrystallization zones as shown in Figure
2.26(b). The first fine grained zone results from recrystallization of the cold-worked
lower temperature phase. The second fine grained zone appears as a result of
allotropic transformation to the high temperature phase, not from recrystallization. In
fully austenitic stainless steel, the first type of microstructure is expected.

2.3.3 Post-weld heat treatment
Residual stresses are generated after the welding process and these stresses
may cause premature

failures during the service of the welded components.

Therefore, post weld heat treatment (PWHT) is required to relieve these weld
residual stresses. This process, however, can modify the microstructure depending on
the temperature chosen for the treatment. Stress-relief heat treatments are generally
conducted in the temperature range 550-650°C. PWHT in this range does not cause
any microstructure modification for the first couple of hours. But as the holding time
increases, it is likely to cause carbide precipitation [6]. To relieve the residual stresses
more effectively the temperature can be increased between 650 and 900°C. It is
reported that PWHT at 750°C for one hour to relieve the residual stresses in a welded
316H component results in 75% reduction in residual stress without any significant
modifications to the microstructure or mechanical properties of the HAZ [44,45]. Post
weld heat treatment in the range 950-1100°Ccompletely relieves the residual stresses
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and also modifies the as welded microstructure without forming carbides or sigma
phase.
On the other hand, the plastic strain caused by either welding [31-33] or coldworking prior to welding [46] is very detrimental for high temperature performance
of the material. Auzoux et al stated that the plastic strain decreases the creep ductility
due to the fact that the intergranular creep cavity nucleation rate could be increased
by high intergranular stresses generated after the heterogeneous plastic flow in FCC
polycrystal [33]. According to the pressure vessel and piping code this plastic strain
should be eliminated with heat treatment [11].
The variation of the intergranular strains developed by either welding or coldwork prior to welding and the effect of PWHT on these intergranular strains will be
discussed in Chapter 7.

2.3.4 Weld defects
The austenitic stainless steels are considered to be weldable; however, they are
subject to a number of weldability problems such as solidification cracking, grain
boundary sensitization and reheat cracking. Distortion, lack of penetration, porosity,
slag or oxide inclusions in the weld metal are generally related to the operational
skills [27]. These defects can be eliminated if the proper precautions are taken.
Cracking in the weld metal or in the HAZ is the most problematic defect especially in
tubing systems of power generation plants.
Weld solidification cracking
.Fully austenitic stainless steel welds are very susceptible to solidification
cracking because of the formation of low-melting liquid films along grain boundaries
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during the last stages of solidification. The remedy is to select a filler material which
will allow formation of some ferrite because the impurities, such as sulphur and
phosphorus that promote the formation of liquid films, have a higher solubility in
ferrite [47].
Grain boundary sensitization
Austenitic stainless steels may be susceptible to stress corrosion cracking when
exposed to severely corrosive environments. Stress corrosion cracking of austenitic
stainless steel weldments can result from the sensitization of grain boundaries after
heat treatment (post weld heat treatment) or after servicing for a while at high
temperature. Weld metal containing small amount of ferrite is not very susceptible to
stress corrosion cracking because ferrite dissolves more chromium compared to
austenite. However, a fully austenitic HAZ is very susceptible to intergranular attack
especially when it is strain-hardened. Plastic strain increases the rate of sensitization.
The remedies are (1) to anneal the material to remove the prior cold work, (2) to use
low heat inputs and to increase the weld cooling rates and (3) solution heat treatment
at 900-ll00ce after welding to dissolve the precipitates which may form during
welding [47].
Reheat cracking
The HAZ region of higher carbon heat resisting austenitic stainless steel
(especially 316H) weldments is susceptible to reheat cracking during the post weld
heat treatment or during high temperature service. It is generally agreed that reheat
cracking is caused by the relaxation of welding residual stresses [48]. When the
weldment is reheated during the post weld heat treatment or service temperature,
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carbides precipitate in the grain interiors and strengthen these regions relative to the
grain boundaries. If significant stress relaxation occurs at that temperature range,
failure may occur preferentially along the grain boundaries [6].

2.3.5 Mechanical properties of stainless steel weldments
Precipitation of carbides and intermetallics, formation or decomposition of
delta-ferrite, recrystallization and grain growth, residual stresses, post-weld heat
treatment strongly alter the mechanical performance of the weldments. In this part
the mechanical properties of the weldments will be briefly described.
Tensile Properties
Many researchers measured the tensile properties at different temperatures by using
separate tensile specimens from different weld zones [49-52]. For example, Figure
2.27 compares the variation of 0.2% offset proof strength and ultimate tensile strength
of wrought 316 stainless steel base and weld metals with increasing temperature [52].
It can be seen in Figure 2.27(a) that the offset proof strength of the base metal and the

weld metal are different. However, UTS is almost similar for both metals as shown in
Figure 2.27(b).
The tensile properties (elastic modulus and strength) of the weld metal are
strongly dependant on the direction of the solidification [49]. Furthermore, for multipass weld condition the material in each ·weld bead has also different tensile
properties [5].
In case of welding onto a cold worked stainless steel, the base metal softens as
a function of distance from the fusion boundary. This softening depends on the peak
temperature of the thermal cycles. The strength variation and hardness across the
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weld as a result of softening in a work hardened stainless steel after welding is
schematically plotted in Figure 2.28. It can be seen that there is a continuous change
in material properties in the weld affected region. The global performance of the
weldment is governed with these local material properties.
The global strength and ductility of a weldment can be obtained by doing
conventional tensile tests of transverse and longitudinal cross-weld specimens which
are shown in Figure 2.29. Transverse cross-weld specimens provide an excellent
comparison of the strength of the weld and base metal. The strain is localized in the
weakest region during loading. However the ductility of the cross-weld specimen is
governed by the weakest region. Transverse cross-weld specimens are tested to
obtain the global ductility. This type of design forces all zones of the joint to strain
simultaneously and equally.
Tensile properties are key input into all engineering assessments such as
pressure vessel design [II], fracture assessments [12] and elevated temperature life
assessments [13]. In addition to the global tensile properties of the weldments, the
local material properties of different weld zones are also very important for these
engineering assessments. Local tensile properties of weld zones are generally
obtained by performing tensile tests with separate tensile specimens machined out
from different weld zones.
Separate tensile specimens can be machined out from different weld zones to
obtain the local mechanical properties only if the geometry of the weldment is
suitable to extract separate standard specimens. In the case where the weldment is
too small to extract standard size specimens, micro-tensile specimens may be used
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[53]. Occasionally, the geometry of the specimen may not be even suitable to extract
micro-tensile specimens. For such cases the local properties such as offset proof
strength can be obtained from local hardness values on different weld zones using
empirical formulas [54]. The spatial resolution and accuracy that can be achieved
using micro-specimen is limited by the ability to isolate the individual weld regions.
Although the resolution obtainable by the ball indentation is much better, the
technique requires several assumptions and semi-empirical formulas. On the other
hand, some optical techniques such as moire interferometry, electron speckle pattern
interferometry (ESPI) and digital image correlation (DIe) overcome many of the
limitations and disadvantages of the testing of micro-specimens and instrumented
ball indentation. They can be used to extract the local mechanical properties in
weldments by obtaining full-field strain measurement on the surface of a single crossweld specimen during a tension test.
Moire interferometry is an optical technique commonly used for measuring
displacement and strain with very high accuracy in materials subjected to mechanical
loading. Moire exhibits patterns of light and dark bands. Moire fringes occur when
two similar but not quite identical gratings (arrays of equally spaced lines) are
arranged so that one array can be viewed through the other. Moire interferometry
uses two-beam interference and a specimen grating. As a result of the diffraction of
two beams from the specimen surface, constructive interference creates light fringe
whereas destructive interference produces dark fringe. The fringes which are formed
due to the interference effect between some form of specimen grating and a reference
grating are recorded by a digital camera. The surface strain when the specimen is
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loaded can be measured analysing the moire fringes at different loads. Moire
interferometry has a high range of strain sensitivity. However, the experimental setup
requires high skill and is very sensitive to the environment e.g. the interference can be
affected due to vibration [55].
ESPI is an interferometry-based optical technique. When a coherent beam of
light (laser) directed the specimen surface, the roughness of the surface creates
speckles which are a result of interference between coherent photons having different
path-lengths. The brightness of each speckle is determined by the combination of
path-length differences of all the coherent photons reflected into the camera. As the
surface is displaced with respect to the light source, the resultant path length is
changed and so is the brightness of the speckle. In practice correlation fringes are
created by subtracting the image from a reference image in the computer and in this
way the speckle pattern can be compared with a moire grating. By counting the
fringes it is possible to infer the variation in displacement over the entire region of
interest, without requiring contact with the surface or the use of markers. This
technique requires many optical components such as a laser source, mirrors to adjust
the illumination direction and a digital camera to store the speckle patterns [56].
DIe, which is another optical technique for full field strain measurement based
on digital tracking surface features, does not require many optical components and it
is easier to integrate into a tension test of a cross-weld specimen. Moreover, DIe can
easily be applied to high temperature tests. Although the strain sensitivity of DIe is
not as high as compared to moire interferometry and ESP!, its major advantage over
interferometric techniques is its measurement range; that is, it is possible to measure
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small elastic strains and large plastic strains with the same set up. The first
application of DIC to measure local mechanical properties in weldments was
achieved by Reynolds and Duvall on friction stir welded aluminium sheets [57].They
successfully implemented DIC to the tension test of a cross-weld specimen extracted
from friction stir welded 5454 aluminium

sheets in order to determine

the

constitutive behaviour of the weld metal, heat affected zone and base metal. They
found that DIC is a promising tool to obtain the local stress-strain curves from
various microstructural

regions. Similar to their study, the major aim of this

dissertation is to determine the room-temperature local tensile strength of austenitic
stainless steel weldments in boiler units of the nuclear power plants. This was
achieved by using digital image correlation (DIC). The details of the technique and
the results will be discussed in Chapter 3 and 6.
Creep properties
The difference in rupture stress at elevated temperatures between the base
metal and the weld metal is taken into account for the design of the welded
components. However, there is a large scatter in weld metal rupture strength. This
scatter could be related to o-ferrite content and morphology, welding heat input,
residual stress, welding process, precipitation rate of carbides and intermetallics [58].
Studies of some cross-weld austenitic stainless steel weldments have shown
that failure consistently occurs in the weld metal, that is, the weld metal is the strain
limiting factor [59]. The relatively low ductility of the weld metal has been attributed
to the following factors; transformation of o-ferrite to other phases, the precipitation
of continuous films of M23U carbide along 0/

r boundaries,

high o-ferrite levels, high
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inclusion content in the weld metal, hardening of the grain interiors by particle
dispersions [5].
Corrosion resistance
For austenitic stainless steels the susceptibility to corrosion attack can increase
after welding, because welding produces metallurgical modifications, as well as
residual stresses generated by the welding process and these can accelerate the
corrosion attack in the weld region [6].
M23Ci carbides of mostly Cr and other metals form preferentially along the
grain boundaries in the HAZ of austenitic stainless steels. The Cr-depleted zone along
the grain boundaries makes the HAZ very susceptible to corrosion. The attack creates
a crack on the surface of the material and in the presence of residual tensile stresses
on the surface or the tensile stresses during operation can accelerate the crack
propagation [5].This phenomenon is called "Stress Corrosion Cracking (SCC)". It can
be either intergranular or transgranular.

Intergranular

stress corrosion cracking

(IGSCC) is observed most commonly. The chlorides, caustic, and pure water and
steam can promote SCc.

2.4 Summary
- Austenitic stainless steels have good corrosion and high temperature
properties. Therefore, they are used in boiler units of nuclear power plants.
- The macroscopic stress-strain relationship, work hardening

effect, the

deformation and anisotropy of FCC polycrystalline metals were explained, to provide
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a better understanding

of the results which will be presented in the following

chapters.
- Work hardening or cold working increases the strength of the austenitic
stainless steel and decreases the ductility. As a result of cold working plastic strain is
locked in the metal. Residual strains develop between the grains after the cold
working and they can be used to determine the amount of plastic strain locked in the
metal after any manufacturing step.
- The types of fusion welding processes and the fundamentals of welding
metallurgy of austenitic stainless steels were explained. Welding can modify the
microstructure of the base metal particularly when it is cold worked. Cold working
increases the kinetics of precipitation of carbides and intermetallics in austenitic
stainless steels. Welding onto a cold worked steel may cause the precipitation of
carbides and intermetallics as well as the modification of the grain size. The effect of
cold working on austenitic stainless steels should be eliminated with solution heat
treatment if the amount of cold work is above 15-20%. Some of the weld defects such
as solidification cracking, stress-corrosion cracking and reheat cracking which were
observed in the austenitic stainless steel welds were also explained.
- Welding causes a variation of the mechanical properties such as tensile
properties, creep properties and corrosion resistance in the weld affected zones. The
base metal near the fusion boundary may be strain hardened as a result of the
thermo-mechanical cycles and restraints during welding. On the other hand, coldworked base metal may soften with the effect of the heat flowing towards the base
metal. Welding also introduces residual stresses which can be eliminated with a heat
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treatment process. However, the heat treatment process also alters the local
mechanical properties of the weldments.
- The global tensile properties can be obtained by doing some conventional
tests of transverse and longitudinal cross-weld specimens.

The local tensile

properties can also be obtained by measuring full field strain maps of the weldment
during tension tests using optical techniques.
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2.6 Tables & Figures
Composition,

AISI

%

C

Cr

Ni

Mo

N

Nb

Ti

Other

304

0.08 max

19

10

0.04-0.10

19

10

-

-

304H
304L

0.03 max

19

10

-

304N

0.08max

19

9.25

0.13

-

-

Designation

309

0.30max

23

13

309H

0.04-0.10

23

13

-

310

0.25 max

25

20

-

310H

0.04-0.10

25

20

-

316

0.08 max

17

12

2.5

316L

0.03 max

17

12

2.5

0.13

-

-

-

-

-

317

0.08 max

19

13

317L

0.035 max

19

13

3.5

-

-

321

0.08 max

18

10

-

-

-

321H

0.04-0.10

18

10

-

-

-

347

0.08 max

18

II

-

-

10 x C min
(Min. for Nb+Ta)

-

1.0 (Nb + Ta) max

347H

0.04-0.10

18

II

-

-

8 x C min
(Min. for Nb+Ta)

-

1.0 (Nb + Ta) max

348

0.08 max

18

II

-

-

10 x C min
(Min. for Nb+Ta)

-

0.10 Ta max, 1.0
(Nb + Ta)max

348H

0.04-0.10

18

II

-

-

8 x Cmin
(Min. for Nb+Ta)

-

0.10 Ta max, 1.0
(Nb + Ta)max

316N

0.08max

17

12

2.5

316H

0.04-0.10

17

12

2.5

-

316LN

0.035 max

17

12

2.5

0.13

3.5

-

-

5 xC
min,O.70
max
4xC
min,O.60
max

-

19-9 DL

0.3

19

9

1.25

-

0.4

0.3

1.25W

19-9DX

0.3

19.2

9

1.5

-

-

0.55

1.2W

17-14-CuMo

0.12

16

14

2.5

-

0.4

0.3

3.0Cu

201

0.15 max

17

4.2

-

-

0.09

18

5

-

0.25 max

202

0.1

-

-

205

0.18

17.2

1.4

-

0.36

-

12.0Mn

0.3

-

-

216

0.05

20

6

2.5

0.35

Nitronic 32

0.1

18

1.6

0.34

Nitronic 33

0.08 max

18

3

-

8.0Mn

8.5 Mn

13.0Mn

Nitronic 50

0.06 max

21

12

2

0.3

0.2

Nitronic60

O.IOmax

17

8.5

2

-

-

-

8.0 Mn, 0.20 V,
4.0 Si

0.1

18

<0.50

I

0.5

-

-

16.0 Mn, 0.40 Si,
1.0Cu

Carpenter 18-18
Plus

5.0Mn

Table 21 Types of austenitic stainless steels according to AISI designation [2]
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Figure 2.7 Linear defects: edge dislocation (a) and screw dislocation (b)
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Figure 2.8 FCC crystal structure (a) and slip directions on 111 plane
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Figure 2.26 Recrystallization and grain growth in HAZ of a cold worked single
phase material in which no solid state phase transformation occurs on heating (a)
and in HAZ of a cold worked material that undergoes an allotropic transformation
on heating (b) [43]
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Chapter 3
Experimental Methods
3.1 Optical (Light) Microscope
The optical microscope or light microscope which consists of magnifying
lenses is a very common tool for viewing the microstructure of the metals. Reflected
light is used for the study of metals. The polished metal surface is etched with some
chemicals. Depending on the chemicals, grain boundaries or some phases in a multiphase microstructure are attacked and when the light is reflected on the metal surface
this creates a contrast between different constituents of the microstructure. The light
microscope which was used to obtain the micrographs presented in Chapter 5 is an
inverted light microscope in which the orientation of the light path to plane-of-polish
of the specimen during observation is as shown in Figure 3.1. Optical microscopes are
used for resolutions down to roughly the wavelength of light (about half of a micron)
and electron microscopes are used for higher resolution, down to atomic resolution.
The magnification range of 50-500x was selected to obtain the micrographs presented
in Chapter 5.

3.2 Scanning Electron Microscope
Scanning electron microscopy (SEM) is a method for high-resolution imaging
of surfaces by using electrons. It is able to reveal details less than 1 nm. Compared to
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the light microscope SEM can reach higher magnifications (100,000x) and has a
greater depth of field - up to 100 times that of light microscopy.
The type of SEM available at the Open University and the one used in this
work is a field emission gun scanning electron microscope (Zeiss Supra 55VP FEG
SEM, Figure 3.2(a)). Its working principle is presented schematically in Figure 3.2(b).
In a typical SEM, a beam of incident electrons is generated in the electron gun above
the sample chamber. The electrons are produced by a thermal emission source, such
as a heated tungsten filament, or, as in the type used in this work, by a field emission
cathode. The electrons are focused into a small beam by a series of electromagnetic
lenses in the SEM column. Deflection coils near the end of the column direct and
position the focused beam onto the sample surface. The incident electrons cause
electrons to be emitted from the sample due to scattering within the sample's surface
and near-surface material. High-energy electrons that are ejected by a collision of an
incident electron with a sample atom's nucleus are referred to as backscattered
electrons. The energy of backscattered electrons will be comparable to that of the
incident electrons. Lower-energy electrons are also emitted during scattering of the
incident beam and are called secondary electrons. The electron beam is scanned in a
raster over the surface and SEM images are created by the detection of the emitted
electrons in the electron detectors.

3.2.1 Electron back-scattered diffraction (EBSD)
In addition to the use of back-scattered electrons for imaging, they can be also
used to study crystallographic features of materials and this technique is called
electron back-scattered diffraction (EBSD) technique. EBSD technique was improved
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in 1984by Dingley with the integration of the computer-aided indexing of the kikuchi
diffraction patterns captured by a camera in front of the phosphor screen [1].
A polished sample in the SEM chamber is tilted to an angle a which is
commonly 700 as shown in Figure 3.3(a). The incident electron beam is directed at a
point of interest on the sample surface. As a result of elastic scattering the electrons
diverge just below the sample surface and interact with crystallographic planes in all
directions. Some electrons which diffract from the crystal planes obey Bragg's law
(see section 3.6.1 for explanation) and produce two cones which are produced for
each family of planes (Figure 3.3(b)) [2, 3]. These cones can be imaged using a
phosphor screen attached to a CCD camera. These cones appear as thin bands on the
phosphor screen and these bands are called "Kikuchi bands". Each kikuchi band
corresponds to a hkl plane family. The resulting pattern on the phosphor screen
contains many of these bands. An example of an indexed EBSD pattern is given in
Figure 3.3(c). The band width corresponds to d-spacing of the plane and the angle
between two bands is related to the angle between corresponding hkl planes. The
experimental diffraction patterns are indexed by comparing them with known
diffraction patterns stored in the software database and then the orientation of the
crystal at that indexed measurement point is found.
A Nordlys EBSD detector is attached to the SEM unit at the

au

to perform

EBSD measurements and the EBSD patterns are analyzed with HKL Channel 5
software. Some important EBSDparameters which are used in our measurements are
given in Table 3.1.
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3.3 Hardness Testing
Hardness

is the resistance of the material to plastic deformation

by

indentation. Indentation is generally achieved with a non-deformable ball or cone tip.
Brinell (measures the diameter of the indentation of a carbide or hardened steel ball),
Rockwell (measures the depth of indentation of either a diamond cone or a hardened
steel ball) and Vickers (measures the average of the diagonals of the indentation of a
diamond pyramidal tip) hardness tests are commonly used in the metals industry to
measure hardness. The Vickers hardness tests have been performed on some of the
samples in this work with an automated Struers Duramin-A300 Hardness tester
(Figure 3.4). Surface hardness maps were obtained by automatically measuring the
diagonals of every indent, made with a load of 5kgf, using an image processing
procedure.

3.4 Tensile Testing
The tensile test is a mechanical test in which a standardized flat or round
sample is subjected to uniaxial loading until failure. The tensile test provides
information on elastic modulus, yield strength and ultimate tensile strength of the
material, which are used for performance analysis and design purposes.
Tensile tests are commonly performed by a universal testing machine which
can also test the materials in compression or under bending. Universal testing
machines are either electromechanical (also called screw driven, the cross-head
moves up/down

by a variable speed electric motor) or hydraulic (the cross-head
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moves up/down

by a hydraulic piston). The main components of a universal test

machine are a load frame (the rigid columns on which the cross-head travels), a load
cell (force transducer which is used to convert a force into electrical signal by means
of load calibrated strain gauges), a cross-head (which applies the load by moving up
and down) and specimen holding grips (threaded, wedge or pin) [4]. In the present
work, an Instron 3367 screw-driven universal test machine with a load capacity of
30kN was used to perform the tensile tests of flat specimens with wedge grips (Figure
3.5).

3.4.1 Specimen design
Standardized flat or round tensile test specimens are designed according to
ASTM E 8/E 8M - 08: Standard Test Methods for Tension Testing of Metallic
Materials [5]. However, the standard dimensions have been modified in this work to
be able to extract sufficient number of specimens from the welded tubes. The
modified dimensions were checked through finite-element analysis in order to
observe if there is any stress concentration. The details of the specimen extraction and
the dimensions of the specimens used in our tests are presented in Chapter 4.

3.4.2 Strain measurement techniques
The elongation of the specimen during loading can be determined by the crosshead displacement. However, this is not a very accurate way of measuring elongation
in the gauge length of the specimen if the tolerance of the rigidity of the load frame
and the connecting parts is high. The use of wedge grips can also influence the total
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elongation measured by the cross-head displacement due to the movement of the
wedges as the load increases [4].
Clip-on extensometers are commonly used to measure the extension in the
gauge section of the specimen. Knife edged arms of the extensometer are attached to
the gauge length and the elongation is automatically measured during loading by
converting the mechanical displacement between the arms into an electrical signal. A
calibrated strain gauge which is usually mounted on a pivoting beam of the
extensometer provides the information on the extension. The beam is deflected by the
movement of the extensometer knife edge when the specimen is stressed. The
attachment of the extensometer should be done carefully so that the knife edges do
not slide as the specimen elongates. The extensometer should be calibrated and
checked if the readings are correct. The mechanical zero point of the extensometer
should be set before the test starts [4]. In the present work, an Instron 2630-100Series
Strain-gauge Clip-on extensometer (Gauge length: 25mm Travel range: +25mm, 2,5mm) was used.
Foil strain gauges are also used to measure the axial strain in the gauge length
during tensile testing. A strain gauge is essentially an electrical conductor, consisting
of a pattern of resistive wires on a backing material, which is bonded firmly on a test
piece using a strong adhesive. They operate on the principle that as the foil is
deformed, the resistance of the foil changes. By measuring this change, the strain in
the specimen, onto which the strain gauge is attached, can be deduced. Strain gauges
are usually connected to special electronic circuits (e.g. a Wheatstone Bridge). As the
specimen, hence the strain gauge, deforms the circuit becomes unbalanced due to the

77

resistance change, which results in a signal output related to the level of the
deformation [6]. In the present work, Kyowa KFG-1-120-Cl-16L3M3R type strain
gauges which are matched to stainless steel were used. In a uniaxial tensile test of a
homogenous steel specimen, the poisson strain may introduce some errors in the
uniaxial strain readings of the strain gauge because the resistance of the wires can be
affected by Poisson strain. This effect is corrected by the manufacturer by taking the
Poisson ratio of the steel into consideration. However, any strain gauge which is
bonded on (1) a material with different Poisson ratio or (2) steel, but subjected to
other than a uniaxial stress state or (3) steel with uniaxial stress field but not aligned
perfectly with the loading direction, may exhibit errors due to Poisson strain [6, 7].

3.4.3 Alignment problems
The centreline of the specimen should be precisely aligned with the centrelines
of the bottom and top grips and the load carrying parts. Misalignment can cause
uneven loading of the specimen which may result in incorrect tensile property
measurements. Misalignment may occur due to (1) the poor alignment of the
centrelines of the top and bottom grips, (2) poor alignment of the specimen centreline
with the centreline of the grips and (3) inaccurate machining of the specimen itself [4,
8, 9]. Universal joints, which are often employed to correct misalignments due to (1)
and (2), were attached to the grips of the tensile test machine in this work. The
alignment of the grips before and after the specimen is gripped was checked by using
a vertical laser beam and the alignment of the specimen in wedge grips was achieved
by using grooved plates in which the specimen shoulders were located. The
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alignment was tested by checking the uniaxial strain readings from four strain gauges
attached to the all edges of a flat specimen under uniaxial elastic stress.

3.5 Digital Image Correlation (DIC)
The digital image correlation (DIe) technique is a non-contact optical method
which is able to perform a full-field measurement of displacement. It is based on
tracking the small features (when illuminated these features create" speckles" on the
digital image) on the sample surface and computing the displacement of these
features by correlating images taken from the sample surface before and after the
deformation.
This technique has a wide field of application in industry and science from
macro-scale to micro-scale. Whilst civil engineers utilize this technique for structural
health monitoring of large structures such as bridges [10] and wind turbines [11],
biologists use it to investigate the mechanical properties of skin [12]. In material
science, DIe

is commonly

applied

to extract the mechanical properties

of

heterogeneous materials such as welded structures and composite materials in which
full-field local displacement measurements are challenging and impossible with
conventional equipments like extensometers, strain gauges, LVDTs, etc.. In fracture
mechanics, DIe has been used to measure the crack tip opening displacement [13]
and the plastic strain at the tip of the crack[14, 15]. It also has applications in the
observation of micro-deformation under the Scanning Electron Microscope (SEM)

[16].
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In 1982,Peters and Ranson [17]proposed a technique which measures the local
deformation on the surface of a material under loading by comparing the digitalized
ultrasonic images recorded before and after the deformation. In this technique
various small regions on the digital image, known as subsets, were compared to
measure the local deformation. Using this approach, Sutton et al [18] founded the
modem day 2D Digital Image Correlation (2D-DIC) system in 1983 by developing
numerical algorithms to measure the local deformation using optically recorded
images instead of digitalized ultrasonic images. During the next decade, the accuracy
and the speed of the DIC method were improved by developing new algorithms for
subset-matching [19,20]. Schreier et al [21]has reported an image position accuracy of
0.01 pixels by developing an algorithm based on image reconstruction by using
higher order spline interpolation functions to minimize the measurement bias during
the matching process. Image reconstruction is applied by the interpolation of the grey
value between the pixels to eliminate the sudden grey value jumps between the
neighbouring pixels. Current commercial DIC software products use in general FastFourier-Transform (FFT) based algorithm for subset-matching, which was initially
developed by Cheng et al [22] in 1993 for applications where in-plane strains and
rigid body rotations are smalL In addition to the measurement

of in-plane

displacement by 2D-DIC, 3D-DIC was developed to measure the out-of-plane
displacement. In 1994, Luo et al [23, 24] successfully measured the three-dimensional
crack tip deformations by utilizing an automated 3D-DIC system using a two camera
stereo vision system.
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The experimental setup for a DIC integrated tension test to extract the local
mechanical properties from a cross-weld tensile specimen is given in Figure 3.5. This
setup is composed of a test sample with speckles on its surface and a tension test
machine, an illumination system, a camera and a DIC software. The working
principle of such a setup will be explained in the next section (see section 3.5.2).

3.5.1 Background
Before the explanation of the DIC theory, it is useful to mention some
background information on (1) the digital image concept and (2) the formation of the
speckle patterns.

3.5.1.1 Digital image concept
The digital camera uses a small rectangular silicon sensor which has been
segmented into arrays of individual light sensitive cells, known as pixels. More pixels
mean higher resolution. In the present work, a digital SLR (single lens reflex) camera
(Nikon D300), with a CMOS (complimentary metal-oxide semiconductor) sensor size
of 4,288 x 2,848 pixels (12.3 Mega Pixels), and a 200 mm macro lens were used to
capture images at each level of loading.
When the photons hit a pixel, they are absorbed by its semi-conductor
material. The energy of the photons is transferred to the electron as an electrical
charge. The brighter the image is the stronger the electrical charge will be. That is, the
magnitude of the electrical charge is related to the light intensity on the pixel. The
circuit board then converts the light intensity on each pixel to a binary system,
depending on the bit sensitivity of the sensor, and a digital image is formed as a
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matrix of light intensity values (Figure 3.6). A scientific camera with a monochromatic
sensor records the raw image in greyscale in which the sensitivity of the sensor to
resolve the level of light intensity is expressed by its bit value; for instance, if the
sensor is 8-bit, the light intensity recorded by the camera ranges from 0 (black) to
28=256 (white). Cameras with colour sensors, like the commercial DSLR (Digital
single-lens-reflex) cameras, generally record the raw image in RGB (red-green-blue)
format. Each pixel on the sensor has one of the red, green or blue colour filter and
sensitive to only one colour. However, pixels in a raw image recorded in RGB format
individually contain the data for red, green and blue colour. This is achieved by
manufacturing the sensor with a special arrangement of the pixels with different
colour filters. According to the neighbouring pixels in that special arrangement, the
missing colour data is completed for each pixel. As a result, each pixel on the raw
image has R, G and B intensities. For the DIC measurements in this work, 3x16-bit
RGB raw images captured by a DSLR camera were converted to 8-bit greyscale by
using a commercial image analysis software (Corel Photo-Paint X4) before importing
into the

ole analysis

software (Davis). The conversion of RGB format to grey scale is

governed by a formula which is a weighted sum of the R, G, and B components:
Grey=0.2989 * R + 0.5870 * G + 0.1140 * B

(3.1)

3.5.1.2 Illumination of the sample surface and speckle patterns
Illumination of the surface must be stable during the test. Any destabilization
due to light source such as alternation of electricity current or position change of
incoming light may result in intensity fluctuations on the digital image. For this
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reason, in this work a De current light source was used and the light condition in the
laboratory where the images were captured was kept constant by covering the
laboratory windows with blinds.
The DIe tracking system is based on random speckle patterns on the digital
images. For accurate traceability, the speckle pattern in the images should be unique
and include a sufficient number of speckles. Random speckle patterns are usually
artificially applied to the sample surface by various methods, including spray
painting. In this dissertation, it was found that the surface roughness produced by
electro-discharge machining (EDM) produces an adequate speckle pattern under
ordinary white illumination (Figure 3.7).

3.5.2 Theory of DIe
The tracking of a subset on a real greyscale image is demonstrated in Figure
3.8. Numerically, the tracking of a subset necessitates complicated DIe algorithms.
Here, the fundamental working principle of a DIe algorithm will be explained
shortly. Figure 3.9 illustrates schematically a small subset 5 centred at point M,
together with its corresponding deformed shape 51 centred at MI. 5 is an undeformed
subset and 51 is the corresponding deformed subset. If subset 5 is sufficiently small,
the coordinates of any point in 51 can he approximated hy a first order Taylor
expansion as follows [25]:

(3.2)

(3.3)
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where L1x = xn -

Xrn

and L1y = Y n - Y m :

the coordinates of point N. xnl'

Xrn'

Y rn are the coordinates of point M. xn' Y n are

Ynl are the coordinates of NI.

urn'

vrn

are the

displacement of point M in x- and y-directions, respectively.
Assume that /(x,y)

and g(x,y)

are the grey value distributions of the

undeformed and deformed images, respectively. The parameters

urn'

Vrn ,

aul
' DX&vI '
DX
M

DU

ay

&v

M'

ay

M

M

are determined by using a least squares correlation coefficient C, which is

defined as:

c = LNES

[r(xn ,yJ-

LNES

g(xnpYnJY

(3.4)

[J(xn' Y n)Y

where S represents all of the points in the subset surrounding a single point M in the
same subset. When the parameters

urn'

Vrn

and their first derivatives are exactly

correct the correlation coefficient C should equal to zero. The best estimate of these
parameters is established by minimizing the value of C. Minimization of the
correlation coefficient is a non-linear optimization process and usually achieved by
iterative methods [26]and FFTbased algorithms [27].
On a real image, the greyscale intensity values change abruptly from one pixel
to the next, which produce significant difficulties when attempting to determine the
displacement parameters. In order to prevent that problem and to achieve the
determination

of the deformation

with sub-pixel accuracy, the images are

reconstructed by smoothing the intensity data at non-integer positions. Bi-linear
interpolation, bi-cubic interpolation and bi-cubic spline interpolation are commonly
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used for image reconstruction.

High-order interpolation

gives more accurate results

but needs more computation time [28] .

3.5.3 Image acquisition and analysis
3.5.3.1 Image acquisition
For a single camera DIe integrated tension test, in order to have a good quality
set of images one should check the steps listed below before starting the image
acquisition:
the illumination and the camera are tightly fixed
the experiment area is isolated from vibration and the tensile test machine
is fixed in position
the alignment of the sample in the loading direction and the settlement of
the sample in the grips
the camera and its lens is well positioned up/down

and left/ right with

respect to the sample surface (the lens axis should be perpendicular

to the

sample surface)
the camera is well-focused
the sampling area is correctly sized so that it does not go out of the image
during the test
the lightning is sufficient and consistent to produce the required intensity
difference on the sample surface
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the camera settings such as shutter speed and the aperture size are correctly
set to capture images representing the intensity difference on the sample
surface by taking some dummy photos
the settings of test machine are correct for tensile testing and data recording
the camera settings are correct for time-lapse imaging (or image acquisition
frequency) and the raw image format
Once the experimental setup is ready for image acquisition, a reference image
is taken and then the tension test and the time-lapse image acquisition are started.
The images captured by the camera using a time lapse imaging software (Nikon
Camera Control Pro 2) were stored in the computer hard drive in uncompressed RGB
raw format. The images were then converted to uncompressed greyscale format by
using a image analysis software (Corel Photo-Paint X4) and imported into the DIC
analysis software, DaVis 7.2 Data Acquisition and Analysis software [27].

3.5.3.2 Image analysis using DIe software
The captured images were processed using the DIC software to compute
displacement maps. The accuracy of the computation depends on many user defined
parameters and hence need to be selected carefully. The data analysis steps and the
user-defined parameters in these steps will be explained in the following part. The
most important user-defined parameters were optimized through a test in which a
notched tensile monolithic aluminium specimen was loaded to 5.7kN. In this
optimization test the displacement and strain in the loading direction near the notch
was measured by using various DIC parameters and compared with those obtained
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using a finite element model. The notched sample and the measurement positions for
the comparison are given in Figure 3.10. The loading of the notched specimen was
simulated by a 2D finite element model so that the axial strain distribution between
the notch tips could be predicted and compared with DIe results. The model
geometry was based on the actual specimen dimensions and a fine mesh was chosen
to predict the strain gradient more accurately. The material was assigned to have
isotropic elastic-plastic properties and a static analysis was performed for the
simulation using plain stress elements.
Step 1: Elimination of rigid body motion
Any camera movement or the settlement of the sample in the grips as the load
increases may cause rigid body motion (translation and/ or rotation) of the image. In
order to measure the accurate local in-plane displacements in the sampling area due
to the tensile deformation, the rigid body motion should be removed. The elimination
of the rigid body motion is achieved by shift and rotation correction step in the DIe
software. Using this step enables the re-positioning of the subsequent images relative
to a point selected on the reference image and to end up with a displacement map
originated by the tensile deformation. In the tests in this study, the middle of the
weld was selected as a reference point for the shift correction step.
Although in-plane translations and rotations can be largely eliminated, out-ofplane displacement

can not be eliminated by the DIe software. Out-of-plane

displacement arises due to the distance change between the lens and the surface of
the specimen. If there is any change in focusing, this means that the specimen moves
out-of-plane. To prevent out-of-plane displacement and to minimize the in-plane
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translations and rotations, the specimen was slightly pre-loaded in the elastic region
before the test was started. The effect of the out-of-plane displacement, due to the
necking during deformation of the specimen, on in-plane strain measurements was
considered based on the work of Sutton et al [29] who investigated this effect for a 2D
DIe system. They found the ratio of the out-of-plane displacement of the object to the
distance between lens and the object gives pseudo in-plane strain due to out-of-plane
displacement. They observed that a linear relationship exists between the out-ofplane displacement and the pseudo in-plane strain due to out-of-plane displacement.
In our experiments, the out-of-plane displacement in the necking weld region was
estimated as O.lmm and calculated that O.lmm out-of-plane displacement produces
approximately -200 ustrain in-plane when the original distance between the lens and
the object is 500mm. Since this pseudo in-plane strain is very small compared to the
large plastic strain during necking, it was neglected.
Step 2: Definition of the work space
This step is used to extract the work space or the sampling area and to remove
the background so that the computation time is decreased. Some of the subsets will
move out of the sampling area as the deformation proceeds; therefore, the sampling
area should be selected carefully.
Step 3: Displacement vector calculation
In data analysis, this is the most important step where the correlation and
vector calculation parameters are defined.
The matching process of the subsets in two successive images is called crosscorrelation. The cross-correlation can be done either (1) relative to the reference image
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(first image) or (2) relative to (n-l)th image. In the former case, the final displacement
of a subset in the nth image is computed relative to its original position in the
reference image (1*2,1*3, 1*4 ... 1*n). In the latter, the final displacement of a subset
in the nth image is a sum of differential vectors computed by the correlation of every
two

successive

images

until

nth image

(1*2, (1*2+2*3), (1*2+2*3+3*4)

(1*2+2*3+... +(n-l)*n) ). The cross-correlation is enhanced for displacements less than
a subset size whereas it is relatively poor for large displacements. Therefore, the
second cross-correlation mode was preferred in the present work.
As mentioned above, the displacement vectors are computed for every subset
in the image. Therefore, the subset size determines the resolution of the displacement
map and can be selected in the DIe software. For example, 4x4, 6x6, 8x8, 12x12,
16x16, 32x32, 64x64, 128x128, 256x256, 512x512, 1024xl024 pixels are the available
subset sizes in DaVis 7.2. However, there are crucial considerations when selecting
the optimum subset size:
Each subset should include sufficient number of speckles (-10) [30].
The displacement of a subset which is computed by using two successive
images should be less than a subset size.
The effect of subset size on the accuracy depends

on the form of

deformation field to be measured. For relatively homogeneous deformation
fields, a large subset size is found to give more accurate displacement
measurements, as more data points lead to better correlation But, when the
measured deformation field contains high strain gradients, the variation of
deformation field within a subset can be considerable if the chosen subset
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size is too large, which can lead to errors if the deformation field is not
accurately approximated with subset shape functions. Thus, it seems that
smaller

subset

sizes should

be chosen

for the

measurement

of

heterogeneous deformation fields.
The accuracy of the calculated displacement depends on the subset size as
shown in Table 3.2. The effect of subset size on the strain distribution between the
notches of the aluminium sample is given in Figure 3.11. It can be seen that the results
obtained with a subset size of 32x32 pixels give the best agreement with the FE results
near the notches where the strain gradient is high, whereas the results obtained by
64x64 subset size gives somewhat better fit away from the notches. The strain values
for the l6x16 subset size, on the other hand, shows quite a large scatter, although the
overall agreement with the FE results can be seen. One of the reasons for the large
scatter in the results of l6x16 is that the subset size is very close to the average speckle
size in the images, which is -lOxlO pixels in this case.
Subset overlapping is another user-defined vector calculation parameter. It is
used to increase accuracy without any loss in the resolution of the displacement map.
However, it requires more computation time. 0%, 25%,50% and 75% are the available
subset overlaps in DaVis 7.2. For example, if the subset size 64x64 is used with 50%
overlap, the resultant subset size will be (64x64) x 50% = (32x32).·The displacement
vector after subset overlapping is positioned as shown in Figure 3.12. The effect of
subset overlapping using 64x64 subset size on the strain distribution between the
notches of the aluminium sample is given in Figure 3.13. It was found that subset

90

overlapping prevents the loss of the resolution of the displacement map but it
increases the processing time and does not really improve the accuracy.
The vector calculation in DaVis 7.2 can be done by a single pass or multi-pass
iterations. The vector calculation by single pass iteration may not be very accurate
although it is very quick and simple. In multi-pass iterations the vector calculation is
performed by an arbitrary number of iterations on the same image. In the first pass,
the vector field is calculated for every subset and used as a reference vector for the
next pass. Using the information of the previous pass the position of the subset in the
new pass is shifted. The multi-pass iteration with constant subset size is shown in
Figure 3.14. The multi-pass can be done either on a constant subset size or decreasing
subset size. The vector calculation is more reliable and accurate by using multi-pass
iterations because it helps to correlate the right speckles and decrease the signal to
noise ratio [27]. The effect of the number of iterations (or number of passes) on the
strain distribution between the notches of the aluminium specimen is given in Figure
3.15. It can be seen that increasing the number of iterations up to 6 passes shifts the
measured strain distribution towards FE prediction, but there is no effect when the
iteration numbers are increased above 6 passes.
The quality of the displacement vector calculation with optimized parameters
can be checked by the ratio of 1st and 2nd correlation peaks. In DaVis 7.2, the following
correlation function is used in the standard cyclic FFT based image correlation
algorithm:
xcn.j-cn

C{dx,dy) = LII (x,y). 12 (x + dx,y + dy)
x=O,y=o

n

n

-- < dx 'J'dv <-2

'2

(3.5)
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where I) and 12 are the image intensities of the subset in the 1st and 2ndimages, n is
the subset size and ± n/2 is the maximum displacement calculated. C gives the
correlation strength or peak for all integer displacements (dx,dy). An ideal correlation
peak which is related to C is shown for the cross-correlation of a subset on two
successive images in Figure 3.16(a). However, the correlation function creates some
other correlation peaks as shown in Figure 3.16(b). For such a case the ratio of 1st and
2ndcorrelation peak which is defined as the peak ratio factor Q (= Pl- mi.n > 1) in
P2-mm
DaVis 7.2 is used to validate the displacement vector. If there is only one correlation
peak, it is set to 100. If there are other peaks, Q-factor greater than 1.3 means that the
vector is quite likely a valid vector [27].
Step 4: Strain calculation
Once the in-plane displacement map is computed by using the optimized
parameters, the strain calculation is performed by using the displacement-strain
relation. If we assume u and v are the displacement vectors in x - and y - direction,
respectively, the 2D strain tensor is obtained by the following equations:
(3.6)
In DaVis 7.2, the strain computation can be done automatically. However, although
the optimized parameters were used to calculate the displacement vector, the strain
computation by DaVis 7.2 gives scattered data which needs to be smoothed.
Therefore, strain computation was performed by using a script programmed in
MatLab in order to have a better control when smoothing the strain data. The flow
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chart to calculate the strain in the y-direction is given in Figure 3.17. k is the
parameter to define the gauge length for strain computation for the "subset nil in
order to smooth the strain data (see the middle plot in Figure 3.17). For example
when k=3, the user defined gauge is 7 subset lengths. Strain in y-direction for a subset
is defined as the ratio of the displacement difference between the subsets at the two
ends of the user-defined gauge length (k=l, 2,3,4) to the gauge length which is the ydistance between the centre of the same subsets. This is repeated for all subsets and
ultimately the strain map is obtained. The use of a very small gauge length gives
large scatter in the strain values, whereas a very large gauge length may result in
smearing out of variation in strain profile. For the notched aluminium sample, the
effect of the user-defined gauge length in the calculation of strain on line A (Figure
3.10) is given in Figure 3.18. Obviously selection of k in the calculation depends on the
case but, in the case of the notched specimen the use of k=3 seemed to give closest
values to the finite element results.

3.6 Neutron Diffraction
Neutron diffraction is a very useful tool to measure the internal strain and the
bulk texture because it enables data from the depth of the material to be obtained.
However, it is a very expensive technique compared to lab x-ray diffraction since it is
performed in large neutron facilities. The basics of the neutron diffraction and its use
for the measurement of internal strain and bulk texture will be explained in the
following part.
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3.6.1 Bragg's law
When a beam of electromagnetic radiation such as visible light, X- or y-rays
hits the atoms of the sample material, it is scattered in all directions. Particle beams
such as electrons and neutrons can also be considered as waves of radiation. Their
wavelength A. is given by the de Broglie wave particle duality equation:
A. =!!_

(3.7)

mv

where h is Planck's constant, m is the mass and v is the velocity of the particle. When
the incident radiation beam hits an atom, two types of collisions are possible [31]. If
there has been a momentum transfer, inelastic scattering occurs and the wavelength
is increased because of the loss of energy. If the collision is elastic (no momentum
transfer), the scattered ray has the same wavelength and the same energy as the
incident beam. If the elastic scattering of an incident beam of radiation from a
crystalline material in which the atoms are arranged in an orderly manner satisfies
Eq. (3.8),Bragg's diffraction occurs:
A. = 2dsinO

(3.8)

where d is the interplanar spacing of the diffracting planes and 9 is the incident angle
of the beam.
If the incident beam hits the crystal at an arbitrary angle (9), the scattered beam
from crystallographic

planes

will interfere

with

one another.

Constructive

interference is obtained if the path difference between the incident and scattered
beam, which is 2dsin9, is equal to a multiple of the wavelength A. (Figure 3.19). For
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such a scatter satisfying Bragg's law the wavelength of the incident beam of radiation
should be smaller than 2d .

3.6.2 Neutron diffraction
The properties of different types of radiation are given in Table 3.3 which
includes light for comparison. Note that neutrons and high energy synchrotron Xrays have high penetration depth in the crystalline material and their wavelengths are
very small (close to or less than the inter-planar spacing of many crystalline
materials). For these reasons, they are the most popular diffraction techniques for the
measurement of internal strain [32] . On the other hand, neutron diffraction is also
popular for measuring the bulk texture. In this dissertation, only neutron diffraction
will be explained in detail because the internal strain and bulk texture measurements
were done by using neutron diffraction.
Neutrons are produced by the fission process in a reactor (monochromatic)
neutron source or by a spallation process in a pulsed (time-of-flight) neutron source
[33]. In both cases, the primary neutrons are not suitable for measurement purposes
due to their very short wavelength and very high energy (MeV). Therefore, the
primary neutrons are slowed down in the moderator to give a suitable wavelength
(comparable to the inter-planar spacing for most crystalline engineering materials).
These thermalised neutrons are then used for measurement purposes [34].

3.6.2.1 Monochromatic

neutron source

In monochromatic neutron sources such as FRM-II neutrons are produced by
nuclear fission of the U-235 isotope. As explained earlier, the primary neutrons are
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cooled down in the moderator. The neutron beam collected from the moderator is
polychromatic; however, it becomes monochromatic after it is reflected from the
crystal monochromator which is generally made of a single crystal with a known
crystallographic direction (e.g. Si(400), Ge(511), PG(002)). The thermalised neutrons
are directed onto the monochromator at a specific angle satisfying Bragg's law so that
the desired wavelength is obtained. The size of the incident beam towards the sample
is determined using beam control slits which are made of neutron opaque materials.
The other dimension of the gauge volume where the diffraction data is collected from
is defined by the slits in front of the detector. The schematic illustration of diffraction
from the sample in a monochromatic neutron source is given in Figure 3.20(a). The
detector can be rotated to satisfy the Bragg diffraction to obtain the diffraction from
any crystallographic planes in the gauge volume. The diffraction spectrum observed
at the detector is stored as intensity vs. 28 as shown in Figure 3.20(b) [35].

3.6.2.2 Time-of-flight neutron source
In a spallation neutron source such as ISIS, UK, neutrons are produced by a
spallation process in which the accelerated high energy protons in a magnetic ring
bombard onto a target material such as tungsten (ISIS, UK) or mercury (SNS

@

ORNL, USA). The primary neutrons have very high energies and need to be cooled
down for the scientific uses. At ISIS, the primary neutrons are cooled down in liquid
methane or hydrogen moderators [36].Unlike the reactor neutron source, the pulse of
neutrons after the moderator has a range of wavelengths (also called white beam)
rather than a single wavelength (Le. monochromatic). Therefore, when a pulse of
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neutron is directed onto a sample, those with different wavelengths will travel
different times to reach the sample at a fixed distance from the moderator. At ISIS,
similar to the reactor neutron source, the size of the incident beam is determined by
using beam control slits. However, the other dimension of the gauge volume is
defined by using different radial collimators (0.5, 1, 2, 3 or 4mm) in front of the
detector which are positioned at a fixed angle of 90° with respect to the incident beam
as shown in Figure 3.21(a). The collimators consist of a large numbers of elements
spanning an angular range of 14°. For a time-of-flight instrument, the use of radial
collimators provides a well-defined scattering vector and increased peak intensity
[36].
As mentioned earlier, at a fixed flight path (the total distance from the
moderator to the sample and from the sample to the detector) the time-of-flight will
be different for every wavelength; therefore, every wavelength satisfying Bragg's law
will reach the detector at different times. The raw diffraction spectrum obtained in a
spallation source is time-of-flight vs. intensity as shown in Figure 3.21(b). Each peak
in the spectrum corresponds to an (hkl) family of lattice planes [37].

3.6.3 Measurement of internal strain
The strain is described as the ratio of the difference between the final length
(If) and original length (/0) to the original length;

If the original and final d-spacings are known, the internal strain can be calculated by
using strain definition:
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e=

d-d 0
do

In a monochromatic

source, the diffraction spectrum observed at the detector

is stored as intensity vs. 28 as shown in Figure 3.20(b) and the wavelength is constant.
The strain will introduce a peak shift. Therefore, the internal strain can be calculated
by using the incident angle for strain-free state (80) and the incident angle for the
strained state (8) as follows;
e

=d

- do
do

=~

-1

do

=

AI sin 8 -1

AJ sin 80

= sin 80

-1

(3.9)

sin 8

Note that angles are in radian. The 311lattice plane is usually selected to measure the
internal strain in austenitic stainless steel.
In a time-of-flight instrument

the raw diffraction spectrum

obtained

in a

spallation source is time-of-flight vs. intensity as shown in Figure 3.21(b) and it
includes many peaks. As mentioned

earlier the wavelength

of neutrons

can be

described with Eq. (3.7). Therefore; Bragg's law can be written as follows;
A = _!:_
mv

= 2d

sin 8

Since the neutron travel path length is known, the velocity can be written as v = L
t
where L is the neutron path length which is the distance from the. moderator to the
sample plus from sample to the detector and

t

is the flight time of the neutron.

Therefore, the d-spacing can be written as follows;
ht
d=--2mLsin8
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If strain is introduced,

the flight time of the neutrons will be influenced as the d-

spacing is changed due to strain state i.e. the peak will shift. The internal strain can be
calculated as follows;
ht
e

= d-

do
do

= ~ _ 1=
do

2mL sin 8 -1

hto

=t-

to
to

= !l.t

(3.10)

to

2mLsin8

In this dissertation, the internal strain reported in Chapter 7 was measured at Engin-X
at ISIS, UK which is a spallation neutron source.

3.6.4 Measurement

of bulk texture

The bulk texture measurement

will be explained for a monochromatic

rather than a spallation source since the measurements
in Stress-Spec at FRMII which is a monochromatic
texture of a polycrystal

source

in this work were performed

source. In order to determine the

sample, the sample is systematically

rotated in a texture

goniometer about well-defined angles (z and ¢) as shown in Figure 3.22(a). During
the rotation of the sample, all of a particular set of lattice planes (e.g. 111 plane) are
successively brought into the Bragg condition and the intensities are recorded as a
function of these rotation angles. The rotation angles on the goniometer are directly
related to the pole figure angles a (radial) and
the north pole of the pole figure and

p

(azimuthal) (Figure 3.22(b». a=0 is

p characterises

axis. % (0< % <90) and t/J (0< t/J <360) correspond

the rotation around the polar
to a and

p,

respectively.

High

intensity on the pole figure means that particular lattice plane is favourably oriented
normal to the sample direction which is given by the pole figure angles at the high
intensity points.
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3.8 Tables & Figures
Tilt angle (a):

70°

Step size:

Ium
15±0.lmm

Working distance:

20kV

Accelerating voltage:
Beam current:

2.28nA (high current mode)
512x434 pixels

CCD camera resolution:

Table 3.1 EBSD parameters used in the measurements

in the present work.

Subset Size

Accuracy of the calculated vectors

128x128

down to 0.01 - 0.03 pixel

64x64

down to 0.02 - 0.05 pixel

32x32

down to 0.05 - 0.02 pixel

larger than 0.1 - 0.3 pixel
16x16
Table 3.2 Accuracy of the calculated vectors [27]

Light

Thermal
neutrons

Synchrotron
X-ray

Lab X-ray
(Cu Ka)

Electrons

Wavelength (nm)

400-700

0.05-0.3

0.008-0.04

0.154

0.001-0.01

Energy (eV)

1

10-2

31-150 (x103)

8.05x103

105

0.8-39

0.004-0.076

10-3

Penetration
5-100
Depth (mm)
Table 3.3 Diffraction properties of radiation
extremes among AI, Ti, Fe, Ni, Cu)

[2, 38] (The penetration

depth is the
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(b)

Figure 3.1 (a) Reichert-Jung MeF3 metallurgical microscope and (b) Lenses in an
inverted incident light microscope.

First condensor lens

Second condensor lens
X-ray detector

Vacuum pump

Secondary
~
electron detector ~

Figure 3.2 (a) Scanning Electron Microscope Zeiss Supra ™ 55VP and (b) its
schematic view
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Incident
electron

Pole piece

beam

Phosphor

screen

Primary e-beam

Phosphor

screen

EBSP
dedeotor

EBSP
Sample

Figure 3.3 (a) Schematic arrangement of the sample in the SEM [1]; (b) The
formation of Kikuchi diffraction patterns [2]; (c) Indexed Kikuchi pattern for a
cubic structure.

Figure 3.4 Struers Duramin-A300 Hardness tester with automated translation stage
and measurement of indentations by image processing
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Figure 3.5 Experimental setup for DIe integrated tension test: Universal tensile test
machine, wedge grips, flat specimen and illumination system

50 44 23 31 38 52 75 52
29 09 15 08 38 98 53 52
08 07 12 15 24 30 51 52
10 31 14 38 32 36 53 67
14 33 38 45 53 70 69 40
116 144 "i~ 111147 "i113526
68 76 74 76 55 47 38 35
6916863 74 50 42 35 32

Figure 3.6 Digital image storage in greyscale
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(a)

200 ~lm

(b)

200 ~lm

Figure 3.7 (a) The SEM image of an EDM cut aluminium surface, and (b) the
speckle pattern as captured by the camera under white light illumination.

Figure 3.8 Tracking of a pixel pattern with a defined subset size [39]
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Pixel

Figure 3.9 Schematic illustration of 2D deformation of subset 5 (51 is the deformed
state of the subset 5) [26]

Figure 3.10 The central section of the notched aluminium specimen (Specimen is
loaded S.7kN in y-direction)
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Figure 3.13 The effect of subset overlapping size on the strain distribution on line
B between the notch tips (Figure 3.10)for 64x64 subset
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Figure 3.14 Multi-pass iteration with constant subset size [27]
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Figure 3.15 The effect of number of iteration (number of passes) size on the strain
distribution on line B between the notch tips (Figure 3.10)for 32x32 subset
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Figure 3.16 (a) 3D visualization of an ideal correlation peak; (b) 2D representation
of correlation peaks after cross-correlation of a subset on two successive images
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diffraction spectrum obtained for 311 plane of 316H stainless steel in Stress-Spec,
FRMII monochromatic neutron source

Rvn:129096

8onk;1

0c1eclor:1

-

1200

S_0_25:>302.ly-207.0.28'.1

incident beam

beam defining optics

.
~
":t.

.

e
~
~

!l

I

right detector

left detector
nominal
gauge
volume

j
'0'

beam stop

~

iJt
1 ~II'IO'

I·

11

;

:l.___jl_

~

211'0'

3""0'

25"'0'

i9ht

lime-of-rl

(~.)

3.,'0'10'

''''0'

~
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Figure 3.22 (a) Diffraction in a four-circle texture goniometer with definition of the
instrument angles and (b) an example of a pole figure with the definition of a. and
f3 [2]
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Chapter4
Manufacture of the Tubes & Specimen Designs
4.1 Manufacture of the tubes
A set of butt-welded tubes were supplied by BE/EDF for the experimental
programme (Table 4.1). The plain tubes (referred to the tubes before plastic straining
and welding) were manufactured by extrusion and then solution annealed at 1100°C
for 3 minutes followed by water quenching. The tubing material is AISI Type 316H
austenitic stainless steel with the composition given in Table 4.2. The initial tubing
geometry was 38 mm in diameter and 4 mm in thickness. The grain size of the
material was about 30 urn. The 1 % proof strength of the non-strained material was
367 MPa and Young's modulus for this type of material is about 195 GPa. Some of the
plain tubes were pre-strained. Four pre-strained tubes and a plain tube were cut in
half and matching halves were joined to each other by an arc welding operation. The
details of the manufacturing steps are explained in the following sections.

4.1.1 Pre-straining
Four plain tubes were initially pulled uniaxially in tension up to 10, 15, 20 and
25% plastic strain. The pre-straining process was done using a strain rate of -0.15%/s
with a large servo-hydraulic rig. Adaptors were welded to the ends of the pipes so
that they could be easily fitted to the universal joints for gripping. The adapters and
less deformed parts were cut off after this step. The strain was monitored by a side118

mounted

extensometer, and 4 strain gauges fitted at 900 intervals around the

circumference of the centre of the pipe and with some markings on the pipe length
and the test stopped at the appropriate total strain.

4.1.2 Welding
These strained tubes plus a plain tube were cut into two halves. Matching halftubes were then welded together (after root tack welding) using a tungsten inert gas
(TIG) welding process with Type 316L filler metal. The composition of the filler metal
is given in Table 4.2.
Tube butt welds were manufactured in accordance with welding procedure
E06/2121/02/002

[1]. The welding specifications are given in Table 4.3. The tubes

were root tack welded from two positions, the root gaps measured and the welds
were completed with the tube fixed in the vertical position. During the root pass the
tacks were incorporated into the weld. All welding parameters were recorded.

4.1.2.1 Manufacture of plain tube butt weld (Ao)
The halves of the plain tube were welded as shown in Figure 4.1. The
temperature during welding was measured by 6 thermocouples (Type N) which were
positioned as shown in Figure 4.1. Thermocouples 1, 2 and 3 were located at about 5,
10 and 15 mm from the welding edge, respectively. Thermocouples 4, 5 and 6 were
put in a similar way 1800 away from the position of the thermocouples 1, 2, 3. Both
passes were completed in four sections (Figure 4.1). The temperature profile is given
in Figure 4.2.
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4.1.2.2Manufacture of pre-strained tube butt welds (A10, Als, A2o, A2s)
The halves of the pre-strained tube were welded as shown in Figure 4.3. Both
passes were completed in three sections (Figure 4.3).

4.2 Test samples
4.2.1 Tensile test samples
Flat cross-weld and remote-end tensile test specimens were machined out
around the circumference of the tubes by electro-discharge machining (EDM).The cut
position and the dimensions of the tensile samples are given in Figure 4.4. It was
successfully achieved to extract 6 to 8 cross-weld samples and 8-10 remote-end
samples out from each tube. Standardized tensile test specimens are designed
according to ASTM E 8/E 8M - 08: Standard Test Methods for Tension Testing of
Metallic Materials [2]. However, the standard dimensions are sometimes modified
due to the lack of material. For our samples the standard dimensions were modified
to be able to extract enough number of specimens from the welded tubes. The
modified dimensions were checked for any stress concentration through 2D finiteelement analysis.
The tubes, cross-weld and remote-end tensile specimens are labelled as shown
in Table 4.1.

Half of the same set of samples were heat-treated at a soaking

temperature of 1050°Cfor 15 min under vacuum and quenched to 50°C with nitrogen
gas. Note that heat-treated samples were subscripted with "HT".
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All tensile test samples were mainly used for tension tests. However, some of
the cross-weld specimens (Co, CID,C20, Co.rrr, CID-Hr,C20-Hr) were used to obtain the
hardness profiles across the weld before and after the heat treatment.

The hardness

profiles are mentioned in Chapter 5. Some of the remote end tensile test samples (BD,
BID,BI5, B20,B25)and cross-weld tensile test samples (Co, C20,) were also used for
neutron diffraction experiments at ISIS, UK which is mentioned in Chapter 7.

4.2.2 Other samples
Several small samples were cut from the tubes for metallographic
EBSD studies and bulk texture measurements

observation,

with neutron diffraction experiments.

Those samples will be explained in the related chapters.
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4.4 Tables & Figures
Pre-strained and welded tubes

Degree of plastic
deformation

Label of
tubes

0%

Aa

Label of the crossweld tensile
specimens

Label of the
end tensile
specimens

Co. CO-HT

Ba. Ba-HT

10%

15%

20%

25%

Table 4.1 Photographs and labelling of test specimens

I
I

316H

Cr

Ni

Mo

Mn

Si

Co

C

16.89

11.25

2.04

1.55

0.53

0.089

0.05

316L
18.38
12.07
0.37
0.01
2.53
1.61
Table 4.2 The composition of the stainless steel tubing material (Type 316H) and
the weld material (Type 316L)

Welding Type

TIG

Polarity

DCEN (Direct current electrode negative)

Shield & Purge Gas

Argon 99.995%

Current

65-140 A

Flow Rate

5 to 8 litres/min

Electrode

2.4 mm 2% Th or Ce Tungsten

Purge Rate

2 to 8 litres/min

Table 4.3 Welding procedure specification
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Figure 4.1 The schematic view of the welding procedure of the plain tube An, (x)
shows the position of the root tacks and arrows are for the section of each pass. The
positions of the thermocouples (1-6)are also shown on the vertical drawing of tube.
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ChapterS
Material Characterisation
5.1 Introduction
The manufacture of the boiler units by bending or swaging introduces plastic
strain in the tubes, which has effects on the evolution of microstructure during
subsequent welding, heat treatment or high temperature service. One of the most
significant effects is the potential change in grain size after these thermal treatments
due to recrystallization. Plastic strain increases the driving force for recrystallization
by lowering the onset temperature and the time required for recrystallization [1].
Grain growth can also occur after these thermal treatments. For example, Shibata et al
[2] observed that grain growth occurs in the heat affected zone in austenitic stainless
steeL Plastic strain also promotes the formation of precipitates by shifting the timetemperature-precipitation (TTP)diagram to shorter times [1].
In order to avoid solidification cracking of austenitic stainless steel, weld
metals are often designed to contain a controlled amount of delta-ferrite. Delta-ferrite
in weld metals forms as dendrites prior to solidification of austenite at the peritectic
temperature -1450°C and is retained during rapid cooling. However, since it is a
meta-stable phase, depending on the temperature it dissolves into austenite, carbides
and intermetallics at elevated temperatures. Delta-ferrite is known to have a
deleterious effect on the creep rupture strength of type 316 steels [3].
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In this project, the effect of tube shaping was simulated by axial prestraining of
plain straight tubes in order to introduce different levels of plastic strain. As
explained in Chapter 4, the plain and deformed tubes were cut and then welded. Half
of the same set of samples extracted from the welded tubes were heat-treated at a
soaking temperature of 1050°C for 15 min under vacuum and quenched to 50°C with
nitrogen gas.
The aim of this chapter is to present the microstructural evolution in the tube
material due to pre-straining, welding and heat treatment. The grain size before and
after heat treatment of plain, 10%, 15%, 20% and 25% tube material was investigated.
The effect of the plastic strain on grain size after welding was also investigated
measuring the variation of grain size across the weld affected area in 20% prestrained
and welded tube. The HAZ microstructure of the 20% prestrained and welded tube
was examined using optical and electron microscopes for the existence of weldinduced precipitation.

The microstructure of the weld metal before and after heat

treatment was also studied. The ferrite-measurements were conducted using a ferrite
meter to understand the transformation of delta-ferrite after heat treatment.

5.2 Microstructural Examination
Small coupons were machined out from the end of the tubes Ao, AI0, AIS,A20
and A25where the parent material was not affected by welding but pre-strained at
different levels. In addition, coupons which contain the weld metal, HAZ and base
metal were also sectioned from tubes Ao and A2o. A set of these coupons was heat
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treated as mentioned above and all coupons metallographically prepared for the
microstructural examination before and after heat treatment.
The sample preparation included sequential grinding with grades 220, 500,
800, 1200,2500 and 4000 emery papers and polishing on soft cloths using suspensions
containing 9, 6 and 1 urn diamond particles. To reveal the grain boundaries under
the optical microscope, the samples were then electrolytically etched in 60% nitric
acid solution for a maximum of 1 min with 1.2V as described in [4]. This etching
process reveals grain boundaries, weld passes and slightly twin boundaries. In
addition, oxalic acid and Murakami's reagent were used to reveal the carbide
precipitations [4].
The linear intercept method [5] was used to measure the average grain size.
This method relies on the number of the intersections of grains with linear lines
which are uniformly drawn on the micrograph. The ratio between the length of the
linear line and the number of intersections gives the average grain size.

5.2.1 Microstructure of the parent metal before and after
prestraining
The effect of pre-straining on the microstructure was examined by comparing
the

micrographs

of

non-strained

and

pre-strained

parent

materials.

The

microstructures before and after 10, IS, 20 and 25% prestraining are given in Figure
5.1. The grain size measurements after deformation are tabulated in Table 5.1. It has
been observed that pre-straining does not have a significant effect on the grain size.
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5.2.2 Microstructure of the parent metal after heat treatment
The non-strained

and deformed samples were heat treated at a soaking

temperature of 1050°C for 15 min under vacuum and quenched to 50°C with nitrogen
gas and their corresponding microstructures are given in Figure 5.2. The grain size
measurements after heat treatment are tabulated in Table 5.1. It can be seen that the
grain size of the deformed samples after heat treatment is approximately doubled,
while there is no significant change in the grain size of the non-strained material. The
increase in grain size is thought to be due to the excess soaking time. Heat treatment
between 955°C to 1120°C for 3 to 5 min per 2.5 mm (0.10 in.) of thickness and
followed by rapid air cooling is known to fully soften the steel [6]. Furthermore, the
decrease in recrystallization temperature due to the presence of plastic strain (Figure
5.3) may have resulted in recrystallization and grain growth.

5.2.3 Microstructure of the weld metal before and after heat
treatment
The microstructure of the weld metal before and after heat treatment is given
in Figure 5.4. It can be seen that both microstructures consist of mainly austenite and
some delta ferrite. The solidification behaviour of the weld metal can be described by
using the diagram in Figure 5.5(a). On the left side of 18Cr-12Ni composition, the
primary solidification phase is austenite whereas on the right side it is delta-ferrite.
The microstructure before the heat treatment suggests that the primary solidification
phase is austenite although the composition of the weld metal in Table 4.2 is almost
on the composition of 18Cr-12Ni. Note that this diagram is for 70% iron and in the
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composition of the weld metal there are additional elements such as molybdenum.
EBSD results also confirmed that the primary solidification phase is austenite.
Austenite and delta-ferrite coexist in the liquid as indicated in the small triangular
area in Figure 5.5(a). It is also seen that austenite is stable below 1200°C.This type of
solidification mode in which secondary ferrite coexists with primary austenite phase
is called AF solidification. Dendrites of austenite grow into the liquid as shown in
Figure 5.5(b). Delta-ferrite which is formed via a eutectic reaction is entrapped
between the austenite dendrites and resists transformation to austenite during weld
cooling since it is enriched in ferrite promoting elements. The ferrite content was
measured in the weld metal using a Ferrite Meter which magnetically detects the
ferrite and -5±0.5% ferrite was found in the weld metal. Heating up to 1050°Cduring
heat treatment will accelerate the transformation of delta-ferrite to austenite and
during soaking at that temperature delta-ferrite dissolves partially into austenite [7].
Note that ferrite does not transform into carbides because at 1050°Cthe carbides are
dissolved in the austenite matrix. The ferrite measurements in the weld metal by
ferrite meter showed that there is still -1±0.5% ferrite after heat treatment. The
network of the ferrite breaks down after heat treatment as it was observed in Figure
5.4(b).

5.2.4 Microstructure of the heat-affected-zone (HAZ) before
and after heat treatment
The microstructures of the HAZ generated after welding in the non-strained
and 20% pre-strained material are given in Figure 5.6. It can be seen that there is a
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non-uniform grain size distribution in both microstructures. There does not seem any
significant effect of welding on grain size in the HAZ of the non-strained material
(Figure 5.6(a)). However, in the 20% pre-strained material the grains near the fusion
boundary are considerably larger (Figure S.6(b)). The effect of welding on the grain
size in the 20% prestrained material can be seen better in (Figure 5.7 (a)). The effect of
welding is significant in l-l.5mm wide region in front of the fusion boundary (Le. the
region between the fusion boundary and the red dashed line on Figure S.7(a)). The
grains are coarser (-4Sf.lm)near the fusion boundary. In the far end of that region the
grains are relatively smaller (-2Sf.lm). The microstructure

of 20% pre-strained

material along the tube length after heat treatment is presented in Figure 5.7(b). It can
be seen that grains are reasonably larger after heat treatment. The grain size
measurements across the weld in the non-strained and 20% pres trained tubes before
and after heat treatment is given in Figure 5.B.
EBSD was used to measure the low angle boundaries (LABs) in the HAZ
region of the 20% prestrained and welded tube (Figure 5.9). Briefly, LABs which will
be discussed in detail in Chapter 7, form due to dislocation structures such as
dislocation pile-ups near grains or dislocation arrays inside the grain depending on
the level of plastic deformation. Figure 5.9 shows that the dislocation structures due
to plastic deformation disappeared in a 1.5 riun wide region as a result of welding.
The grain size measurement and the LAB distribution across the weld suggest that
the welding annealed this region and caused grain growth.
The interfacial microstructure of the non-strained

and 20% strained tube

.material before and after heat treatment is given in Figure 5.10. For as welded
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condition of non-strained and 20% pre-strained base metal, it can be seen that some
grains adjacent to the fusion boundary are partially melted and surrounded with
some flake-like structures on the grain boundaries (Figure 5.10 (a & c)). The residual
elements S, P and Si in the composition of the austenitic stainless steel are considered
as detrimental because they promote liquation cracking in the weld metal and HAZ
by forming a liquid film at the grain boundaries as a result of segregation of lowmelting constituents at the grain boundaries [8]. The liquid film creates a potential
risk of a crack initiation if there is enough straining in the surrounding [9]. Sulphur is
strongly rejected into the liquid during solidification of austenite, rapidly lowering
the melting point of the interdendritic liquid. Thus the potential for forming low
melting eutectics remains strong even with very low sulphur contents in austenite
(>0.005%) [10]. It was also reported that austenitic stainless steel weld metals are
susceptible to liquation cracking if the amount of Si is greater than 0.3% [11]. Kou [9]
suggests that liquation results in the formation of a ghost boundary' network, which
I

represents the position of the original grain boundaries broadened by liquation.
Therefore, these flakes are likely to be liquid films formed after the partial melting of
the grains adjacent to the fusion boundary. These flakes still exist after heat treatment
at 10SO°C(Figure 5.10 (b & d)). Although the levels of residual elements and the
observation of ghost grain boundary network suggest that these structures resemble
liquid

films remaining

after the welding,

this phenomenon

needs

further

understanding and requires detailed characterization with SEM/EDX.
Thick sections of austenitic stainless steels are also susceptible to sensitization
after welding depending on the cooling rate. The plastic strain promotes the
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sensitization of the welds.

Sensitization occurs as a result of the precipitation of

carbides such as M23C6preferentially along the grain boundaries. The carbides are
visible after the austenitic stainless steel is etched electrolytically with 10% oxalic acid
solution or with Murakami's reagent [4]. However, no carbides were observed in the
HAZ after welding even when the base metal had been cold-worked. SEM images
which were taken very close to the fusion boundary show that the grain boundaries
are carbide free (Figure 5.11). The reason why there is no precipitation is due to the
fact that the rapid cooling does not allow Cr atoms to diffuse into the grain
boundaries and form carbides. Based on the Weiss and Stickler's TIP diagram (see
Figure 2.26) the carbide formation is favoured in the range of temperature between
500 and 900°C [12]. Davis [13] suggests that the minimum sensitization time for a 300series stainless steel alloy with 0.05% C is about 30 minutes. In addition, Weiss and
Stickler [12] observed that M23C6carbide which is the fastest carbide precipitation in
austenitic stainless steels begins to form after 6 minutes for AISI 316 steel which was
aged at 810°C subsequent to 20% cold-work. Temperature profiles recorded at 5mm
away from the fusion boundary during welding show that the temperature reaches
its peak (-850°C) and drops down to 300°C in less than 2 minutes (see Figure 4.2). The
total time which the material at 5mm away from fusion boundary is subjected to the
root and cap passes is about 4 minutes and is not enough for the precipitation.

5.3 Hardness Test
Hardness profiles across the weld have been obtained for the as-welded and
heat-treated cross-weld specimens. For this purpose, one side of each specimen was
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polished as described in section 5.2. Vickers hardness tests were performed using an
automated hardness test machine with a load of 5kgf. The load was optimized on a
similar stainless steel dummy sample so that the indent penetrates enough to obtain
relevant data under the surface (Figure 5.12).
Figure 5.13 gives the variation of hardness values across the welded region for
specimens Co, CIO,C20,CO-HT,
CIO-HT
and C20-HT.Prior to heat treatment (see specimens
Co, CIOand C20in Figure 5.13), there is a large increase in hardness values with plastic
strain in the base metal away from the weld.

However, the hardness values of the

weld are similar since the welding conditions were kept the same for all the welds.
The transition region from the weld metal to the unaffected base metal occurs within
about 12 mm from the fusion boundary.

Note that in that region there is a slight

variation in hardness for non-strained specimen Co. After heat treatment at a soaking
temperature

of 1050°C for 15 min, the hardness drops below 140 Hv and is almost

homogenized through the specimen except weld (see specimens CO-HT,
CIO-HT
and C20-

HT). The weld is slightly harder than the heat treated base metal and has almost
similar hardness for specimens CO-HT,
CIO-HT
and C20-HT.Interestingly; the hardness of
the base metal in specimens CIO-HT
and C20-HT
is lower than in specimen CO-HT.
This can
be attributed to the fact that after the heat treatment the grain size of the prestrained
material is larger than that of the plain material.
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5.4 Tables & Figures
Plastic
Deformation

Grain size (JIm)
beforeHT

Grain size (JIm)
after HT

0%

33.3 ± 0.5

27.8 ± 2.3

10%

27.2 ± 2.7

60.4 ± 4.3

15%

28.7 ± 0.9

57.5 ± 6.9

20%

28.9 ± 4.1

53.5 ± 8.5

25%

32.3 ± 6.9

62.1 ± 6.3

Table 5.1 Grain size measurements before and after heat treatment of non-strained
and deformed samples.
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RD

Figure 5.1 The microstructures (250x) of the parent metal before prestraining (a)
and after 10% (b), 15% (c), 20% (d) and 25% (e) prestraining .. (LD: longitudinal
direction, RD: radial direction)
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RD

Figure 5.2 The microstructures (250x) of the non strained (a), 10% (b), 15% (c), 20%
(d) and 25% (e) prestrained parent metal after heat treatment
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Figure 5.4 Weld microstructure (500x)on LD-RD plane (1.. welding direction) before
(a) and after (b) heat treatment.
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Figure 5.6 The microstructure (SOx)of the HAZ through wall thickness after
welding onto non-strained (a) and 20% strained (b) tube material.
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Figure 5.9 The distribution of low angle (yellow) and high angle (black)
boundaries in the HAZ of tube A20 (RD-LD plane)
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Figure 5.10 The interfacial microstructure (2S0x) of non-strained tube material
before (a) and after heat treatment (c) and of 20% strained tube material before (b)
and after (d) heat treatment.
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Chapter 6
Digital

Image

Correlation

(DIC)

Integrated

Tension Tests
6.1 Introduction
The structural integrity, performance and life of austenitic stainless steel
weldments in power generation plants is determined by the mechanical properties of
the weld metal, heat affected zone (HAZ) and base metal. These properties depend
on the full fabrication history including cold bending and swaging, welding, heat
treatment and the effects of service ageing. For example, many metres of austenitic
stainless steel tubes are bent, swaged, welded and heat treated to produce heat
exchanger units in order to be installed in steam raising power plants. Prior to the
instalment the mechanical properties of the virgin tube have been greatly altered
during manufacturing steps.
The tube-shaping operations such as bending and swaging accumulate plastic
deformation in the stainless steel. The plastic deformation can improve the strength
of austenitic stainless steels but on the other hand it increases the susceptibility to
stress corrosion and creep damage [I, 2]. ASME Boiler and Pressure Vessel Design
code [3] suggests that the limit of forming strain for 316H material which is going to
operate between 580°C and 675°C is 20% and if it exceeds that threshold, the material
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should be annealed above 1040°C to restore its mechanical properties, tensile
strength, creep strength and creep ductility to the start of life values. In addition to
the tube shaping, welding is required to produce tube junctions where the main tube
with a larger diameter is connected to a U-bent tube. However, very little is known
about the effects of welding onto plastically deformed tubes. The effect of heat during
welding influences the material near the weld in two ways: softening and hardening.
In the case of welding onto bent or swaged tube, if the temperature is high enough,
annealing occurs and this softens the previously work-hardened material. Current
construction

practices for 316H tubes forbid welding onto material that has

experienced more than 15% plastic strain, without first resolution heat treating the
material [4]. If the base metal near the weld is a soft material, the thermal cycles
during welding cause strain hardening or plastic strain near the weld fusion zone [5].
As a result of hardening or softening the material properties change in near-weld
regions and this causes a strength variation in the heat affected region. In addition to
the tube-shaping and welding, post weld heat treatment (PWHT) is applied to the
welded components to relieve the weld residual stresses which can cause premature
failures during operation [6]. PWHT significantly alters the material properties across
the weld pool as well as the weld residual stresses.
The local strength variation in the weld-affected regions

is important in

fracture assessments [7] and elevated temperature life assessments [8]. For example,
the propagation of cracks in the weld-affected regions is governed by the strength
variation at the tip of the crack [9]. The numerical models which are developed to
understand the structural integrity of the welds are usually based on bi-material
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(weld and base) assumptions ignoring the heat affected zone (HAZ) [7, 10], but the
spatial variation of material properties needs to be captured in the analysis if the
engineering assessments are to be improved.
Several techniques such as testing of micro-specimens [11], instrumented ball
indentation [12] and digital image correlation (DIe) integrated tensile testing [13]
have been employed for measuring the variation of local material properties. Many of
these techniques require specialized equipment and a great deal of time to
characterize various weld regions. In addition, the spatial resolution and accuracy
that can be achieved using micro-specimens are limited by the ability to isolate the
individual weld regions. Although the resolution obtainable by ball indentation is
much better, the technique requires several assumptions

and semi-empirical

formulas. On the other hand, DIe overcomes many of the limitations and
disadvantages of the testing of micro-specimens and instrumented ball indentation.
Digital image correlation (DIe) is an optical full-field displacement/ strain

measurement technique which is simply based on computational tracking of the
patterns on digital images taken before and after the deformation (or on a sequence of
successive digital images during deformation). The light intensity on the recorded
image is in grey level. As a result of the illumination of the artefact (paint spots) or
natural surface features (roughness) on the surface the grey level intensity varies
throughout the image. The DIe algorithm divides the reference image into subregions provided that each sub-region or "subset" has a unique traceable intensity
pattern. By cross-correlating the subset pattern in successive images, the relative
displacement vector of each subset is calculated in pixels with sub-pixel accuracy [14].
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This spatially resolved displacement! strain measurement with DIC enables the
investigation of the local material properties of heterogeneous materials such as
functionally graded materials, welded components and composite materials.
DIC has been used by many researchers to determine the local material
properties of friction stir weldments [13, 15-23],arc weldments [24-30]and laser beam
weldments [31, 32] during tensile testing. The earliest implementation of this was
reported by Reynolds and Duval in 1999 [13].A cross-weld tensile specimen (welding
direction

_l

loading direction) was machined from the welded component and the

specimen surface where the images will be taken was either cleaned to reveal the
natural surface features or sprayed with white and black paint to create artificial
surface features. The specimen was put into the grips and the patterned surface is
illuminated with a white light source. A reference image was taken from the
illuminated patterned surface prior to loading. Thereafter, the test was started under
displacement control and successive images are captured at specified time intervals.
With the help of a DIe algorithm these images are correlated with the reference
image by using a correlation function and the in-plane displacement distribution is
computed. In order to construct the stress-strain curves for each subset the strain is
derived from the smoothed in-plane displacement map and stress is obtained from
the global load which is recorded from the load cell at specified time intervals
corresponding to the image acquisition rate. The use of global stress means that the
stress is assumed to be uniform through the specimen until the start of necking in the
soft region. This assumption is called the "iso-stress assumption" [13]. The material
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properties such as offset proof stress, a vital design parameter for structural integrity,
are then obtained from these local stress-strain curves.
The advantage of this method over other techniques (e. g. micro-sample testing
and ball indentation) measuring local material properties is the ability to obtain local
material properties from the tension test of a single cross-weld tensile specimen.
However, there are some limitations related to the method of strain calculation, the
use of global stress, the constraints due to specimen geometry (especially the weld
geometry) and the strength mismatch level, which may result in anomalous stressstrain curves as reported in references [24]and [29]. These will be discussed in detail
in section 6.5.2.
In the present chapter, as a part of an EDF sponsored project investigating the
effect of fabrication history on 316H tube weldments, the local and global tensile
properties of the weldments

after different manufacturing

steps (prestraining,

welding and heat treatment) has been studied by performing DIe integrated tension
tests. The offset proof strength variation across the weldment was obtained on
different cross-weld tensile specimens from the local stress-strain curves which were
constructed using the local displacement measurements by DIe and the global load
measured by the load cell unit of the tensile test machine. However, anomalies were
observed on the local stress-strain curves obtained in the cross-welds tensile
specimens whose base metal was pre-strained before welding. Those experimental
local stress-strain

curves were validated

using finite element modelling

by

investigating (1) strength mismatch effect, (2) the influence of strain calculation
method and (3) the use of global load. The prediction of offset proof strength
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variation across the weld from the local stress-strain curves with some anomalies was
also tested using finite element simulation.

6.2 Experimental Procedure
6.2.1 Materials
A set of plastically-strained and butt-welded tubes were supplied for the
experimental programme by EDF (Table 4.1). The untreated tubes (referred to the
tubes before plastic straining and welding) were manufactured by extrusion and then
solution annealed at

noooe

for 3 minutes followed by water quenching. The tubing

material is AISI Type 316H austenitic stainless steel with the composition given in
Table 4.2. The initial tubing geometry was 38 mm in outer diameter and 4 mm in wall
thickness. The test specimens were fabricated as follows; (1) four tubes were pulled
uniaxially in tension up to 10, IS, 20 and 25% plastic strain. The pre-straining process
was done using a strain rate of -0.15%/s with a large servo-hydraulic rig. Adaptors
were welded to the ends of the pipes so that they could be easily fitted to the
universal joints for gripping. Adapters were chopped after this step. The strain was
monitored by a side-mounted extensometer, 4 strain gauges fitted at 90° intervals
around the circumference of the centre of the pipe and with some markings on the
pipe length and the test stopped at the appropriate total strain. (2) These strained
tubes plus a non-strained tube were cut into two halves. (3) Matching half-tubes were
then welded together (after root tack welding) using a tungsten inert gas (TIG)
welding process with Type 316L filler metal (Table 4.2 and Table 4.3). The weld
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contains two passes: root pass and cap pass. During the root pass the tacks were
incorporated into the weld.
Flat cross-weld and remote-end

tensile test specimens were machined

out

around the circumference of the tubes by electro-discharge machining (EDM). The cut
position and the dimensions

of the tensile specimens are given in Figure 4.4. The

tubes, cross-weld and remote-end tensile specimens are labelled as shown in Table
4.1. Some of the specimens were labelled as "HT" to show that they were heat treated
at a soaking temperature

of 1050°C for 15 min under vacuum and quenched to 50°C

with nitrogen gas.

6.2.2 Tensile testing
Tension tests on remote and cross-weld specimens (BD,BID,B20,Bo-HT,BID-HT,
B20HTand Co, CID,C20,CO-HT,
CID-HT,
C20-HT)were carried out using a screw-driven tensile
testing machine with a 30kN load cell. Mechanical wedge action grips were used to
fix the specimens into the machine. Before each test commenced, the loading and
specimen alignment was checked in order to avoid subjecting the specimen to any
bending or torsion, i.e. to ensure the loading was pure uniaxial tension [33,34] . Two
universal joints were used to improve axial alignment. Additionally,

grooved thin

plates which fit to the shoulder of the specimens were employed in the wedge grips
to obtain a perfect axial positioning in the wedge grips. A calibration tensile specimen
was prepared by gluing four strain gauges to each surface at same height. After the
specimen is attached to the wedge grips (connected to the universal joints) by using
grooved thin plates a load was applied and the alignment was checked from the
readings on each strain gauge.
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In addition, the specimens were preloaded up to 100MPa for the settlement in
the grips and then the load was released. Once a reasonable alignment was obtained,
the real tests were commenced.

6.2.3 Digital image correlation (DIe)
The full field distribution

of strain was obtained

throughout

the DIC

integrated tensile tests of the remote-end and cross-weld specimens. The speckle
pattern required for the DIC measurements was achieved by white light illumination
of the rough surface produced by EDM [27]. A DC fibre optic light source was used to
illuminate the surface. After correcting the alignment of the specimen and grips, the
tensile tests were performed with a constant extension rate of O.lmm/min. During
the tests, images of the front surface of the specimens were captured by a digital SLR
camera (Nikon D300), with a sensor size of 4,288 x 2,848 pixels (12.3 Mega Pixels), and
a 200 mm macro lens. The images were taken every 10 seconds. The load and
extension were recorded every second. Analysis of the images was performed using
commercial DIC software [35].
To analyse the images captured during the tension tests the DIC parameters
were optimized as described in section 3.5. The pixel size of images for each test was
about 11 pm. As a first step of analysis, all images were shift-corrected with respect to
a reference image, which is usually the first image captured. A rectangular area was
defined in the middle of the specimen as a working space, where the displacement
vectors were to be calculated. This rectangular area does not include whole of the
specimen width because, for practical reasons, the working space selected is based on
the last image where the specimen has narrowed considerably due to the Poisson
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effect. The effect of defining the working space on a partial width on the local stressstrain curves will be discussed in section 6.4.2.2 and 6.5.2. In-plane displacement
vectors in the loading direction were calculated within the user-defined working
space by multi-scanning the images using a '256x256 subset size with 50% overlap
and 2 passes' and a '128x128 subset size with 50% overlap and 6 passes' respectively
(Figure 6.1).
The flow chart for the determination of the proof stress distribution from the
DIC displacement measurements is given in Figure 6.2. The details of this procedure
will be explained in the following sections.

6.2.3.1 Strain computation
Reynolds et al demonstrated the calculation of strain in the loading direction
by taking the first derivative of the polynomial function which was fitted to the
displacement in the loading direction [13]. This technique enabled the local stressstrain curve at any point on the sample surface to be obtained and it has been used by
his colleagues in further studies of a friction stir weld [15, 16]. Another strain
calculation method is to compute strain on a user-defined gauge length including a
set of adjacent subsets and averaging the strain for each row along the width [5, 2628]. In this study, the latter was used to compute the strain from local DIC
displacement measurements. However, the strain averaging was not done on the fullwidth of the specimen but on the partial width which was included in the userdefined working space.
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After the displacement map in the loading direction was obtained using the
DIC software, the strain was calculated by differentiating the displacement in a userdefined gauge length using a Matlab script (see section 3.5). This provided smoothed
strain data. However, as explained in section 3.5, the use of a large gauge length may
result in loss of the actual strain variation. The error in the calculated strain is
estimated to be around 50-100 microstrain; this is based on the precision of the DIC
method which is given as 0.02 pixel displacement [35]. It is assumed that the strain
across the width is constant.

So, in order to smooth the data and improve the

computational efficiency, the axial strain on each row of the subsets was averaged
across the width of the specimen (Figure 6.2). The validity of this assumption was
checked with finite element analysis and will be discussed later in section 6.5.2.

6.2.3.2 Prediction of offset proof stress
Stress-strain curves were constructed with the averaged strain data for each
row and the global stress (iso-stress assumption) as shown in Figure 6.2. Lockwood
and Reynolds have experimentally and numerically studied the validity of the isostress assumption and the level of constraint due to the specimen geometry [16].They
reported that the iso-stress assumption is convenient to extract the local material
properties and that the constraint due to the thickness of the specimen has an
influence on the deformation behaviour.
A linear line is fitted to the data points in a user-defined range within the
elastic regime. This linear line is offset to an input value (0.2%,1.0%, 2.0% etc) and the
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proof stress at the input value is taken as the stress component of the point where the
offset line and the stress-strain curve intersect.

6.3 Finite Element Modelling
Numerical models were developed to validate the experimental local stressstrain curves which have shown some anomalies by investigating (1) the constraint
effects in under-matched strength condition

(cry-base> cry-weld),

(2) the effect of strain

computation technique and (3) the iso-stress assumption. The reliability of the
prediction of offset proof strength variation across the weld from the local stressstrain curves showing some anomalies (e.g. the change in slope of elastic line with
increasing stress, which will referred as "reduced-strain" trend hereafter) was also
investigated using finite element simulation.
During the tensile testing of a cross-weld specimen with a significant strength
mismatch level, the stronger metal can constrain the deformation of the weaker metal
and bi-axial stresses can develop at the interface where they join. The constraint of
transverse strain at the interface and the development of bi-axial stresses may alter
the local stress-strain curves if it is considered that the stress and strain to construct
the local curves are measured as axial stress and strain in the loading direction. This
effect can be observed clearly in an extreme condition where the strength abruptly
changes at the weld/base metal interface. In order to observe the constraint effect of
strength variation and the development of bi-axial stress at the interface on local
stress-strain curves in such an extreme case, a bi-material model was developed for
the simulation of the tensile testing of an under-matched cross-weld tensile specimen
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(cry-base>

cry-weld)

without a HAZ. Secondly, a multi-material model was developed,

which is a more realistic approach to simulate the cross-weld specimens used in the
DIe integrated tension tests. Unlike the bi-material model, rather than a sudden
change, this model has a HAZ region where there is a smooth transition of strength
between the weld metal and the base metal. This model was used to investigate the
effect of the strain computation technique and the use of global stress on local stressstrain curves in the HAZ region where the anomalies were experimentally detected.
Numerical models were analyzed using ABAQUS Version 6.7 [36]. The 2D
plane stress assumption was used since Lockwood and Reynolds have found that
plane stress model gives very comparable results with DIe measurements in thin
(2.7mm) tensile specimens [16]. Quadrilateral ePSBR (reduced integration, eight-node
element) type plane stress elements were used. The boundary conditions are as in the
actual tension tests of cross-weld specimens; Le. the bottom end of the specimen was
fixed and the top end was pulled with a constant displacement rate of O.lmm/ min. In
this study, all FE analyses were non-linear (NLGEOM=ON) and based on isotropic
elastic-plastic materials with isotropic work-hardening.

6.3.1 Bi-material model
A 2D bi-material model was developed in order to understand the constraint
effect of strength mismatch on local stress-strain behaviour around the base/weld
interface. The material inputs for the weld and base metal are given in Figure 6.3. In
this model, the yield strength of the weld metal was taken to be lower than the base
.metal, as in the case of the material studied in this study. There is a physical interface
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between weld and base metal, where the material properties abruptly change.
Therefore, it is expected that there will be some constraint effect near the interface
due to the large strength mismatch [10].

6.3.2 Multi-material model
The 2D bi-material model represents the extreme constraint effect due to the
large strength mismatch at the weld/base interface. However, in real specimens for
both

ClO

and

C20 there

is not an abrupt change in material properties at the weld/base

interface. In these specimens there is a gradually softened zone (referred to as the
HAZ hereafter) where the local yield strength increases continuously from the weld
to unaffected base metal. For this reason, a 2D multi-material model was developed,
where the yield strength was assumed to increase linearly from weld material to the
unaffected base metal as shown in Figure 6.4. The size of each zone was estimated by
using the hardness map of specimen

CIO.

Note that there is no interface between the

unaffected base metal and HAZ. Many researchers studying numerical simulations of
the tension tests of cross-weld specimens have commonly used a partitioned HAZ
material in their FE model [16, 19, 37]. However, in this type of model the material
properties vary in a stepwise manner between the weld and the unaffected base
metal; and the artificial interface between each HAZ partition creates discontinuities
in the stress profile across the interface. In the multi-material model used in this
study, instead of using a partitioned HAZ material, a continuous HAZ material in
which the properties are functionally graded was inserted to the model by running
ABAQUS user-subroutines USDFLD and SDVINI [36].
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The results obtained from this numerical simulation were used to understand
the effect of strain computation technique and the use of global stress on local stressstrain curves in the HAZ region where the anomalies were experimentally detected.

6.4 Results
The results obtained from the DIC integrated

tension tests of (1) the flat

remote-end specimens (Bo,BI0,B20,BO-HT,
BIO-HT,
B20-HT)
which only contain the parent
tube material and (2) the cross-weld tests specimens (Co, CI0,C20,Ca-HT,CIO-HT,
C20-HT)
are reported in this section. The numerical results obtained from the bi-material and
multi-material model approaches are also presented here.

6.4.1 DIe integrated tension tests
6.4.1.1 Remote-end specimens
Remote-end

tensile test specimens

(Bo, BIO, B20, Ho-HT,BIO-HT,B20-HT)were

extracted from positions remote from the influence of the welds; therefore, they have
homogenous

material properties in the gauge length. The tests were performed with

an extension rate of O.lmm/min.

A side extensometer (Instron, 25mm gauge length)

was attached to the specimens as shown in Figure 6.5. For the DIC measurement,
images were taken every 10 seconds and the dashed area which fits within the gauge
length of the extensometer (Figure 6.5) was analysed as mentioned above. DIC strain
measurement

in the dashed region was averaged to compare the strain from the

extensometer. The load was recorded from the load cell attached to the crosshead of
the Instron testing machine.
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The engineering stress-strain curves for the remote-end specimens (BD,B1O,B20,
BO-HT,
BID-HT,
B20-HT)
and a tabulation of 0.2% and 1% proof stresses derived from these
curves are given in Figure 6.6. Results from the extensometer and DIC show a good
correlation for all specimens.
Prior to the heat treatment it is clearly seen that the proof stress was increased
with the plastic deformation. The 0.2% proof stress was more than doubled after 20%
plastic deformation. The slope of hardening for BID,B20decreases compared to BD.
After the heat treatment the effect of plastic deformation on stress-strain curve
disappeared

and the tensile strength of BD-HT,
BID-HT,
and B20-HT
dropped below that of

BD.Interestingly, stress-strain curves for BID-HT,
B20-HTare below the curve for BD-HT.
This can be attributed to the fact that the plastic strain energy locked in the material
triggers

the recrystallization

and grain growth

mechanisms

and the strength

decreases with coarser grain size according to the Hall-Petch relation.

6.4.1.2 Cross-weld specimens
Cross-weld

tensile test specimens

(Co, CID, C20, Co-HT,CID-HT,C20-HT)were

extracted across the weld pool; therefore, the material properties

vary along the

gauge length which includes the weld pool, the HAZ and the unaffected base metaL
It is likely to have constant material properties in the unaffected base metal, however,

in the weld pool and the HAZ the properties
performed

might be graded. The tests were

with an extension rate of O.lmm/ min. Four strain gauges (SGs) were

glued on the specimen as shown in Figure 6.7. The alignment was double-checked
with a pair of SGs attached on opposite faces of the specimen 20 mm away from the
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weld centre line (WCL). Two more SGs are on the back surface at the middle of the
weld and in the HAZ (6.5 mm away from WCL). The local stress-strain curves
constructed with the strain data obtained from these SGs were compared to the
stress-strain curves constructed with DIC strain. Note that the iso-stress, which was
calculated from the load recorded from the load cell attached to the crosshead of the
Instron testing machine, was employed to construct both types of stress-strain curve.
Images were taken in every 10 seconds from the half-length of the specimens as
indicated in Figure 6.7 and analysed as described in Figure 6.2.
Local stress-strain curves obtained at the weld centre
Stress-strain curves, which were constructed with the strain data from SGs and
DIC at the weld centre, are given in Figure 6.8. Results from the two measurement
techniques show a good correlation overall, although there are some small differences
between two different stress-strain curves which can be attributed to the fact that
these measurements were made on opposite sides of the test specimen. Stress-strain
curves obtained from specimens Co, C10,C20at the weld centre represent the weld
metal tensile behaviour prior to heat treatment and it is obviously seen that they are
very similar. The tensile behaviour of the weld metal after heat treatment

is

demonstrated with the stress-strain curves obtained from specimens Co-HT,C10-HT,
C20HTat the weld centre. The effect of heat treatment on the stress-strain behaviour of the
weld is clearly seen: 0.2% proof stress of the weld metal prior to heat treatment is
between 265-275 MPa, however, it decreases to 200-220 MPa after the heat treatment.
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Local stress-strain curves obtained at a distance of 6.5mm from the WCL
Stress-strain curves, which were constructed with the strain data from SGs and
DIC at the position of 6.5mm from the WCL, are given in Figure 6.9. Results from the
two measurement

techniques show a good correlation for specimens Co, CIOand Co-

HT,CIO-HT,CZO-HT. However, DIC and SG stress-strain curves for specimen Cso deviate
from each other just after first yield point (-340MPa), where the weld metal is strainhardening after yielding at -210MPa. The anomaly on this curve will be discussed in
section 6.5.2. The gap in Czo DIC data at 0.7% strain was due to a connection problem
between the camera and PC that occurred during the experiment. The stress-strain
curve obtained from the SG on specimen CIOends at 0.8 % strain because the SG
detached during testing. It can be seen from Figure 6.9 that the proof stress decreases
after heat treatment. Interestingly, stress-strain curves of specimens CIO-HT
and

CZO-HT

are below CO-HT.
Local stress-strain curves obtained at a distance of 10mm from the WCL
At 10mm from the WCL, strain data was only obtained from DIe. Stress-strain
curves which were constructed

with DIC strain data at 10mm from the WCL are

given in Figure 6.10. There is a sudden

change in the shape of the curves for

specimens CIOand Czo at around 340 MPa where the weld metal is strain-hardening
after yielding at -210MPa. There is an anomaly (Le. the change in slope of elastic line
with increasing stress) on the curves obtained from specimens CIOand Czo and this
will be discussed in section 6.5.2. For specimens CO-HT,CIO-HTand

CZO-HT,

the stress-

strain properties at 10mm are very similar to the stress-strain properties at 6.5mm.
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Local stress-strain curves obtained at a distance of 20mm from the WCL
The stress-strain curves obtained from SG and DIC measurements at 20mm
from the WCL are given in Figure 6.11. Similar to the position of 10mm, there is again
a sudden change in the shape of the curves for specimens CIOand C20at around 340
MPa. At 20mm from the WCL the stress-strain curve of CIOhas both elastic and
plastic region, however, C20 is still in the elastic region and does not deform
plastically. The stress-strain curve of CIOis very similar to BIO(Figure 6.6), therefore,
beyond that point there is no effect of welding for specimens CIOand C20. Heattreated specimens Co-HT,ClO-HTand C20-HThave again demonstrated similar stressstrain behaviour as in Figure 6.9 and Figure 6.10.
The stress-strain curves obtained from the base metal (HAZ + unaffected base
metal) at different positions suggest that the welding and heat treatment has a
considerable influence on the material properties of the non-strained and pre-strained
base metal. It was observed that the pre-strained base metal becomes softer closer to
the fusion boundary

after welding. Note that some of the stress-strain curves

obtained from this weld-affected zone in the pre-strained base metal show some
anomalies. The non-strained base metal was also observed to be affected by the
welding process. The material properties of the weld and base metal were lowered
after the heat treatment.

Stress-strain

curves obtained

from the heat-treated

specimens (Co-HT,CIO-HT
and C20-HT)
at different positions in the base metal suggest
that the material properties are very similar at these positions.
For better understanding

of the variation in material properties, the proof

. stress distribution is given in Figure 6.12 which plots the variation of 0.2% proof
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stress along the half-length of cross-weld specimens based on analysis of the DIC
stress-strain curves and strain gauge data. In specimen Co,the proof stress increases
from a minimum of 268 MPa in the weld region to a maximum of 319 MPa at about
10mm from the WCL and then drops gradually to a steady value of 285 MPa at about
25mm from the WCL. In specimen ClO,the proof stress increases steadily from a
minimum of 260 MPa in the weld region to a maximum of about 565 MPa at 16mm
from the WCL, where it levels off. The trend in proof stress for specimen C20is
similar to

CIO

but in this case the material beyond 8mm did not show any yielding

(since fracture already took place in the softer weld metal before the yield stress level
of the material beyond 8mm was reached) and hence the proof stress could not be
derived. In specimen Co-HT,the proof stress increases from a minimum of 200 MPa in
the weld region to a maximum of about 250 MPa at 7mm from the WCL and it
remains almost constant beyond that point. In specimens ClO-HT
and C20-HT,
the trend
in proof stress distribution is quite similar. Apart from a small increase just after the
weld interface, the proof stress in the weld region and base metal is very comparable,
i.e., specimens Co-HT,
ClO-HT
and C20-HT
show almost identical yielding behaviour. The
proof stresses obtained from SGs are tabulated in Figure 6.12. Results from the DIC
and the SGs show a good correlation in general. However, the proof stress obtained
from the SG on specimen Co at WCL is 290 MPa whereas the DIC gives 275 MPa.
Similarly, the proof stress obtained from the SG on specimen C20at 6.5mm is 70 MPa
higher than DIe. Note that the SGs are on the opposite half and at the back surface of
the specimen. Proof stresses obtained from the back and front SGs at 20mm away
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from WCL for specimens Co and Cl0 are very similar, which confirms the alignment
of the loading fixture and the specimen was correct.

6.4.2 Finite element modelling
6.4.2.1 Bi-material model
The local stress-strain behaviour of the middle domains (red domains) around
the interface, obtained from the simulation of the tension test of a bi-material crossweld specimen is presented in Figure 6.13. Note that stress and strain were obtained
in the loading direction.
It can be clearly seen that the stress-strain

behaviour of the weld material in

the centre of the weld pool (domain 1) and near the interface (domain 2) is different.
The weld material in weld pool, in both domains, yields at 300 MFa. After yielding,
however, higher tensile stress is required closer to the weld/base

metal interface to

introduce the same level of strain both in the centre of the weld pool and near the
interface. Similar to the weld, the stress-strain behaviour of the base metal near and
away from the interface is also different. The stress-strain curves obtained from the
domains between the interface and 7.625mm away from the WCL suggest that the
base metal in the region of the interface (domain 3) to 5.875mm from the WCL
(domain 4) undergoes

plastic deformation

whereas the domains beyond 5.875mm

(domain 4) show only elastic behaviour. Compared to the input stress-strain curve
lower axial stress is required to deform the base metal in the region where plastic
deformation

takes place. It is also seen that in the region between the interface and

7.625mm from the WCL the stress-strain curves have a deviation at -300 MFa. This
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deviation disappears at 7.625mm and the base metal follows the input stress-strain
curve beyond that point.
For a better understanding of the stress-strain behaviour in the weld and base
metal around the interface, the true stress variation across the width of the specimen,
for both in the loading (CJyy) and transverse (CJxx) directions are mapped in Figure
6.14(a) and Figure 6.14(b), respectively. According to Figure 6.14(a), CJyy is tensile
through the width of the specimen. In the weld pool it is concentrated at the comers
and in the mid-width slightly away from the interface. In the base metal CJyy is
concentrated at the edges of the specimen closer to the interface and reaches 550MPa
in that region while it is approximately 330MPa in the mid-width.

Figure 6.14(b)

presents the distribution of stress (CJxx) in the transverse direction. The weld metal
near the interface is in tension whereas the base metal near the interface is in
compression. The stress field disappears at the edges and increases in the mid-width.
The stress adjacent to the interface approaches 195MPa in the weld side, whereas it
reaches -265MPa in the base metal side. It is clearly seen from Figure 6.14(a) and
Figure 6.14(b) that bi-axial stresses develop around the interface when the weld
undergoes plastic deformation. The stress and total strain distribution along line AA
in the base metal are plotted in Figure 6.14(c). CJyy, stress in the loading direction,
approaches 550 MPa near the edges of the specimen whereas in the mid-width it is
about 345MPa. CJxx, the stress in the transverse direction, is almost zero near the
edges; however it gradually decreases to -185MPa as getting closer to mid-width. cyy,
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the strain in the loading direction, is 0.002 in the middle of the specimen, however, it
increases abruptly towards the edges and reaches 0.0035. The average Eyy is slightly
higher than 0.002. exx, strain in the transverse direction, is -0.0015 at the mid-width
and increases gradually towards the edges but suddenly drops to -0.0013from -0.0008
near the edges.

6.4.2.2 Multi-material model
It was shown that there are some anomalies on the experimental stress-strain

curves which were reported in section 6.4.1.2. In order to investigate whether these
anomalies are caused by a real material behaviour or are a result of experimental
inadequacies, such as the use of the iso-stress assumption, true-stress versus truestrain curves in the HAZ region were examined. The effect of strain averaging along
the width and the use of iso-stress on the shape of a local stress strain curve in HAZ
are demonstrated in Figure 6.15 by plotting four different stress-strain curves to
present the local deformation behaviour at 12.7Smm away from the WCL. These
curves are compared with the input stress-strain curve (see dotted black line on
Figure 6.15) in the same figure. Note that the stress and the strain used to construct
these curves are in the loading direction as this was the direction measured during
DIe integrated tension tests. These four stress-strain curves are;

(1) "stress

@

mid-width" vs. "strain

@

mid-width" curve (see dashed blue line

on Figure 6.15) which was constructed by the axial stress and axial strain calculated
for the middle domain (black domain) at 12.7Smm from the WCL. This curve
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represents the original local deformation behaviour in this domain when the whole
specimen is under tension.
(2) "averaged-width stress" vs. "averaged-width strain" curve (see dashed red
line on Figure 6.15) which was constructed by the axial stress and strain, both
averaged along the width (all black domains + the red domain in the middle) at
12.75mm from the WCL. This curve represents the original local deformation
behaviour averaged over the domains lying along the width at a distance of 12.75mm
from the WCL.
(3) "iso-stress" vs. "strain

@

mid-width" curve (see solid blue line on Figure

6.15) ~ curve (1) was modified by using "iso-stress" instead of "stress

@

mid-width"

because experimental local-stress-strain curves can only be constructed using the
"iso-stress" since the local stress can not be measured. Therefore, this curve
represents one of the extremes for the experimental way of constructing the local
stress-strain curve which employs local strain at a point and "iso-stress". This enables
the spatially-resolved local deformation behaviour on the sample surface to be
obtained, as it was used by Reynolds and Duvall [13].
(4) "iso-stress" vs. "averaged-width strain" curve (see solid red line on Figure
6.15) ~ curve (2) was modified by using "iso-stress" instead of "averaged-width
stress" due to not being able to measure local stress. This curve represents another
extreme for the experimental way of constructing the local stress-strain curve which
employs averaged-strain along the width at a specific distance from WCL and "isostress".
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The iso-stress assumption in DIC analyses means that the stress, which is used
to construct the local stress-strain curves, is uniform through the specimen and is
calculated by dividing the global load to the original cross-section of the specimen.
Similar to that assumption, the stress averaged across the width at 24.5mm away
from the WCL was considered as the "iso-stress" in the FE analyses.

At 24.5mm

away from the WCL and further away towards the end of the specimen the axial
stress is uniform across the width and there is very small deformation in the
transverse direction during the simulation.
From Figure 6.15, it can be seen that at a distance of 12.75mm from the WCL
the middle of the specimen starts to yield at lower stress (see curve (1) and curve (2)).
However, soon after yielding, for the same strain levels, stress at the mid-width is
always higher than the stress averaged across the width. Note that both of these
curves are below the input stress-strain curve (dotted black line).
The use of iso-stress instead of "averaged-width stress" does not influence the
stress-strain behaviour until 0.004 true strain (see curve (2) and curve (4)). On the
other hand, the use of iso-stress instead of "stress

@

mid-width"

considerably

modifies the stress-strain behaviour (see curve (1) and curve (3)). On curve (3), the
most significant modification is the "reduced-strain" trend, i.e., the change in the
slope of elastic region after 350MPa. This "reduced-strain" trend on curve (3) was
observed in the experimental local stress-strain curves at 10mm (in the HAZ) from
the WCL for specimens CIOand C20 (Figure 6.10). Note that curve (3) employs "strain
@

mid-width" whereas the experimental local stress-strain curves employ averaged-

width strain. This will be discussed in detail in section 6.5.2, but it is worth
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mentioning here that this conflict briefly happens because of the definition of the
working space which was selected as described in section 6.2.3.
For a better understanding of the stress-strain behaviour in the unaffected base
metal, the HAZ and the weld pool, true stresses in the loading and transverse
directions are mapped in Figure 6.16(a) and Figure 6.16(b) respectively. Before the
plastic deformation starts in the softest region, Le. in the weld pool, the cryy
distribution is almost uniform through the specimen. Once the weld yields and the
size of the deformation zone starts growing progressively in the HAZ, stress is
redistributed between the deformed zone and non-deformed zone. On the interface
between the deformed and non-deformed zone, cryy gets larger near the edges of the
specimen. The stress (cryy) concentration near the edges at different global stress
levels is clearly seen in Figure 6.16(a). The onset of yielding in the weld disturbs the
stress state in the transverse direction as well as the stress state in the loading
direction. Just after the weld yields, the crxx distribution near the weld/HAZ interface
for the multi-material model is very similar to the crxx distribution near the
weld/unaffected base metal interface for the bi-material model (see Figure 6.14(b)).
However, these stresses are lower in the multi-material model compared to those in
the bi-material model since the strength gradient on weld/HAZ interface is less. It
can be seen in Figure 6.16(b) that as the deformation zone proceeds in the HAZ, the
non-deformed zone is in compression whereas the adjacent deformed zone is in
tension. The compression-tension zone in Figure 6.16(b)disappears after the strongest
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section of the HAZ deforms

and

compressive

stresses

remain

around

the

HAZ/unaffected base metal interface.
The total predicted strain (Eyy) distribution is also given in Figure 6.16(c). It is
seen that in the sections where there is small deformation «0.022), Eyy is not uniform
across the width and is concentrated near the edges of the specimen. For the regions
where larger deformation (>0.022) takes place, Eyy is almost uniform across the width.
In brief, Figure 6.16 clearly shows that the distribution of local stress and local
strain is not uniform in the HAZ and near the interfaces (weld/HAZ

and HAZ/

unaffected base metal) during the deformation. It also shows that bi-axial stresses
develop especially in the HAZ as a result of the strength gradient.
It was shown in Figure 6.15 that "iso-stress assumption" and "strain-averaging

across the width"

of the specimen

influence

the local stress-strain

curves.

Experimentally, local stress-strain curves which were constructed with the iso-stress
assumption and strain averaging across the width were used to predict the 0.2%
offset proof stress along the half length of the cross-weld specimens (see Figure 6.12).
In order to check the reliability of the experimental prediction of 0.2% offset proof
stress distribution, numerical local stress-strain curves which are constructed with FE
results by using the same experimental assumptions were employed to predict 0.2%
proof stress. In Figure 6.17, 0.2% proof stress determined from the input stress-strain
curves is compared with the 0.2% proof stress distributions predicted from two types
of local stress-strain curves; curve (3) which is "iso-stress" vs. "strain
and curve (4) which is "iso-stress" vs. "averaged-width

@

mid-width"

strain". It can be seen that
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although the DIe experimental procedure modifies the local stress-strain curves, the
effect of the use of these local stress-strain curves on 0.2% proof stress distribution is
almost negligible. Particularly in the HAZ, compared to the input proof stress, curve
(3) gives slightly higher proof stress (-10MPa more), whereas curve (4) gives lower
proof stress (-4MPa less).

6.5 Discussion
6.5.1 Strain measurement
Three different strain measurement techniques were used in the tension tests
and it was observed that DIe is in good agreement with extensometer and strain
gauges (SGs). The stress-strain curves of remote-end specimens (Figure 6.6), which
were constructed with the strain data measured by DIe and extensometer, are very
similar even though the extensometer measures strain on one edge of the specimen
whereas the DIe measures averaged surface strain on the front surface. The local
stress-strain curves which were constructed with the local strain measurements by
DIe and SGs at symmetrically same position (Figure 6.7) on the cross-weld specimens
are also in reasonable agreement (Figure 6.8, Figure 6.9 and Figure 6.11). Some
discrepancies between the stress-strain curves constructed with SG and DIe strain
data can be attributed to (1) gluing and alignment of the strain gauges (2) the strain
measurement positions for DIe and SG (3) DIe data sampling corresponding to the
gauge length of SGs. Bonding SG to the specimen is very critical. If the bonding is not
strong enough, the SG will peel off during the test (see Cio SG curves in Figure 6.9
and Figure 6.11). Misalignment of the strain gauge can also cause improper strain
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measurements. The SGs were glued to the bottom half of the back surface whereas
DIC was performed on the top half of the front surface (Figure 6.7), i.e., SG and DIC
measurement positions are symmetrical with respect to the centre of the specimen. It
is likely that the material properties through the thickness of the specimen may vary
slightly. For example the material properties of the weld centre on the front and back
surfaces are possibly different since the back surface represents the root pass whereas
the front surface represents the cap pass (Figure 6.8).

6.5.2 Local stress-strain curves
Local strains were measured with DIC and SGs during the tension tests of
cross-weld specimens. However, it is not possible to measure local stresses in a
composite specimen during the tension test. Therefore, for the construction of local
stress-strain curves, the global stress (i.e. the applied load divided by the initial crosssectional area of the gauge section) was used instead of local stress (iso-stress
assumption). Additionally, strain was smoothed by (1) using a user-defined gauge
length and (2) taking the average across the width (Figure 6.2). Subsequently, local
stress-strain

curves were constructed

with smoothed

strain

under

iso-stress

assumption. In general, these curves are very similar to ordinary stress-strain curves
obtained from a homogenous tensile specimen. However, it was observed that there
are some anomalies at around 340 MPa on some of the experimental curves obtained
from CI0 and C20specimens (Figure 6.9, Figure 6.10 and Figure 6.11). FE analyses of
bi-material and multi-material

models were useful to understand

why these

anomalies exist on some curves, which are discussed below.
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6.5.2.1 Constraint effect due to strength mismatch
The 2D bi-material model is an extreme case of strength mismatch on the
weld/ unaffected base metal interface. According to the input stress-strain curves the
weld starts to deform at 300 MPa and base metal starts to deform at 500 MPa (Figure

6.3). In a tension test of a homogenous specimen the stress is purely axial and no
stress develops in the transverse or through thickness direction in the gauge length
until necking. Similarly, in the tension test of a bi-material cross-weld specimen it is
expected that the soft region, i.e. the weld, yields at 300MPa and the base metal is
elastically loaded until the stress reaches SOOMPa.However, the local stress-strain
curves in the deformed base metal in Figure 6.13 indicate that the base metal near the
interface yields below SOOMPawhereas the base metal far away from the interface is
still elastically loaded. Unlike a typical trend in a stress-strain curve of a homogenous
tensile specimen, these curves near the interface seem to follow an unusual path.
On the other hand, the local stress-strain curves near the interface in the weld

material suggest that after the weld material yields at 300MPa, a higher stress is
required compared to the input curve to maintain plastic deformation in the weld
material near the interface (Figure 6.13). The reason for weaker base metal and
stronger weld metal near the interface is the development of stresses in the transverse
direction near the interface due to strength mismatch. Unlike the pure axial stress
developing in a homogenous specimen during plastic deformation under tension, the
stress near the interface in a cross-weld specimen is not pure axial, but it is bi-axial. It
was observed in the model that in the transverse direction near the interface
compressive and tensile stresses developed in the base metal and weld metal,
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respectively (Figure 6.14(b)). Kim et al [10] explain that for under-matched

strength

mismatch conditions the strong base metal constrains the Poisson strains in the weld
metal near the interface and this constraint
interface.

Rodrigues

et al [37] suggest

creates tri-axial stresses around

that these tri-axial stresses

the

increase the

material's axial strength in the soft metal and decrease the axial strength of the strong
metal. This phenomenon

can be explained with the equivalent

stress concept.

Equivalent stress is a scalar stress value that can be computed from the stress tensor
and when it reaches a critical value known as the yield strength, the material starts to
yield. The equivalent

(von Mises,

0' v)

stress for a 3D stress tensor is given by the

equations:

where

O'xx,O'yy,O'zzarenormal stresses in the x, y and z-directions,

y-direction
specimen

corresponds
under

to the loading direction.

tension,

the equivalent

respectively.

In the case of a homogenous

stress is equal to o I. Therefore,

once

cri reaches the level of O'yield'the material starts to yield. For a 2D stress tensor, Eq.
(6.1) and (6.2) become:
o,

1 ~(O'xx= J2

2
2
2
O'yy)2 + O'yy
+ O'xx
+ O'xy

(6.3)

(6.4)
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The 2D bi-material simulation in this study showed that shear stress develops
near the interface at the edges, but there is no shear stress in the middle. Therefore,
normal stresses are equal to the principal stresses in the middle of the specimen.
Principal stresses will be used instead of normal stresses in the further explanation of
the constraint effect of strength mismatch in the middle of the specimen.
Due to the constraint effect by strength mismatch, o 2 starts to develop around
the interface after the yielding in the weld. Using Eq. (6.4) it can be estimated that
compressive o 2 stress (- o I < o 2 < 0) near the interface in the base metal increases the
equivalent stress and the base metal starts to deform at lower rr 2 • Conversely, tensile
o 2 stress (0 < o 2 < o I) near the interface in the weld delays the deformation of the

weld material. Note that this estimation is valid in the middle of the specimen. One
should use Eq. (6.3) to estimate the equivalent stress in other regions where shear
stress exists.
In the multi-material model, it was seen that bi-axial stresses also develop in
the HAZ between the deformed soft region and the adjacent strong region in addition
to the bi-axial stresses near the weld/HAZ interface (Figure 6.16(b). In the HAZ the
middle of the specimen yields at lower stress compared to the averaged-width;
however, the stress required to continue the plastic deformation in the middle of the
specimen is higher than the average-width (see curve (1) and curve (2) in Figure 6.15).
This happens due to the continuous redistribution of the stresses between the
deformed and non-deformed region (Figure 6.16(a & b)). The compressive stresses in
the transverse direction decrease the strength in the middle of the specimen and it
yields at a lower stress compared to the averaged-width. However, once the middle
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of the specimen has already deformed, the adjacent deforming region in the middle
of the specimen will introduce tensile stresses in the transverse direction in the
deformed region and higher stress is required to continue plastic deformation
compared to the averaged-width.

6.5.2.2 The effect of DIe experimental procedure
The experimental local stress-strain curves obtained from specimens CI0 and
C20 with DIC at 10mm and 20mm away from the WCL show some anomalies (Figure
6.9, Figure 6.10 and Figure 6.11). It was observed that these anomalies occur when the
weld metal is strain-hardening

after it yielded. Two of these anomalies will be

discussed in this section;
Anomaly (1): The DIC derived local stress-strain curve obtained at 6.5mm away from
WCL for specimen C20(Figure 6.9)
Anomaly (2): The DIC derived local stress-strain curve obtained at 10mm away from
the WCL for specimens CI0and C20(Figure 6.10)
Anomaly (1)
In Figure 6.9, as mentioned in section 6.4.1.2, it was observed that the DIC
derived local stress-strain curve for specimen C20 at 6.5mm away from the WCL
follows an unusual path whereas SG derived local stress-strain curve is normal.
It was found that this anomaly arises due to the difference between these two

strain measurement techniques. The DIC experimental procedure to obtain the local
strains is given in Figure 6.2. It uses a user-defined parameter "k" (1,2,3,4) which
determines the gauge length to calculate the local strain for each subset from the local
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displacement data. In this study, "k" was selected as 3, so the strain was calculated
for each subset in a 7-subset-Iong gauge length and the calculated strain is assigned to
the middle subset in the gauge length. Moreover, the local strains are averaged along
the width. On the other hand, SG, whose gauge length is less than 3-subset-Iong, was
attached in the middle of the specimen. The working principle of SG was explained in
Chapter 3. Simply, it measures the average strain in the area where it is attached by
calibrating the resistance change of the wires in the gauge length as the deformation
proceeds. Clearly when the data extracted from differing gauge lengths, the strain
values obtained by SG and DIC do not completely agree. Therefore, DIC analysis for
specimen C20was repeated to obtain the strain from the similar area where SG was
attached, therefore, the strain was calculated using k=1,2 and 3 (which means the
gauge length is 3-,5-,7-subset-Iong) and was not averaged along the width. After this
re-analysis, it was observed that higher k produces the anomaly on the DIC derived
local stress-strain curve. The stress-strain curves constructed using SG and DIC strain
data reanalysed with k=1 are in good agreement (Figure 6.18). However, it is seen
that "reduced-strain" trend which was seen on numerically produced curve (3) in
Figure 6.15 appears on the DIC derived local stress-strain curve even after re-analysis
with k=1. The reason why SG did not show "reduced-strain" trend could not be
explained. It may be possible that the transverse sensitivity of SGs, when the
underlying deformation is not purely uniaxial, as explained in section 3.4.2, could
lead to measurement errors.
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Anomaly (2)
The experimental local stress-strain curves, which were obtained at 10mm (in
the HAZ) from the WCL for specimens
anomalies (Le. "reduced-strain"

C1D

and

C2D

(Figure 6.10), have shown some

trend when yielding). These experimental curves

employ the "average-width strain" which means that the strain at 10mm from the
WCL was averaged across the width. Note that the strain was averaged along a
partial width which was included in the working space. Although these experimental
curves employ" average-width strain", they resemble the numerically obtained curve
(3) (in Figure 6.15) which employs "strain
the selection of the working

@

mid-width". This conflict arises due to

space before starting

the computation

of the

displacement vectors. The working space where the displacement vectors were
calculated was defined as a rectangle which does not include the full width of the
specimen but some part of the width as explained in section 6.2.3. Therefore, the axial
strain distribution

along the width becomes important. The axial strain (Eyy)

distribution along the width at a distance of 12.75mm from WCL was obtained from
the multi-material model and presented in Figure 6.19. It is seen that at the global
stress at which the" reduced-strain" trend was observed the strain significantly varies
along the width. Therefore, it is likely to see this trend on the local stress-strain curve
unless the working space includes the full width. To summarize, this "reducedstrain" trend occurred primarily because of (1) the use of global stress and (2)
averaging of the strain along a partial width which was included in the working
space.
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The sharpness of the "reduced-strain" trend on curve (3) presented in Figure
6.15, is less pronounced compared with the experimental curves (see local stressstrain curves for specimens CIO and C20 presented in Figure 6.10)). The strength
mismatch level between the weld metal and the unaffected base metal may have an
influence on the sharpness of the "reduced-strain" trend. The strength mismatch level
(M) can be described as the ratio of the yield strength of the weld to that of the base
(j

metal (M =

weld

(j~ase ).
y

The strength mismatch level of the multi-material FE model,

specimen CID and specimen C20 are 0.6,0.47 and 0.38,respectively.

6.5.2.3 Reliability of proof stress distribution
As discussed above, the experimental procedures in DIC and the constraint
due to the strength mismatch significantly modifies the local stress-strain curves
which are used to predict the proof stress for example at 0.2% offset (see the stressstrain curves of specimens CIO and C20 in Figure 6.10 and Figure 6.11, note that DIC
averaged-strain and iso-stress were used). The numerical results showed that
although the local stress-strain curves are altered by some means, the distribution of
proof stress predicted from these curves is very similar to the distribution of input
proof stress along the half length of the specimen (Figure 6.17).For the cross-weld
specimens in which the material properties are similar to the properties in multimaterial model, i.e. material properties do not change abruptly between the weld, the
HAZ and the unaffected base metal, it is likely to have a reliable proof stress
distribution. However, in a case similar to the bi-material model in which the material
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properties abruptly change on the weld/base

metal interface, the proof stress may

not be very reliable near the interface since the tri-axial stresses may significantly
decrease or increase the strength of the material in the loading direction. As a result,
in order to check the reliability of the proof stress distribution
understand

the tri-axial stresses developing

it is better to

due to the constraint of strength

mismatch.
The multi-material model can represent the specimen Cio because for both the
unaffected base metal undergoes plastic deformation under tension. However, it can
not represent specimen e20 very well because the base metal beyond -10mm from the
weL in specimen e20 did not deform when the specimen was ruptured from the
weld as was mentioned in section 6.4.1.2. For that reason, the local stress-strain curves
beyond 6.5mm from weL were not included for the prediction of the 0.2% proof
stress in specimen e20.

6.5.3 Effects of manufacturing steps on tensile properties
The global and local tensile properties of the remote-end specimens and crossweld specimens were obtained through tension tests using three strain measurement
techniques (DIe, SG and extensometer). The local stress-strain curves at different
positions from the weL (at the weld centre, 6.5mm, 10mm and 20mm away from the
WeL) are presented in Figures 6.9-6.12 for all cross-weld specimens. The 0.2% proof
strength distribution on the cross-weld specimens are also presented in Figure 6.12.
In addition, the global tensile properties of the remote-end and cross-weld specimens
are given in Table 6.1. The variation of the tensile properties after each manufacturing
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step (pre-straining, welding and heat treatment) will be discussed in this section
using relevant microstructures and hardness measurements from Chapter 5.

6.5.3.1 Pre-straining
Pre-straining has a remarkable effect on the strength and ductility of the parent
material and cross-weld specimens. The 0.2% proof strength of the parent specimens
Bo, BI0 and B20are 295MPa, 557MPa and 689MPa, respectively (Table 6.1). The
increase in the strength is due to the accumulation of plastic strain in the material
after pre-straining [39]. The accumulated plastic strain after prestraining can be
qualitatively determined by a hardness measurement. The hardness values of the
non-strained, 10% pre-strained and 20% prestrained parent material are 154, 218 and
251 Hv, respectively (Figure 5.13). On the other hand, the ductility of the parent
specimen decreases with pre-straining. The engineering strain at failure of specimens
Bo,BI0and B20is 62%, 39% and 25%, respectively (Table 6.1). The corresponding true
strain values at failure, calculated using the relation

E

= In(1 + e),

are 48%, 32% and

22%, respectively. It can be seen that the true strain at failure drops proportionally to
the increase in pre-straining. Note that 316H austenitic stainless steel still has some
ductility after 20% prestraining.
Pre-straining has an influence on the fracture behaviour. of the cross-weld
specimens. The failure behavior of specimens Co,CI0and C20will be explained using
the overall extension recorded

from the cross-head

displacement,

since an

extensometer was not used in the tests of these specimens. The tensile test limits for
specimens Co, CI0 and C20 were set to 15mm overall extension. Co did not fail,
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whereas CID and

C2D

ruptured

in the weld metal correspondingly

at 9.2mm and

7.3mm extension (Table 6.1). From the tension tests, the global ultimate tensile stress
(UTS) for specimens CIDand

C2D

was found to be 598MPa and 580MPa, respectively

(Table 6.1). In both specimens, yielding started in the weaker weld metal. When
specimen CIDreached its global UTS (598MPa), the base material of specimen CIDhad
already yielded at -560MPa. However, when specimen
(580MPa), the base material of specimen
proof stress of

B2D

C2D

C2D

reached its global UTS

had not yielded because the 0.2% offset

suggests that it yields at -589MPa. Therefore, as expected, the

ductility of the cross-weld specimen was found to decrease as the strength of the
parent material (Le. the amount of pre-straining) increases.

6.5.3.2 Welding
As mentioned

in Chapter 4, the tubes

welding two corresponding
pre-strained

AD,

AID and

A2D

were produced

halves of the plain tube, 10% pre-strained

tube, respectively.

As-welded

hardness

by

tube and 20%

profiles across the weld are

shown in Figure 5.13. The effect of welding on 0.2% proof stress variation along the
half length of the cross-weld specimens Co, CIDand
tubes

AD,

AIDand

A2D,

C2D

which were extracted from the

is also shown in Figure 6.12.

AISI 316L was used as a weld filler material and the welding parameters were
kept the same when the tubes

AD,

AIDand A20 were welded. It was found that the

0.2% proof stress in the weld is between 260-280MPa and is similar for specimens Co,
ClOand

C2D.

It was also observed that the hardness of the weld in all three tubes is the

same (150 Hv).
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The slight increase in proof stress (Figure 6.12) and hardness (Figure 5.13) of
specimen Co, in the base metal between 5 and 25mm from the WCL is associated with
hardening during the welding process. The hardening in the base metal near the
fusion boundary was reported in the thermo-mechanical welding simulations of the
stainless steels [40, 41]. The hardening response of this stainless steel tube during a
welding thermo-mechanical cycle is very complicated because of the wide range of
imposed temperature, strain rate and strain range and because of the potential
recovery, recrystallization, creep and visco-plastic effects at high temperatures [40].
Smith et al [40] have developed a numerical model for the accurate prediction of the
weld residual stresses in 3-pass groove welds of a 316L stainless steel plate. In their
simulation, the material model was based on a thermo-mechanical hardening
behaviour which considers the cyclic strain hardening and annealing phenomena.
They observed that plastic strain accumulation occurs in the base metal adjacent to
the weld bead after each weld thermo-mechanical cycle. Their observation was
confirmed by spatially resolved proof stress data on cross-weld samples cut from
each weld pass using ESPI (electron speckle pattern interferometry) integrated
tension tests [5]. They measured 4-6.5% plastic strain in the heat-affected zones of
different cross-weld samples. Similarly, Shan et al [41] has developed a 3D thermomechanical model of a single-bead-on-plate weld (316L stainless steel) and reported
accumulation of 4-8% plastic strain near the weld bead in the base metal

due to

welding.
The effect of welding onto plastically strained materials in terms of hardness
and 0.2% proof stress can be seen in Figure 5.13 and Figure 6.12 in this chapter,
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respectively. There is a marked drop in hardness and proof stress for the pre-strained
and welded samples approaching the weld from about 16mm away from the WCL.
This is caused by the welding process. Base metal near the weld was heated to
temperatures where dislocation annealing mechanisms are known to take place. The
temperature profiles recorded during the welding of plain tube is given in Figure 4.2.
The peak temperatures reached 800°C, 550°C and 400°C at 9, 14 and 19mm away
from the WCL, respectively. It is known that the annealing temperature of a metal
can be lowered by increasing the amount of cold work [42]. It was observed that the
grain size increases from 25f..Lm
to 45f..Lm
in a 1mm long zone near the fusion boundary
(Figure 5.8). The LAB boundaries which were presented in Figure 5.9 also show that
the dislocation structures disappear in a region +LSmm from the WCL. These
findings suggest that the pre-strained base metal adjacent to weld (1-1.5mm from the
fusion boundary) was annealed due to the heat produced by welding. The gradual
decrease in proof stress towards the fusion boundary may be explained with partial
softening (recovery) Le. the gradual decrease in the existing dislocation density with
the effect of the heat during welding. Figure 7.11(d) and Figure 7.18 confirm that
dislocation density gradually decreases from 16mm towards the fusion boundary.

6.5.3.3 Heat treatment
Heat treatment at 1050°C with a soaking time of 15mins has a significant
influence on the mechanical properties of the parent and cross-weld specimens. The
0.2% proof strength of the remote-end specimens dramatically decreases after heat
treatment. The 0.2% proof stress of specimens Bo-HT,
BtO-HT
and B2o-HT
are 249, 218 and
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225MPa, respectively (Table 6.1). The ultimate tensile strength (UTS) of specimen
BD-HT

slightly increases whereas the UTS of the pre-strained and heat treated

specimens (BlO-HT and B2o-HT) decrease as the amount of pre-straining increases (Table
6.1). Surprisingly, the stress-strain curves of the specimens BID-HT and B20-HT are below
the stress-strain curve of specimen Ho-HT.

This is due to the Hall-Petch grain size

effect [43,44]. Prior to the heat treatment, the grain size of both non-strained and prestrained material is -30Jlm

in the straining direction. However, after the heat

treatment the grain size of the plain material is 27.BJlm, whereas the grain size of the
pre-strained materials was almost doubled (>50 microns) (Table 5.1). Therefore, a
coarser grain size resulted in a lower strength. Mahalingam et al [45]have observed a
similar effect of heat treatment on grain size.

They studied the effect of heat

treatment at 1150°C for 0.5 hour on the grain size of plain and prestrained 316H
material with 112 microns initial grain size and observed that the grain size of 316H
plain material is smaller than the grain sizes of heat treated 10-20% prestrained
material after the heat treatment. On the other hand, ductility is not affected after the
heat treatment if the material is not pre-strained. However, the pre-strained material
recovers its loss in ductility due to pre-straining (Table 6.1).
Heat treatment also alters the mechanical properties of cross-weld specimens.
The proof stress of the weld metal drops by 60MPa after heat treatment. Austenitic
stainless steel welds contain unstable delta ferrite which prevents hot-cracking during
solidification. Similarly, AISI 316L contains a small amount of delta-ferrite (-5%)
(Figure 5.4 and Figure 5.5). However, since delta-ferrite is an unstable phase, it
partially transforms to austenite at 1050°C as explained in Chapter 5. Decreasing
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ferrite content is generally known to result

ill

a decrease in room-temperature

strength [31].
The decrease in 0.2% proof stress of the base metal in specimens
and
HT

C20-HT

and

CO-HT, CI0-HT

is similar to the decrease in the proof stress of parent specimens

B20-HT.

BO-HT, BI0-

The hardness profiles on heat-treated cross-weld samples confirm the

proof stress distribution on cross-welds

CO-HT, CI0-HT

and

C20-HT.

The global ultimate

tensile strength of the cross-weld specimens is also lowered after the heat treatment
(Table 6.1). Additionally, the tensile extension of the specimens
HT

CO-HT, CI0-HT

and

C20-

is given in Table 6.1. It was observed that heat-treated cross-weld specimens are

more ductile than the cross-weld specimens without heat treatment.
It can be concluded

that the effect of pre-straining

on the mechanical

properties has been eradicated by the heat treatment process.

6.6 Conclusion
- Tension tests of remote-end specimens and cross-weld specimens were
successfully performed with a proper alignment of the test specimen in the grips.
- The strain measurement during the tension tests of the non-heat treated and
heat treated remote-end specimens was done with extensometer and DIe. Although
these two techniques measure the strain at different places, a good agreement was
found between them.
- The tension tests of the remote-end specimens (Bn) showed that prior to the
heat treatment 0.2% proof strength and the UTS of the plain tube material increases
with the prestraining, but the ductility decreases. After the heat treatment the loss in
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ductility is recovered and the proof strength and UTS decrease. It was found that
after the heat treatment the proof strength and UTS of tube material which had been
prestrained dropped below that of the plain material, and this was related to the HallPetch relation.
- The strain measurement during the tension tests of the non-heat treated and
heat treated cross-weld specimens was done with SG and DIe.

Overall a good

agreement was found between these two techniques although the position of the
measurements is different.
- The local and global mechanical properties of the non-heat treated and heat
treated cross-weld specimens were obtained through the DIC integrated tension tests.
- The local stress-strain curves were constructed using the DIC local strain data
and the global stress. Anomalies were observed at around 340MPa on the local stressstrain curves of cross-weld specimens (CIO and C20) with prestrained base metal
whereas the local stress-strain curves obtained from remaining cross-weld specimens
(Co, CO-HT, CIO-HT, C20-HT) are normal. To understand whether these anomalies are a
real material effect or produced due to the DIC experimental procedure, the tension
test of a cross-weld specimen was simulated using a bi-material and a multi-material
model.
- The bi-material model showed that bi-axial stresses develop around the
interface between the soft weld metal and strong base metal. It was observed that the
base metal near the interface yields at an axial stress lower than the yield stress
although the base metal away from the interface does not yield at the same stress
level. The distribution of stress in the transverse direction showed that compressive
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and tensile stresses develop in the base and weld metal near the interface,
respectively.
- A multi-material model with continuous material properties in the HAZ was
a more realistic approach compared with the bi-material model. The local yield
strength along the HAZ linearly decreases from 500MPa (the yield strength of the
base metal) to 300MPa (the yield strength of the weld metal). It was observed that biaxial stresses also develop progressively in the HAZ between the already deformed
and adjacent deforming region. The bi-axial stresses in the multi-material model are
less than those in the bi-material model, but they influence the local stress-strain
curves, which were constructed using the local axial strain and global axial stress, in
the HAZ. It was found that the use of global axial stress to construct the local stressstrain curve in the HAZ where the bi-axial stresses progressively develop produces a
"reduced-strain" anomaly.
- Another anomaly can arise due to the selection of the user defined gauge
length (k=l, 2, 3, 4) for the computation of local strain from the DIe calculated local
displacement. The user defined gauge length was initially selected as "k=3" for the
strain computation. However, it was seen that this selection influenced the local
stress-strain curve at 6.5mm from the

weL

on the cross-weld specimen

e20. For this

specimen the strain was recomputed using "k=l". It was found that the anomaly
disappears and the DIe and SG derived stress-strain curves are in good agreement.
- It can be concluded that the anomalies on the local stress-strain curves are

combination of real material effect and the experimental procedure. The strength
variation along the specimen causes localization of stress and strain during
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deformation, and the DIe derived local stress-strain curves are highly sensitive to
localized deformation. The selection of the user-defined gauge length and the strain
averaging can severely affect the local stress-strain curves depending on the axial
strain distribution in the material. The use of global stress is another experimental
factor contributing to the anomalies in the case of using it with strain in the middle or
strain averaged in partial width.
- The 0.2% proof strength variation across the weld was determined on nonheat treated and heat treated cross-weld specimens using the DIe derived local
stress-strain curves. For the non-heat treated specimens, it was found that welding
had a marked effect on the 0.2% proof strength of the base metal within the 25mm of
the WeL.

Evidence of strain

hardening

due

to the constraint

and

weld

thermomechanical cycles was observed in the plain tube, and evidence of softening
was seen in the 10% and 20% pre-strained tubes. On the other hand, it was observed
that the effect of prestraining was removed and the proof strength along the specimen
was almost homogenized after the heat treatment at 10500e for 15min.
- The determination of the 0.2% proof strength on the cross-welds with a
prestrained base metal was verified using the multi-material FE model. Numerical
results showed that the anomalies appearing due to the strength mismatch level of 0.6
and the experimental procedure produce 4-10MPa difference between the input proof
strength and predicted proof strength.
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6.8 Tables & Figures
Specimen
BD
BlO
B20
BD-HT
BID-HT
B20-HT
Co
CID
C20
CO-HT
CID-HT
C20-HT

0.2% Proof
Stress
(MPa)

UTS(MPa)

295
557
689
249
218
225
265
265
265
240
211
215

635
681
738
655
615
565
> 598
598
580
550
525
521

Failure
strain (%)

Extension
(mm)

62
39
25
63
65
61

33.2
20.7
14
37
38.9
36.7
> 15
9.2
7.3
22.3
25.5
23.2

-

36
40
38

Table 6.1 0.2% offset proof stress, ultimate tensile stress (UTS), failure strain and
extension for parent and cross-weld specimens. Note that failure strain which was
obtained from extensometer is the strain when the specimen ruptured and
extension is the cross-head displacement. For cross-weld specimens, proof stress
and UTS are the global values. (All values of stress and strain are engineering
stress and strain)

Figure 6.1 Reference image and the subsets used for the calculations (left) and the
displacement vectors on the image of the deformed surface (right).
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Chapter 7
Determination of Plastic Deformation
7.1 Introduction
In power generation plants, energy is transferred to the power generator
turbines via heat exchanger units which are exposed to high temperatures and
pressures. Many metres of austenitic stainless steel tubes are bent, swaged and
welded to produce these heat exchanger units. During tube-shaping and welding
operations plastic deformation takes place when the critical load is exceeded. This
influences in-service performance of the material unless the effect of plastic
deformation is fully annealed out. The ASME Boiler and Pressure Vessel Design code
[1] specifies that the limit of forming strain for 316H material which is going to
operate between 580°C and 675°C is 20% and if it exceeds that threshold, the material
should be annealed at min. 1040°C to restore its mechanical properties, tensile
strength, creep strength and creep ductility to the start of life values. Furthermore,
current construction practices in the UK for 316H tubes forbid welding onto material
that has experienced more than 15% plastic strain, without first resolution heat
treating the material [2]. Although the standard codes and construction practices put
some limitations, it is sometimes not possible to follow these rules strictly especially
when the whole boiler was constructed as a single unit which was then too large and
too complex and contained different tubing materials [3]. Therefore, the tubing
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material in-service is likely to have some degree of prior plastic deformation arising
after tube-shaping and welding operations.
Plastic deformation is considered as one of the major factors in stress corrosion
cracking [4-9] of austenitic stainless steels. Prior plastic deformation or pre-strain has
also a significant impact on creep failure of AISI 316 stainless steel [10-14]. Creep
resistance increases with plastic strain, whereas creep ductility drastically decreases
[10]. In both cases prior plastic deformation plays an important role in the failure
mechanisms. Therefore, prior to the installation of the unit the degree of plastic
deformation should be determined.
Various

techniques

have

been

used

for qualitative

and

quantitative

determination of the plastic deformation in metals. Hardness measurement and x-ray
diffraction peak broadening are used for the qualitative determination of the plastic
strain. However, there is no direct method to measure the degree of plastic
deformation

accurately. Recently, there have been promising

attempts

at the

development of experimental methods to measure plastic deformation, based on the
observation of crystallographic changes in materials after plastic deformation using
neutron diffraction [15, 16] and electron back-scattered diffraction (EBSD)[17].
When an elastically and plastically anisotropic polycrystal (e.g. austenitic
stainless steel) is loaded, certain crystallographic changes occur in the material (see
section 2.2.4 Anisotropy in Stainless Steel in Chapter 2 Literature Review for detailed
explanation). Elastic anisotropy means that the elastic stiffness of a crystal is
dependent on its orientation relative to the applied load. The yield stress may also
depend on the orientation of the crystal, which makes the material plastically
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anisotropic. Because of elastic and plastic anisotropy, the austenitic stainless steel has
a highly complex stress-strain response [18].
As the material elongates under uniaxial load, the slip direction will tend to
rotate towards the loading direction [19], which means that the grains are reoriented
with increasing plastic deformation.

When the load is released, residual strains

develop over a length scale of the grain size. Here, residual strain is the combination
of residual intergranular strains (Type II) and residual intra granular strains (Type III)
[20]. Intergranular strains self-equilibrate over a length scale of the grain size after
reorientation of grains. These elastic strains develop due to elastic anisotropy of the
grain and the constraint of neighbouring grains. Intragranular strains are generated
over a scale smaller than the grain size. Their origin is generally crystal defects such
as dislocations, solute atoms and vacancies. Hereafter, we assume that the residual
strains are mostly composed of intergranular strains and will use the term "residual
intergranular strains" as previously used in the literature by other researchers [18, 2126] .
Another crystallographic change with plastic deformation is the increase in
dislocation density and the formation of dislocation bands and arrays. Severe cold
working of an annealed metal will increase the dislocation density from around 107 to
1011dislocations/ cm- [27]. In a grain, as the deformation proceeds, dislocations
intersect each other and start to lose their mobility, Le. dislocations pile-up, which
explains the strain hardening process. With further plastic deformation they begin to
condense into bands and arrays. These structures can be considered as low angle
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boundaries (LAB)where the separation between two crystallographic orientations is
only a few degrees, not as big as in a high angle grain boundary (>15°) [27].
Diffraction techniques

enable the tracking of the changes in residual

intergranular strains and the dislocation density with increasing plastic deformation.
Among these techniques neutron diffraction is more attractive as it has a good
penetration in many metallic alloys (e.g. 50mm in steel) and is able to measure a
gauge volume in the bulk.

In a time-of-flight instrument as the incident beam is

composed of different wavelengths, it is possible to obtain diffraction peaks for a
series of crystallographic hkl planes. The peak position obtained for a hkl plane is
shifted depending on the accumulated strain on this plane. The accumulated strain
on each plane is different due to the differences in elastic stiffness. Therefore, the peak
shift changes for individual

planes. The calculation

of strain from a TOF

diffractogram is explained in Chapter 3. By using the peak shifts in a TOF
diffractogram, Pang et al have measured the residual intergranular strains developed
after unloading from 8 % uniaxial straining of a rolled 309H stainless steel in the
rolling direction [21]. They constructed residual strain pole figures for 111, 200, 331
and 224 planes and found that high tensile residual strains exist on 200 planes in the
direction of straining (/ / to rolling direction). Peng et al also measured residual
intergranular strains at different specimen orientations in AISI 304 stainless steel with
3 urn grain size after they were unloaded from 7.5,29.8 and 44.7% uniaxial straining
[22]. They observed almost a linear relationship between residual intergranular
strains on individual planes in the loading direction and the macroscopic plastic
deformation. The intergranular strain results obtained from the unloaded condition
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[21,22,24] and in-situ tensile testing [25,26] showed that intergranular strains which
arise due to plasticity can be used to provide a semi-quantitative trace of the
macroscopic plastic deformation. Daymond et al [15] have proposed an approach to
fit the differences in strains observed for the various diffraction peaks to a single
parameter

called "anisotropy

strain"

(see section 2.2.4). By comparing

with

calibration data, obtained for example from a uniaxial loading test, a correlation can
be drawn between the "anisotropy strain" and the macroscopic plastic strain. This
approach was used for fcc [15, 28] and bee [29] materials with some success. In this
study, the measurements of residual intergranular strain at different specimen
directions have provided useful information on the history of the plastic deformation
in the material after pre-straining and welding. Moreover, the anisotropy strain has
been used to quantify the plastic deformation in pre-strained and welded AISI 316H
austenitic stainless.
Peak width or broadening of individual diffraction peaks also contains
important information about the plastic deformation history of the material. There are
two origins of peak broadening: instrumental and intrinsic changes (grain size,
dislocation density and level of micro-strain in the grain). As long as the diffraction
experiment is done on the same instrument, i.e. the instrumental broadening is kept
the same, it is possible to observe the effect of plastic deformation on peak
broadening. Wang et al [30]and Huang et al [31] suggest that the main factor on peak
broadening is the intragranular strains resulting from the increased dislocation
density. Peak broadening was successfully used to determine the plastic deformation
in tension/compression of aluminium and steel specimens [16, 32], in a MIG (metal
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inert gas) welded aluminium alloy [16,32], around the crack tip of preloaded cracked
steel beams [32], near a fatigue crack in AISI 316LN steel [33], in ferritic steel compact
tension test specimens [29], during a tension test of IF (interstitial free) steels [26], in
an ex-service pearlitic steel railway rail [34], in a friction stir welded aluminium alloy
[35] and in nickel based alloy under monotonic-tension and low-cycle-fatigue loading
[31]. In the present work, the peak broadening has been used to quantify the plastic
deformation in pre-strained and welded AISI 316H austenitic stainless in different
specimen directions.
Electron back scattered diffraction (EBSD)enables the measurement of crystal
orientation on the specimen surface. Elastic scattering in accordance with Bragg's law
as the incident electron beam is focussed on the specimen surface produces unique
diffraction bands on the EBSD detector. The whole diffraction pattern which includes
the diffraction bands is called

1/

the Kikuchi diffraction pattern". Each band in the

Kikuchi pattern represents a specific hkl plane in the crystal. The band width
corresponds to the d-spacing of the plane and the angle between two bands is related
to the angle between corresponding hkl planes. The experimental diffraction patterns
are indexed by comparing them with known diffraction patterns stored in the
software

database

and

then the orientation

of the crystal

at that

indexed

measurement point is found. Many researchers have used the misorientation angle
(the orientation change between adjacent measurement points) distribution in the
sampling area to determine the degree of deformation; e.g. in cold worked AISI 304
stainless steel and nickel alloy (Alloy 600) [36], AISI 316 stainless steel subjected to
creep deformation [37], in HAZs from 304L, 304 and 316L welds using GTAW (gas
225

tungsten arc welding) [9] and in inertia welded nickel based superalloy [38]. Brewer
et al has used the distribution of low angle boundaries

(LABs) to visualize the

influence of plastic strain near the crack tip [39]. In this chapter, the fraction of the
LABs was related to plastic deformation by using plain, 10%, 15%, 20% and 25%
deformed AISI 316H stainless steel samples. A prestrained and welded specimen was
also investigated in the same manner.
In this study, the plastic strain in prestrained and welded tubes was also
predicted using the hardness measurements presented in Chapter 5 and local stressstrain curves presented in Chapter 6 in addition to the neutron diffraction and EBSD.
The effect of heat treatment will not be discussed in this chapter as the heat
treatment at a soaking temperature of 1050°C for 15 min. annealed out all the effects
of plastic deformation.

7.2 Experimental Procedure
7.2.1 Test specimens
A set of five plastically pre-strained and welded tubes were supplied by British
Energy, UK. The base metal was AISI Type 316H austenitic stainless steel with
composition 16.89 wt% Cr, 11.25 wt% Ni, 2.04 wt% Mo, 1.55 wt% Mn, 0.53 wt% Si,
0.089wt% Co, 0.05 wt% C, less than 0.05% of other elements and the balance being Fe.
The grain size of the plain material was about 30 11m.The 1% proof strength of the
non-strained material was 367 MPa and Young's modulus for this type of material is
about 195 GPa. The tubing (prior to plastic straining) was approximately 38 mm in
(outer) diameter and 4 mm in thickness.
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The test specimens were fabricated as follows; (1) four tubes were pulled
uniaxially in tension up to 10, 15, 20 and 25% total strain in order to simulate plastic
deformation associated with fabrication processes in a controlled way. (2) These four
strained tubes plus a non-strained tube were cut into two halves. (3) Matching halftubes were then welded together using a tungsten inert gas (TIG) welding process
with Type 316L filler metal. The tubes from which the samples were cut are listed in
Table 4.1.
The remote-end tensile test specimens Bo, BI0, BlS, B20,B25and cross-weld
tensile test specimens Co and C20, which were listed in Table 4.1, were used to
investigate the residual intergranular strains and peak width at Engin-X before used
for tensile tests. The cut position and the dimensions of the specimens are given in
Figure 4.4. Note that cutting the cross-weld strips will relax the type-I residual
stresses developed after welding.
For the crystallographic texture measurements at FRMII, 3x3x3 mm'' cubes
were cut from the remote-end of Ao,AI0,AlS,A20and A25tubes and labelled as shown
in Table 7.1.
Some metallography samples were also sectioned from the tubes to be used for
EBSD experiments. These samples are listed in Table 7.2.
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7.2.2 Neutron diffraction experiments
7.2.2.1 Residual intergranular strain and peak width measurements at
Engin-X
The lattice strain was measured parallel and perpendicular to the pre-straining
direction and at some angles between those directions as shown in Figure 7.1. The
data was collected from the two collimator banks at ENGIN-X which is able to
provide data for two orthogonal scattering vectors at the same time. ISIS provides a
white beam of neutrons to create time-of-flight diffraction patterns. At Engin-X the
range of the wavelengths in the beam is 0.5-6A,which means that the data is available
from a range of d-spacings. The first four peaks in the diffraction pattern were
selected for the analysis (Figure 7.2). To obtain the d-spacing and the peak widths of
individual peaks a single peak fitting routine implemented in OpenGenie [40] was
used. This routine uses a pseudo-Voigt function which fit very well the observed
peak profiles in neutron diffraction [41]. The measurements were performed in the
mid-length of the remote-end
intergranular

specimens (Bo, BI0, B15, B20, B25) to determine

strains and peak width for 0, 10, IS, 20 and 25% pre-straining

conditions (Figure 7.3(a». The cross-weld specimens Co and C20 were used to
determine the change in intergranular strains and peak width due to welding by
measuring at the weld centre, and 7, 9, 12, 16 and 29 mm away from weld centre line
(Figure 7.3(b». Since the thickness of the strips is small, two adjacent strips were
glued together at the outer surfaces with respect to the pipe geometry in order to
average as many grains as possible by using a 3 x 3 x 5 mm' gauge volume. 10
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minutes of counting time were used per measurement to ensure good peak width
signal. The measurements at specimen directions from 4S0(LD) to 90° were obtained
at the north bank and the ones from 90° and 135°(HD) were obtained at the south
bank. Measurements of d-spacing at different specimen directions at the mid-length
of specimen Bo were averaged and used as reference (do) for each specific hkl plane to
calculate the residual intergranular strains at the other measurement points on crossweld and remote-end specimens. The strain is calculated by using Eq. (7.1);
hkl
Slat

=

dhkl

-

dhld

0

(7.1)

dhkl
o

The peak widths were obtained as full-width at half maximum for each individual
peak.

7.2.2.2 Crystallographic texture measurement at Stress-Spec
Crystallographic texture of the deformed parent material was determined by
experiments at Stress-Spec, FRMII. A neutron wavelength

of A = 1.5480 A was

obtained from the (511) planes of a Ge monochromator. The cubic samples listed in
Table 7.1 were centred on an Eulerian cradle which has phi (<p) and chi (X) rotations
(Figure 7.4). The spherical coordinate system used to describe the angular orientation
of the sample is demonstrated in Figure 7.5. The detector was positioned at specific
(28) angles to obtain diffraction from the 111 and 200 planes. Pole figures for 111 and
200 were obtained by measuring the Bragg peak intensity on a 5°x5° grid. Each pole
figure was produced with step mode (discontinuously) by rotating chi (X) from 0° to
90° in 19 steps and phi (<p) from 0° to 360° in 72 steps. MTEX software [42] was used
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for the recalculation of 111, 100, 110 and 311 pole figures from experimental III and
200 pole figures.

7.2.3 Electron back-scattered diffraction (EBSD)
EBSD measurements
electron microscope

were performed by using a field-emission gun scanning

(Zeiss Supra 55VP FEG SEM) fitted with a Nordlys

EBSD

detector. EBSD data was obtained by automatically scanning the electron beam with
20kV accelerating voltage over the polished surface of the specimen which was tilted
at 70° from the horizontal. The working distance between the sample and phosphorus
screen in front of the EBSD detector was set to 15±0.lmm.

The acquisition and post-

processing of EBSD data was done with HKL ChannelS software. For EBSD analysis
the austenite (fcc) phase was selected from the HKL database for all samples because
no ferrite (bee) phase was expected
experimental

to exist in the base 316H material.

The

details for the samples which were labelled as in Table 7.2 are given

below.
Parent samples (Po, PlO,PIS, P20and P2S)were machined out using EDM from
the remote-end

of the tubes Ao, AIO, AIS, A20 and A2s, where the material is not

affected by the welding process. Samples were mounted in a thermosetting resin. The
sample preparation included sequential grinding with grades 220, 500, 800, 1200, 2500
and 4000 emery papers and polishing on soft cloths using suspensions containing 9, 6
and 1 urn diamond particles. A final polishing was done with
suspension

for 2 min to remove

the mechanically

op-s

deformed

colloidal silica

surface layer on

specimens. An area of 300x300pm in the middle of the polished surface was scanned
by an electron beam with a step size of 1 urn in order to investigate any change in the
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fraction of low angle boundaries (LAB)with increasing plastic deformation. Note that
observations were made on the longitudinal-radial

direction (LD-RD) plane. In

addition, the hoop-radial direction (HD-RD) plane was also studied for sample P25in
order to make a comparison with the LD-RD plane.
A cross-weld sample (W20)was cut from tube A20and its surface was prepared
as explained for the parent samples. Initial measurements were made on the LD-RD
plane with a step size of 3Jlm in an area of 1.8mmx9.6mm. Because this area is large
for single scanning, it was divided into four adjacent areas and the measurements
were stitched afterwards.

This sample was used to look into the change in the

fraction of low angle boundaries away from the WCL as well as the local variation of
pre-existing texture after welding. For that purpose, the specimen surface was
scanned again with Ium step size in a similar region.

7.3 Results
7.3.1 Residual intergranular strains
Residual strains were measured by using neutron diffraction on 111, 200, 220
and 311 planes for both remote (Bo, BlO, B1s, B20and B25) and cross-weld specimens (Co
and C20)at LD, HD directions and at several angles in between. Each measurement on
different hkl planes represents an average interplanar strain in the gauge volume
which contains over a million grains.
Parent specimen
The variation of residual strains as a function of sample direction from LD
(45°) to HD (135°) is plotted in Figure 7.6(a), (b), (c), (d) and (e). In the undeformed
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state of the material, there does not seem any significant residual strain in any
orientation. However, as can be seen in Figure 7.6(b) to (e), considerable residual
strains developed in the material in all orientations as a consequence of the plastic
deformation. Tensile strains accumulate on 200 and 311 planes from 45° (LD) to 100°;
tensile strains on (200) are somewhat higher than those in 311 plane. On the other
hand, 111 and 220 planes sustain compressive strains. Residual strains on 111
planevary significantly from 45° (LD) to 100° whereas those on 220 vary slightly.
With increasing plastic deformation residual strains on all planes between 45° (LD)
and 100° become greater. From 100° to 135° (HD) residual strains almost level off.
Note that at any level of plastic deformation the largest residual strains concentrated
on LD, i.e., in the pre-straining direction. Therefore, we can conclude that residual
intergranular strains are sensitive to the loading direction, i.e. they are directiondependent. Since the strongest residual strains build up in the direction of prestraining, it is better to look at the variation of strains in that direction with increasing
plastic deformation

(Figure 7.7 (a)). A similar relationship

between residual

intergranular strains and plastic deformation was observed by Peng et al [22] who
measured the residual intergranular strains in the loading direction after unloading
from 7.5%,29.8% and 44.7% plastic.
The anisotropy strain eA was calculated from the averaged residual strains on
200 and 111 planes over 45°(LD) -135°(HD) according to the equation 2.15 in Chapter
2 Literature Review. 111 and 200 planes were selected because these planes represent
the extremes of elastic stiffness in stainless steel. The variation of anisotropy strain
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with plastic deformation

is given in Figure 7.8. A linear fit was made for use in

predicting the plastic deformation in cross-weld specimens.
Cross-weld specimen
The variation of residual strains as a function of sample direction from LD
(45°) to HD (135°) is plotted for specimen Co at 7, 9, 12, 16 and 29mm away from the
weld centre in Figure 7.9(a), (b), (c), (d) and (e). It can be seen that residual strains
develop on all four planes after welding. The effect of welding on the residual strains
on hkl planes appears to be random. However, similar trends are observed for the
(220) plane from 45° (LD) to 75° at 9, 12 and 16mm away from WCL. Interestingly, at
these distances from the WCL the strain on (220) is tensile after welding although it is
compressive

after pre-straining.

In addition, 200 plane is the one least affected by

welding.
The variation of residual strains as a function of sample direction from LD
(45°) to HD (135°) is also plotted for specimen C20at 7, 9, 12, 16 and 29mm away from
the weld centre in Figure 7.10(a), (b), (c), (d) and (e). Note that specimen C20was cut
from the tube A20 (20% pre-strained

and welded tube). As expected, it can be seen

that the residual strains in specimen B20(Figure 7.6 (d)) are very similar to the strains
at 29mm in specimen C20(Figure 7.10(e)). The residual strains relax closer to the weld
(Figure 7.10(a), (b), (c) and (d)). It is interesting.that tensile strains accumulate on the
(220) plane at 7mm between 45° (LD) and 60°, becoming compressive

at further

points in the same range of specimen directions.
The variation of the residual strains in the prestraining

direction (LD) along

specimens Co and C20is given in Figure 7.11 (a)-(c), respectively. It can be seen that
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residual strains in the 220 plane in the prestraining direction is affected more than
those on the other planes.
The anisotropy strain

BA

at 7, 9, 12, 16 and 29mm away from the weld centre

for specimens Co and C20was calculated from the averaged residual strains on 200
and 111 planes over 45°(LD) - 135°(HD) according to the equation 2.15 in Chapter 2
Literature Review. The variation of anisotropy strain along specimens Co and C20is
given in Figure 7.12 and will be used to predict plastic deformation with the
calibration of the data in Figure 7.8.

7.3.2 Peak widths
The peak width at half maximum data in diffraction patterns can provide a
qualitative comparison of the dislocation densities i.e. plastic deformation [26]. The
peak width is a convolution of the initial peak width with changes in width caused by
microstructural effects that are introduced by deformation. The most reliable peak
width in Figure 7.6, Figure 7.7, Figure 7.9 and Figure 7.10 belongs to the 111 plane,
which is the strongest peak, with a scatter of 150-200x1Q-6.
Although the peak widths
obtained from the other planes are noisier, they were analysed as well.
Parent specimen
The peak widths obtained from specimens Bo,BI0,B15,B20and B25at sample
directions from LD (45°) to HD (135°) are presented in Figure 7.6(f-j),respectively. It
can be seen that the peak widths become larger for all hkl planes at all specimen
directions as the plastic deformation increases. The 111 peak width is virtually
constant from 45°(LD) to 135°(HD) whereas there is some variation for the other
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planes. This may suggest that the dislocation density is uniform in the specimen and
not direction-dependent.

If we assume that the peak width is not direction-dependent

for any planes and take an average over the range of specimen direction from 45°(LD)
to 135°(HD) and then plot the averaged peak width for hkl planes vs. plastic strain, a
linear trend was obtained as shown in Figure 7.7(b) for all hkl planes except the (220)
plane.
Cross-weld specimen
The 111 peak width results for specimen Co at 7,9,12,16

and 29mm away from

the WCL is plotted in Figure 7.9(f-j). The peak widths are essentially unchanged by
the welding process despite changes in peak profiles had been expected due to the
plastic strain induced by thermal expansions and contractions during welding.

The

reason for this could be due to the fact that the resolution of the peak width analysis
may not be sufficient to show changes for these small plastic strains. However, it is
seen that the peak widths are more scattered after welding compared to the variation
in peak widths with specimen direction for parent specimens.
The 111 peak width results obtained from specimen C20are also presented in
Figure 7.10(£), (g), (h), (i) and 0). It is clear that the welding reduces the peak width
near the weld; at 7mm from WCL 111 peak widths at different specimen directions
are similar in the specimens Co and C20 (Figure 7.9(£) and Figure 7.10(£)). At 9mm,
there are jumps at 45°(LD), 60° and 75°, which suggest that the effect of welding on
the peak width is multi-axial. At other measurement
increasing progressively

points the peak widths are

with distance from the WCL and at 29mm peak widths at

different specimen directions become similar to B20(see Figure 7.6(d)).
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The variation of the peak width averaged over the range of specimen direction
along specimens Co and C20is given in Figure 7.11 (b)-(d), respectively. This variation
was used to determine the plastic deformation in these specimens with the calibration
of the data in Figure 7.7 (b).

7.3.3 Crystallographic texture
Parent specimen
The 111, 100, 110 and 311 pole figures obtained by using neutron diffraction
for the cubes To, TI0, TIS,T20and T25are given in Figure 7.13. There is a small 111
texture in LD and small110 texture in RD before the deformation. This suggests that
the material was not totally annealed. 111 texture in LD increases with increasing
deformation and reaches 8 times random after 25% deformation but there is no
change in HD and RD (Figure 7.13(a)). Therefore, diffraction from the 111 plane in
LD is more intense compared to the other directions. There is also a texture
development for 100 plane in LD direction with increasing plastic deformation
although it is small (2x random), (Figure 7.13(b)).This type of texture is called duplex
<111> and <100> fibre texture.
For the 110 plane a small texture develops in RD and HD, meanwhile it is not
affected in LD where the reflection for this plane is poor compared to HD and RD
(Figure 7.13(c)). This explains the high error bar in residual intergranular strains
measured on the 220 plane near LD (see Figure 7.6(a-e) and Figure 7.7(a)). There is no
significant texture evolution for the 311 plane with increasing deformation apart from
a small change in LD after 10% deformation (Figure 7.13(d)).
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Cross-weld specimen
The sample W20shown in Figure 7.14(a) was used to observe the change in
local texture after welding onto 20% plastically strained material. Measuring the
texture in this sample will be helpful to understand the residual elastic strains and
peak width for specimen C20(see Figure 7.10). Texture was retrieved from EBSD data
for three different zones (4.6, 6.7 and 11.4mm) away from the WCL (Figure 7.14). The
pole figures in Figure 7.14(d) which were obtained from zone-3 (11.4mm from the
WCL) are similar to the ones in Figure 7.13 for the parent sample deformed at 20%.
This means that the pre-existing texture in zone-3 is not affected from the heat
dissipation during welding although hardness and proof stress distributions across
the weld suggest that the region between the fusion boundary and 16mm away from
WCL has been affected from welding. In zone-2 (6.7mm from the WCL) which is
closer to the weld, the texture intensity of 111 in LD slightly drops down (Figure
7.14(c)). However, the pre-existing texture disappeared entirely in zone-1 (4.6mm
from the WCL)) which is just near the fusion boundary (Figure 7.14(a)). There is no
concentration for any plane at any specific direction, in other words the grains are
randomly oriented in that zone. Since the temperature of the molten weld metal is
very high (-1400°C) the grains near the fusion boundary are likely to be subjected to
recovery and/ or recrystallization and hence have a random orientation.

7.3.4 Low angle boundaries
Parent specimen
The distribution of LAB for parent samples Po,PlO,PIS,P20,P25on LD-RD plane
is given in Figure 7.15. Boundaries are defined according to the misorientation angle
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between two adjacent points. For fcc metallic alloys, any misorientation angle greater
than 15° is considered as a high-angle grain boundary (HAGB) and a misorientation
angle between 2°-15° is taken as a low angle boundary (LAB) [38, 43]. In Figure 7.15,
it is clearly seen that the distribution of LABs increases as the plastic deformation
increases. The LABs are mostly concentrated

near grain boundaries

at small

deformation (Figure 7.15(a-d)); however, it is observed that at higher deformation
LABs also appear inside the grains due to the dislocation bands and arrays (Figure
7.15(e)). In a grain, as the deformation proceeds, dislocations intersect each other and
start to lose their mobility, Le. strain hardening

begins. With further plastic

deformation they begin to pile-up near grain boundaries and form bands and arrays
inside the grains [19]. The fraction of the frequency of LAB (2-15°) to the total of all
misorientation angles in the sampling areas were calculated and are presented in
Figure 7.16. It is seen that the fraction of LAB increases almost linearly with
increasing plastic deformation.
The LAB distribution on HD-RD and LD-RD planes was also compared for the
parent sample P25, as shown in Figure 7.17. A similar misorientation distribution was
found on both planes. The fraction of LAB on HD-RD and LD-RD are 0.226 and 0.221,
respectively, which means that the distribution of LAB is not direction-dependent.
Cross-weld specimen
The variation of LAB fraction as a function of distance away from the WCL on
the LD-RD surface of the specimen W20is given in Figure 7.18. It is seen that the LAB
fraction is decreasing approaching the weld fusion boundary. Each point represents
LAB fraction which was determined in an area of 300x900 J.1m2(height x width) in the
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mid-height of the surface. Figure 7.18 was used to predict the variation of plastic
deformation in specimen W20 with the calibration of the data in Figure 7.16.

7.4 Discussion
The development of residual strains with plastic deformation
In this study, the measurements of intergranular residual strains developed in
specimens Bo, BIO, B15, B20 and B25 have shown that tensile strains were accumulated
on the 200 and 311 planes and compressive strains exist on the 111 and 220 planes.
Similar results were reported in [22] for AISI 304 austenitic stainless steel which was
subjected to intermediate levels of plastic deformation up to 44.7% and in [25] for
AISI 316H austenitic stainless steel which was subjected to 3% plastic deformation.
Larsson et al [24] claimed that there are two origins of the residual intergranular
strains, which are elastic anisotropy and strain redistribution
preferred

systems.

They also stated

due to slip along

that it is difficult to distinguish

their

contributions from each of the aforementioned factors. The sign of the intergranular
strains can be explained with different elastic stiffness of the planes, i.e. elastic
anisotropy. Daymond et al [25] reported the elastic stiffness of 111, 220, 311 and 200
planes in the loading direction as 245, 210, 180 and 150 GPa, respectively. The 111
plane is the stiffest whereas 200 plane is the least stiff. This indicates that when the
specimen is unloaded, due to the elastic equilibrium among the grains, the less stiff
planes i.e. 200 and 311 planes carry the tensile strain whereas stiffer planes, i.e. 111
and 220 planes, sustain the compressive strains.
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Deformation mechanisms have also an influence on the residual strains. Slip
along

preferred

crystallographic

directions

and

planes

may

cause

strain

redistribution among the grains. Feaugas et al [44] explains how the stress/ strain is
redistributed between the grains and inside the grain during the deformation of 316L
stainless steel. For austenitic stainless steel, due to low stacking fault energy, planar
slip is observed and cross-slip is prevented. The grain boundaries act as strong
barriers to slip. At the beginning of plastic deformation «1.5%) dislocations pile up
near grain boundaries and that imposes a stress concentration near the boundary, i.e.
intergranular stresses. Therefore, increasing plastic strain during the early stages of
deformation results in a higher stress concentration near the grain boundaries
because the number of dislocations in the pile-up increases. Intergranular stresses
start to decrease with the activation of multiple slip and cross-slip. By doing so, the
intergranular stresses are relaxed and the plastic strain compatibility is maintained
between the grains. Slip transmission across grain boundaries and activation of
dislocation sources in neighbouring grains also reduce the intergranular stresses.
Further deformation after the activation of cross-slip and multiple slip produces
heterogeneous dislocation structures like dislocation bands and arrays of dislocations
inside the grains, therefore, intragranular stresses increase. It was reported that the
difference between inter- and intra-granular stresses becomes zero at about 6% plastic
deformation [44]. Note that, as discussed in the literature [18, 21-26], the term
"residual intergranular strains" was preferred to be used to define the residual strains
measured with neutron diffraction because the intragranular strains were thought to
be negligible. However, Feaugas's explanation suggests that the intragranular strains

240

cannot be neglected because they are as significant as the intergranular strains after
6% deformation. It can be concluded that the residual strain measured with neutron
diffraction after plastic deformation beyond 6% deformation is composed of (1)
intergranular strains which arise due to the elastic anisotropy of hkl planes and (2)
intragranular

strains which arise due to the heterogeneous dislocation structures

inside the grains.
Larsson et al [24] found that the initial texture has an influence on the residual
strain distribution. He observed that the strain distribution becomes more complex
after the deformation of an austenitic stainless steel with an initial texture of 1.6x
random texture. In the present study, 3x random texture has been found in specimen
To for 111 plane in the loading direction (Figure 7.13). Therefore, this might have
influenced the residual strain distribution. The texture in specimens Ho,
B25

BID, B20

and

(Figure 7.13) suggests that duplex <111> and <100> fibre texture forms before 10%

deformation and it becomes stronger as the deformation proceeds. Multiple slip is
effective on the formation of fibre texture [45].The intensity ratio of <111> to <100> is
about 3.5 after 25% plastic deformation. Such a duplex texture is often observed in fcc
materials subjected to axisymmetric flow and the ratio of the polar intensity varies
with the stacking fault energy of the material [22]. A high volume fraction of grains
oriented in <111> and <100> directions parallel to the loading direction would
influence the generation of residual strains. The low strain level on the 111 plane can
be explained by the fact that a high number of grains are oriented in <111> direction
parallel to the pre-straining direction as well as the high stiffness of 111 plane.
Similarly, high strains on the 200 plane can be attributed to the increasing number of
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grains oriented in <100> direction parallel to the pre-straining direction and the low
stiffness of 200 plane.
Prediction of plastic deformation in tube AoandA20using anisotropy strain
As mentioned in section 7.1, Daymond et al [15] used residual strains to predict
the plastic deformation via anisotropy strain. Their technique requires "residual strains
vs. macroscopic plastic strain" calibration curve similar to the curve given in Figure
7.8. A linear line was fit to that curve and was used as a calibration to predict the
plastic deformation in specimens Co and C20across the weld from the distribution of
anisotropy strains presented in Figure 7.11. The variation of the predicted plastic
deformation on specimens Co and C20across the weld using anisotropy strain is given
in Figure 7.19. The -2% increase of plastic deformation in the base metal of specimen
Co can be attributed to the cyclic hardening due to double pass welding and the
constraints such as root tack welds before the root pass. The base metal of specimen
C20 was 20% pre-strained. It is seen that plastic deformation in this specimen is
decreasing closer to the weld. This can be explained by partial recovery which means
that dislocation annihilation occurs partially with the effect of heat as a function of
distance from the WCL [27]. In addition, the prediction of plastic deformation across
the weld using anisotropy strain is consistent with the hardness results obtained
across the weld on the surface of specimens Co and C20(see Figure 5.13).
Prediction of plastic deformation in tube Aoand A20using peak widths
According to Feaugas's explanation of inter- and intra-granular strains, it can
be concluded that the plastic deformation can be tracked with the dislocation density
and structures such as pile-ups near grain boundaries and heterogeneous dislocation
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structures inside the grains. Peak width measurements
B10, B15, B20 and B25 suggests

that dislocation

by neutron diffraction on Bo,

density increases with increasing

deformation for any hkl plane in any specimen direction (Figure 7.6(f-j». Lewis and
Truman [29] stated that the peak broadening

is insensitive to the diffraction vector

direction. Therefore, it is a measure of equivalent plastic strain. The peak widths
averaged over the specimen directions from LD to HD for specimens Bo, B10,B15,B20
and B25are given in Figure 7.7 (b). Linear lines were fit to the 111, 200 and 311 plane
responses. The peak width on specimens Co and C20at different positions away from
the WCL were also averaged
respectively. The corresponding

over LD-HD as shown in Figure 7.11 (b) and (d),
plastic deformation

at different positions from the

WCL for specimens Co and C20 was calculated from the linear fits obtained from
specimens Bn.The prediction of plastic deformation on specimens Co and C20by using
the averaged peak widths is given in Figure 7.20. The plastic deformation in specimen

Co is almost zero when data from 200 and 311 planes are used. However, the 111
plane gives -1 % deformation at 12 mm. Cyclic hardening due to double pass welding
might have increased the dislocation density in that region. The reason why only the
111 plane shows such a trend can be that at small deformation, less than 1.5% before
the multiple slip and cross-slip are activated, there is only planar slip on the 111 plane

[44]. The variation of plastic deformation in specimen C20across the weld is similar
to that obtained from anisotropy strain. It is also interesting that similar trends were
obtained from the 111, 200 and 311 planes and this is consistent with the hardness
results obtained across the weld on the surface of specimen C20(see Figure 5.13).
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Prediction of plastic deformation in tube A20 using EBSD
The dislocation structures

such as pile-ups near grain boundaries

and

heterogeneous dislocation structures inside grains can be detected by EBSD as the
presence of these structures results in small misorientations, Le. low angle boundaries
(LAB)

around

them [46]. LAB

fraction is useful to quantify the changes in

misorientations with increasing plastic deformation. Figure 7.16 shows that the LAB
fraction varies almost linearly with increasing plastic deformation. This linearity was
used as a calibration to determine the variation of plastic deformation in specimen
W20 which has a 20% prestrained base metal subjected to heat during welding. The
prediction of plastic deformation on specimen W20 by using LAB fraction is given in
Figure 7.21. Rearrangement of dislocations and partial annihilation occur as a result
of heat dissipated during welding; therefore, the misorientations produced by the
pile-ups near grain boundaries and heterogeneous dislocation structures inside grains
are affected. The trend in Figure 7.21 is similar to the prediction obtained using the
anisotropy strains in Figure 7.19 and using the peak widths in Figure 7.20.
Prediction of plastic deformation in tube Ao, AIO and A20 using hardness
The hardness profiles on the as-welded cross-weld specimens are given in
Figure 5.13. The hardness of the plain, 10% pre-strained and 20% pres trained material
which is not influenced by welding is 154, 218 and 251 Hv, respectively. The hardness
measurements on cross-weld samples can be used to predict the plastic deformation
in tubes Ao, AlO and A20 by calibrating these measurements with a linear fit to the
hardness of the plain and pre-strained base metals as shown in Figure 7.22(a). The
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prediction of plastic deformation on specimens Co, ClOand C20using hardness is
presented in Figure 7.22(b).
Prediction of plastic deformation in tube Ao,AlOand A20using DIC
The local stress-strain curves which were mentioned in Chapter 6 can also be
used to predict the plastic deformation in tubes Ao, AlOand A2o.The local engineering
stress-strain curves were obtained using the DIC integrated tension test of the
specimen Co, ClOand C20. For the prediction of plastic deformation, true stress-strain
curves were calculated from engineering stress-strain curves. The effective true
plastic strain at local positions can be found by shifting the local true stress-strain
curves with respect to a reference curve. The amount of the shift at which the
hardening parts of local true stress-strain curve and the reference curve coincides
gives the effective true plastic strain (Figure 7.23). The true stress-strain curve of plain
material was used as a reference curve. This process was performed for every local
stress-strain curves by using a MatLab script and the plastic strain was determined
spatially on the sample surface. The plastic strain predicted using local stress-strain
curves on specimens Co, ClOand C20is presented in Figure 7.24. Due to the fact that
the base metal beyond 9mm in specimen C20did not deform when the weld ruptured,
predictions of plastic strain were done using the local curves in the region from 4mm
to 9mm from the WCL.
Comparison of the plastic deformation in tube A20predictions
A comparison of plastic deformation predictions using several techniques is
given in Figure 7.25. It is seen that there is a good agreement in the trends of different
predictions. EBSD, DIC and hardness predicts almost the same value at -5mm from
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WCL. Similarly, the predictions of DIC, ND-peak width and hardness at -9mm from
WCL are comparable.

There is more deviation for neutron diffraction and EBSD

predictions whereas DIC and hardness agree very well up to 9mm from the WCL.
Note that EBSD, DIC and hardness are surface measurements and ND is a bulk
measurement.
For hardness measurements, the surface of the sample was ground and
polished

as explained

in Chapter

5 Material Characterization.

The hardness

measurement may be affected by surface preparation if the indent penetration is not
deep enough (see Figure 5.13). In these hardness measurements 5kgf was used and it
was observed that the indent penetrates enough to obtain relevant data under the
surface (Figure 5.12). Although the hardness and DIC predictions are very similar, the
calibration curve, which was a linear fit to the hardness values of plain, 10% and 20%
pres trained material, should be improved by adding the hardness measurements at
more pres training levels between 0% and 20%.
In Chapter 6, it was discussed that the DIC experimental procedure may cause
anomalies on the local stress-strain curves. Therefore, the prediction of plastic strain
may also be affected due to the anomalies. In the same chapter, it had been observed
that the anomalies appear below 1% deformation and the curves were normal at
higher deformation (>1%). This observation suggests that the prediction of plastic
strain using local stress-strain curves is reliable above 1 % plastic strain. The
predictions

using DIe and hardness are in good agreement, which also confirms that

the prediction using local stress-strain curves obtained by DIC is reliable.
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It is seen that EBSD predicts about 1-4% more plastic strain relative to the

prediction based on hardness measurements. For EBSD measurements a conventional
surface preparation technique, which included grinding and polishing, was used. It is
possible that the surface grinding might have altered the dislocation structure on the
sample surface, which resulted in higher plastic deformation prediction.
In Figure 7.25 it can be seen that prediction of plastic strain using NDanisotropy strain is in good agreement with other methods at 12 and 16mm whereas
at 9mm where the other methods agree well, it predicts 6% less.
It was also observed that ND-peak width prediction, which was based on the

full-width at half maximum (FWHM) of the peaks generated by the diffraction from
111 planes in the gauge volume, are 1-6% less than hardness. The peak width greatly
depends on the dislocation intensity [30,31]. The dislocation density may vary in the
gauge volume because of double pass welding process. It is also difficult to
differentiate the broadening effects of plastic deformation from those due to local
material variations during welding process [29].
The difference in the degree of plastic deformation predicted by EBSD and ND
techniques can probably be attributed to the fact that EBSD is a surface measurement,
whilst, neutron diffraction is a bulk measurement. Note that the area where the LAB
fraction was represented as a point on Figure 7:21 contains almost 300 grains whereas
the volume where the neutron diffraction was applied contains over a million grains.
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7.5 Conclusion
- Plastic deformation introduces many crystallographic changes such as the
development of residual strains at the granular level, an increase in dislocation
density and formation of dislocation pile-ups near grain boundaries, and dislocation
bands and arrays inside the grains. These changes can be used to understand the
deformation history of the material and quantify the degree of deformation.
- As the material is unloaded after 10, 15, 20 and 25% plastic deformation,
significant residual strains develop in the loading direction due to the elastic
anisotropy and strain redistribution due to slip along preferred systems. Texture
results showed that the 111 and 200 planes are oriented perpendicular to the prestraining direction with increasing plastic deformation. The strongest tensile strains
develop on the 200 plane since it is more compliant compared to the 111 plane.
- Anisotropy strain was calculated using the averaged residual strains
measured from 111 and 200 planes of the plain, 10%, 15%, 20% and 25% plastically
deformed tube material. A linear line was fit to that data to be used for the prediction
of the plastic strain in welded tubes. It was found that the prediction of plastic strain
in specimen

C20

using anisotropy strain was partially successful. The prediction of the

plastic strain below 10% would be more accurate if the calibration curve was
improved with more data points below 10% deformation and with a better curve fit.
- It was found that the increase in peak width linearly changes with increasing

plastic deformation. Peak width is considered as a measure of dislocation density and
is insensitive to the strain measurement direction. Therefore, variation of peak width
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in welds can be calibrated with the linear relation between plastic deformation and
peak width and can be used to quantify the plastic deformation in welds. The
prediction of plastic deformation in specimen C20 which has a 20% prestrained base
metal subjected to welding is promising.
- The low angle boundaries (LABs) due to the dislocation structures such as
pile-ups near grain boundaries and dislocation bands and arrays inside the grains can
be tracked by EBSD and can be used to quantify the plastic deformation. The fraction
of LAB is a very simple and useful way of quantifying plastic deformation compared
more complex methods, as long as the surface of the specimen is prepared very
carefully and the optimum EBSD parameters

(step size and magnification) are

selected.
- It was observed that there is a good agreement in the predictions of the

plastic strain in specimen C20 using DIC and hardness. These two techniques appear
promising for the prediction of plastic strain.
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7.7 Tables & Figures
Plastic
Deformation

Label

Plain

To

10%
TIO
15%
Tl5
20%
T20
25%
T25
Table 7.1 The labelling of the samples which were used for texture measurements
in Stress-Spec, FRMII

Plastic
Deformation

Plain

Label

Po
PlO
Pl5
P20
P25
W20

10%
Parent
15%
20%
25%
Cross-Weld
20%
Table 7.2 The labelling of the samples which were used for EBSD

255

Scattering vector
(0) (North Bank)

t

Incident

Longitudinal Direction

Beam

(/I Prestraining)

,,
,
,
Scattering vector
(0) (South Bank)

Hoop Direction

+--

(.1 Prestraining)

,

Figure 7.1 Orientation of the specimen with respect to the incident beam on EnginX, ISIS. Longitudinal direction (LD) of the tube is parallel (If) to the pre-straining
direction. Hoop direction (HD) was assumed to be perpendicular (1-) to the prestraining direction through the width of the specimen. Radial direction (RD) is the
direction into the page and 1- to the pre-straining direction. To obtain
measurements at different angles the specimen was rotated as indicated by the
arrows while the centre of the specimen is fixed.
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Figure 7.2 The diffraction pattern obtained at Engin-X, ISIS. The diffraction from
111,200,220 and 311 planes is also identified.
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Figure 7.3 The measurement positions in the stacked: parent (remote-end)
specimens (a) and cross-weld specimens (b)

rotation
table

Figure 7.4 Experimental setup for texture measurement at Stress-Spec. The rotation
angles on the Eulerian cradle are also shown.
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ChapterS
Overall Conclusions & Future Work
8.1 Overall Conclusions
The primary aim of this project was to determine the spatially resolved roomtemperature tensile properties of the cross-weld specimens machined from thin wall
welded tubes (with a plain or prestrained base metal) before and after the heat
treatment by using digital image correlation (DIe) integrated tension tests and to
validate the experimental procedure, which is used to retrieve the tensile properties
from these tests, through finite element simulation. The plastic strain was also
predicted in pre-strained and welded tubes using the local stress-strain curves
obtained by DIe and DIe prediction of plastic strain was compared with those done
by hardness, electron back-scattered diffraction (EBSD) and neutron diffraction. In
addition, the material characterization of the welded tubes was performed using
optical and scanning electron microscope and hardness survey.

8.1.1 DIe integrated tension tests of remote-end and cross-

weld specimens
Digital image correlation integrated tension tests of remote-end (away from
the weld) and cross-weld specimens were successfully performed with a proper
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alignment of the test specimen in the loading unit. DIe strain measurements were
verified by using extensometer and strain gauges.
The effect of manufacturing steps (prestraining and heat treatment) on the
mechanical properties of the plain tube material was determined by the tension tests
of tube remote-end specimens. It was found that the strength increases with
prestraining whereas the ductility decreases. After the heat treatment at 10500e for 15
minutes the effect of prestraining disappeared; the strength of the heat treated
specimens drops below that of the plain tube material and the loss in ductility after
pres training was observed to recover.
The effect of welding and heat treatment on the mechanical properties was
investigated by the tension tests of the cross-weld specimens with plain and
prestrained base metal. DIe is a powerful technique to determine the spatially
resolved mechanical properties on cross-weld specimens. In order to extract spatially
resolved mechanical properties on the cross-weld specimens, local stress-strain
curves were constructed using DIe local strain measurement and global load data
from the test frame. Anomalies were observed on some of the local stress-strain
curves obtained from the weld-affected zones of the cross-weld specimens with
prestrained base metals. To understand whether these anomalies are real or not, the
tension test of a cross-weld specimen with a high strength mismatch between the
weld metal and the base metal was simulated using bi-material and multi-material
finite element models. Finite-element simulations showed that there are localized
stress and strain regions, therefore, the distribution of the stress and the strain in the
loading direction in a cross-weld specimen (with a high strength mismatch) under
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tension is not similar to that in a homogeneous

standard tensile test specimen. The

numerical local stress-strain curves obtained from the multi-material model following
the same experimental procedure to construct the local stress-strain curves confirmed
that anomalies may appear as a result of the combination of the real material effect
and the experimental procedure but they are not very detrimental to extract the local
0.2% offset proof strength. The variation of 0.2% offset proof strength on cross-weld
specimens

was

determined

using

the local stress

strain

curves

which

were

constructed with the DIe. The variation of the proof strength variation was in good
agreement with the hardness survey on similar cross-weld specimens. Evidence of
strain hardening

due to constraint and weld thermomechanical

cycles was found in

the plain base metal near the weld pool and evidence of softening was seen in the
prestrained

base metal. On the other hand, after the heat treatment,

the effect of

pres training and welding is cleaned out and the strength along the specimen was
almost homogenized.
weld specimens

The determination

with prestrained

of the 0.2% offset proof strength on cross-

base metal was also verified using the multi-

material FE model. It was found that the experimental
variation

of 0.2% proof strength

along a cross-weld

procedure
specimen

to predict the
with a strength

mismatch between the weld metal and the base metal is reliable.

8.1.2 Determination of plastic strain
The local stress-strain

curves were also used to predict the plastic strain

remaining in the welded tubes by shifting the curves with respect to the reference
stress-strain curve of the plain tube material. Plastic strain is known to be detrimental
for high temperature

performance of austenitic stainless steel tubes [1]. Therefore, it
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needs a proper quantification. The plastic strain in the welded tubes was also
predicted by using hardness, neutron diffraction (anisotropy strain and peak width)
andEBSD.
For EBSD and ND predictions, the crystallographic changes such as formation
of low angle boundaries, dislocation density and residual strains as a result of plastic
deformation were used. The low angle boundaries,

which originate from the

dislocation structures near the grain boundaries and inside the grains, were used for
the prediction of plastic strain by EBSD.The increase in dislocation density results in
the broadening of a diffraction peak width. The dislocation density was measured
using neutron diffraction and used for the prediction of plastic strain. Residual strains
remain in the material after plastic deformation. The residual strains on each family
of crystallographic planes are different as a result of FCC crystal elastic and plastic
anisotropy.

The residual

strains were measured

by neutron

diffraction

and

anisotropy strain, which is the difference between the intergranular strains on the hkl
planes having two extremes of elastic stiffness [2],was calculated for the prediction of
plastic strain.
For hardness, neutron diffraction (anisotropy strain and peak width) and
EBSD predictions, the measurements done in the welded tubes were calibrated with
those in the plain, 10, 15, 20 and 25% prestrained tube material. DIC, hardness and
ND-anisotropy strain was able to show the strain hardening in plain base metal due
to constraint and thermomechanical weld cycles. An overall comparison of the
predictions was done for the 20% prestrained and welded tube. The predictions of
plastic strain are in a good agreement. Particularly, DIC and hardness were observed
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to produce very similar values and are very promising for the prediction of plastic
strain.

8.1.3 Material characterisation
There is almost no effect of pres training «25%) on the grain size of the plain
tube material. After heat treatment, it was found that there is no grain growth for
plain tube material whereas the grain size of the prestrained material was doubled. It
was also found that the heat treatment cleans out the dislocation structures.
There is very little effect of welding on the microstructure of the plain and
prestrained base metal. No carbides and intermetallics were observed through the
SEM examination, except a small amount (%50) enlargement in grain size very near
the weld region. The microstructure of the weld metal includes -5% delta-ferrite
which

is detrimental

for high

temperature

performance

since it promotes

precipitation of carbides and intermetallics during aging at 500-900°C [3]. The effect
of heat treatment on the microstructure of the welds is limited with the grain growth
as discussed for the plain and prestrained tube material. It was also observed that
after heat treatment the networks between the delta-ferrite are broken and its amount
decreases to -1%.

8.2 Suggestions for future work
The spatially resolved room-temperature tensile properties on the cross-weld
specimens machined from the thin wall welded tubes (with a plain or prestrained
base metal) before and after the heat treatment was successfully determined by using
digital image correlation

(DIC) integrated

tension tests and the experimental
285

procedure was validated through finite element simulation. It would be better to
produce more accurate simulations (may be a 3D simulation) of the test of the crossweld specimens with prestrained base metal by improving the material input data
and to compare the numerical results from improved

simulation

with DIe

experimental results.
The spatially resolved room temperature tensile properties are intended to be
used in the engineering assessment procedures for the structural integrity and the life
time of the boiler welds [4]. The application of the DIe technique to measure local
deformations of weld-affected zones under creep conditions at the operating
temperatures of these boiler tubes would provide a better understanding of material
behaviour at regions where failures in service initiate.
DIe technique is a very promising technique to monitor the local deformations

and to determine the local mechanical properties in the vicinity of the weldments
when it is applied to the tension test of cross-weld specimens including the
unaffected base metal, heat-affected zone and the weld zone. In this project, it was
found that stress/ strain localization may occur due to the strength mismatch between
different zones for a specific specimen design. It is also known that the size of the
weld-affected regions may affect the stress/ strain localization [5]. Therefore, in order
to improve the determination of spatially resolved mechanical properties from DIe
integrated tension test of cross-weld specimens by minimizing the stress/ strain
localization, it would be useful to develop a new procedure for cross-weld specimen
design through FE simulations considering the size of the weld-affected regions and
the strength mismatch between them.
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Several techniques were used to determine the plastic strain remaining in the
weld-affected region of the 20% prestrained and welded tube. The overall comparison
of the predictions showed that all techniques have a similar trend. It was observed
that DIC and hardness are in very good agreement. However, the calibration curves
of the techniques

apart from DIC still need more data points for an improved

calibration curve.

287

8.3 References
[1]

Wilshire B, Willis M. Mechanisms of strain accumulation

and damage

development during creep of prestrained 316 stainless steels. Metallurgical
and Materials Transactions A 2004;35:563.
[2]

Daymond MR, Bourke MAM, Von Dreele RB, Clausen B, Lorentzen T. Use of
Rietveld refinement for elastic macrostrain determination and for evaluation of
plastic strain history from diffraction spectra. Journal of Applied Physics
1997;82:1554.

[3]

Marshall

P. Austenitic

Stainless Steels: Microstructure

and

Mechanical

Properties: Elsevier Applied Science Publishers, 1984.
[4]

Spindler M. Post-weld heat treatment of austenitic stainless steel welds in
boiler units (Personal communication). 2011.

[5]

Kim Y-J, Oh C-S. Finite element limit analyses of under-matched

tensile

specimens. Engineering Fracture Mechanics 2006;73:1362.

288

