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Abstract

The nickel-based Alloy 600, also known as Incon@D éhas been found to be
susceptible to stress corrosion cracking (SCC)igh kemperature aqueous environments.

Despite extensive research, the mechanisms by whiglprocess occurs remain in question.

It is known that SCC results from the simultaneefiscts of a chemically corrosive
environment and a tensile stress. Many studies h&em conducted on the microscopic
chemical changes associated with SCC. There hase fesver studies of the microscopic
stress/strain process. The main objective of thisis is to use the new x-ray based
diffraction technique — polychromatic x-ray micrffchction (PXM) to study changes of the
microstructure and elastic/plastic deformationadtrced by SCC in Alloy 600, thus leading
us to an understanding of the mechanisms of SCC.

More traditional techniques such as neutron diffosic and electron backscatter
diffraction (EBSD) were also used in this thesigulNon diffraction measures information
down to a depth resolution of a few mm, while EB&Dconsidered to be a surface
measurement (1-2 um). By comparison, PXM examitraisto a depth of several grains in
alloy 600 (~ 60 um), which is particularly appropeiafor detecting information from
intergranular interactions under typical stressrasion conditions. The capability of
measuring strain directions (compressive or tensleanother advantage of PXM in SCC
study. Besides the microstructure and elasticrstrdormation, the local plastic deformation
can also be examined by assessing the streakiitpgpbf the Laue spots and modeling of

the Laue diffraction images.

In this thesis, PXM was first validated by compgrihe data to those from neutron
diffraction and EBSD for a simple case — uniaxialsessed tensile specimens. Then studies
were carried out on C-ring samples before and afi@cked by SCC. Torsional stressing of
an Alloy 600 C-ring specimen results in significaesile strain in the stress axis direction.
Intergranular SCC (IGSCC) was observed in Alloy @@ng specimens electrochemically
corroded in a high temperature caustic solutiomsile strains with respect to the stress axis
and plastic strain could be identified in regiortseead of the crack tip. These regions



correspond to triple junctions where crack arresues and re-initiation requires a buildup of

the strains.

Keywords

Alloy 600, Polychromatic X-ray Microdiffraction (AX), neutron diffraction, Electron
Backscatter Diffraction (EBSD), Stress Corrosiomacking (SCC), deviatoric strain, plastic
deformation, dislocation
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Chapter 1

1. Introduction

Metals are important structural materials becaokeheir strength, fracture
toughness, and tolerance of high temperature; heryvenetals are subject to chemical
corrosion. Most people are familiar with corrosionone form or another, such as the
rusting of a galvanized wire fence or the degraaatif a steel bridge. Corrosion can be
both costly and dangerous. It is not simply a lokmetal, but also a waste of energy,
water, and human effort that was used to reprodar@ fabricate the structures.
According to the cost study by NACE (the NationaksAciation of Corrosion
Engineers), the total direct cost of corrosion i Was $276 billion in 1998 [1], which
did not even include the large indirect corrosiostdrom the lost productivity because
of failure, outages, etc. In the case of failureboidges or other structures due to

corrosion, human injury and/or loss of life usualhg involved.

So what is corrosion? It is the deterioration afnhaterial, usually a metal that
results from a reaction with its environment acaugydto a NACE definition [2].
Generally speaking, it is a process of a chemitahent returning to its most stable
thermodynamic state. This usually means a formatfasxide or sulfide from which the
metal originally started when they were taken frtme earth. These processes can
usually be modeled as electrochemical reactiong. mktal that serves as anode will
usually undergo corrosion. However, the cathodaxctien is equally important as the
corrosion process can only proceed when anodic eattiodic reactions happen
simultaneously and at the same rate. Corrosiorapgear in different forms. The most
common form is the uniform or general attack thaicpeds over a large area of the
material. Pitting, crevice corrosion and intergdanwcorrosion are forms of localized
corrosion, which only occur at particular sites thé exposed material. They may
sometimes turn into stress corrosion cracking (SCC)

SCC is a particular form of corrosion for metaljch involves the initiation and

growth of cracks due to a corrosive chemical reacand a mechanical stress. Such



cracks can be intergranular (IGSCC, along the gtaimndaries of a metal) or

transgranular (TGSCC, through the grain) or a metof both. These processes can
affect the integrity and reliability of the met&CC usually occurs without any visible

deformation and is difficult to be detected atigsly stage.

Table 1.1 Alloys/environment systems exhibiting stress corrosion cracking (SCC). Excerpted from Table
3.4in [3].

Alloys Environment
Carbon steel Hot nitrate, hydroxide, and carbonate/bicarbonate solutions
High-strength steels Aqueous electrolytes, particularly when containing H,S
Austenitic stainless steels Hot, concentrated chloride solutions; chloride-contaminated steam
Nickel alloys High-purity steam; caustic alkaline solutions; high temperature chloride
solutions; hydrofluoric acid; acidic fluoride solutions
a-brass Ammoniacal solutions
Aluminum alloys Aqueous Cl, Br, and I solutions
Titanium alloys Aqueous CI', Br, and I solutions; organic liquids; N,O,
Magnesium alloys Aqueous Cl solutions
Zirconium alloys Aqueous Cl solutions; organic liquids; I, at 350°C

SCC can be found in various metal alloys, as shiovlrable 1.1. It was towards
the end of the 19th century that SCC was first regoloas a widespread problem when it
appeared in brass condenser tubing in electric pgemerators [4]. One cause of SCC in
steels was found to be a local high concentratidinee alkali and elevated temperature
that resulted in “caustic cracking”. Later, SCC walsserved in aluminum alloys,

magnesium alloys and other alloys, including thafseickel.

High content nickel alloys possess remarkable @wachl strength and provide
outstanding resistance to specific chemicals. Nibksed alloy 600 (Alloy 600) is a
kind of solid solution with major element compawitiNi-16Cr-9Fe, and minor alloying
additions such as Cu, Si, Mn and C. It has beerelwidsed as the primary steam
generator (SG) tubing material and other safetyeali components such as reactor
vessel components and seals in nuclear reactomsevs, SG tubes made from Alloy
600 have proven to be highly susceptible to SCCichwlis in fact the single most
important reason that Alloy 600 SG tubes are regglaédlloy 690 and Alloy 800 both
from the Ni-Cr-Fe family are used to replace All6§0 SG tubes in US, Canada and
Europe, respectively. In Table 1.2, the chemicahposition and selected mechanical
properties of the three alloys are shown. The kessiength is the highest stress that the

material can sustain, which usually is calculatgddlviding the maximum load by the



original cross-sectional area. The yield strengtthe stress at which the material starts
to deform plastically. This value can often be ai#d from the stress-strain curve. The
elongation is defined as the gage length change tne original gage length of the

specimen in a tensile test. These are three impomachanical properties to a material
and they are very similar for the three alloys. Udjio there are no reports of SCC failure
in Alloy 690 and 800 SG tubes under service, tlaeeereasons to believe that Alloy 690
and Alloy 800 may also undergo SCC. There are stuslhowing possible SCC in Alloy

690 and 800 in some circumstances [5-10]. SG teksentially act as heat transporter
between primary and secondary coolant. Leakindhefttibes makes the heat transport
unreliable, which means that a shutdown of the earcktation may be necessary for
repair or exchange of the tubes. In other wordsatgeconomic and energy loss would be
result from unexpected failure of these tubes. @loee, understanding the mechanism of

SCC is critical to reducing the unexpected failure.

Table 1.2 Nominal chemical composition and selected properties of nickel alloys. Excerpted from Table
29.1in [11].

Composition, wt%  Tensile strength, MPa  Yield strength, MPa  Elongation in 50mm, %

Alloy600 Ni-16Cr-9Fe 655 310 40
Alloy690 Ni-29Cr-9Fe 725 348 41
Alloy800 Ni-21Cr-39.5Fe 600 295 44

Stress, one of the main contributors to SCC, besoour focus in this study.
Unlike the applied stress, local residual stresssiglly hard to predict and/or detect; it
can increase the total stress to a value as higit agsen above the yield stress. In this
work, we have focused on the study of changes @fnticrostructure and mesoscopic
(0.1 - 100 pm) elastic/plastic deformation of AlléP0 that is introduced either by
applied stress or by SCC, thereby leading us tet@ibunderstanding of the mechanism
of the SCC. Dislocation movement and possible gcsilp systems are also discussed.
The main technique used was synchrotron-based Ipoly@atic x-ray microdiffraction
(PXM). Neutron diffraction and electron backscatiéfraction (EBSD) measurements

were also performed on some of the samples.



1.1 Basic Concepts

1.1.1 Deformation in Polycrystalline Material

The imposition of a small stress on a polycrystallalloy will first produce
residual elastic strains whose magnitude and direstare grain orientation dependent.
As the vyield point is approached, plasticity in tmaterial is introduced through the
creation of crystallographic dislocations. Theseoatmodate slip and lattice rotation
[12], and provide the bases for plastic flow inayprystalline system. They form under
high strain gradients and are thus often influenmgthe proximity of a grain boundary

[13] where they can form cell-wall structures.
1. Residual stress and residual strain

Force applied to a single crystal material carseaelastic or plastic deformation.
The deformation is considered to be elastic ifrttegerial is completely restored after the
force is removed, otherwise, it is a plastic defation. However, in polycrystalline
material, the deformations become more complex. @lastic deformation may not
completely be relaxed due to the inhomogeneousraetton within the system,
associated with local incompatibility (e.g., volunshange, thermal dilatation, grain
boundaries etc.) and these result in so calledduek elastic deformation” or "residual
elastic stress/strain”. By definition, residualesses are stresses that remain in the
material after the original cause of stresses (pateforce, heat gradient) has been
removed. The residual strain is the strain indulbglastic deformation and/or from
residual elastic deformation. Residual stressfstraithe combined result of residual
elastic and plastic deformation. In general, residiiress/strain can be introduced in a
material during manufacture and/or use by such amchl forming processes as

bending, swaging, welding or annealing.

The presence of residual stress/strain in maseaatl components can heavily
influence their behavior. It can be beneficial @tranental. For example, the residual
tensile stress/strain at a material surface isehetl to be one of the most important

factors that causes material cracking. However,ikenlapplied stress, residual



stress/strain is difficult to predict. The tensded compressive residual stress/strain
counteract one another to keep stress in balanceoswpically, however, they can be
dramatically different from point to point. Methodsing diffraction techniques have
turned out to be effective in determining residstess/strain. Other methods include

ultrasonics and destructive measurements.
2. Dislocations

A dislocation is a linear defect in the crystadlimaterial around which the atoms
are misaligned in a crystal structure. The existent dislocations usually strongly
affects many properties of materials. Plastic defdron of metals is produced by
forming (heating, bending, striking or swaging) ulésg in creation and storage of

dislocations.

(b) Burgers vector b

Dislocationline
Figure 1.1 Model of simple cubic lattice with (a) edge dislocation and (b) screw dislocation. Burgers
vector and dislocation line are also shown. Modified from Figure 1.18 in [14].

There are two fundamental types of dislocatiodgjeeand screw dislocations, as
shown in Figure 1.1. Edge dislocations are defettsre extra half-plane of atoms are
introduced in crystal structure. There are positased negative edge dislocations
depending on where the extra half plane locatethencrystal structure (top — positive,
bottom - negative). Screw dislocations are hardetigualize, but usually can be thought
as the result of shear stress: the upper froniguodf the crystal shifted one atomic
distance towards the right relative to the bottowrtipn in Figure 1.1b. Screw
dislocations can also be positive or negative depegnon if the screw advancing along
the dislocation line is right-handed or left-handéad general, the dislocations with

different signs will attract and cancel out eadmeot while the ones with same signs will



be repulsive to each other. In Figure 1.1, Burgexstor and dislocation lines are also
displayed. The Burgers vectpris a measure of the magnitude and the directiothef
lattice distortion in crystal generated by dislomas. It is usually defined by means of a
circuit containing dislocations. The vector reqdireo complete the closed loop is
defined as the Burgers vectdBurgers vector is found to be perpendicular to the
dislocation line for edge dislocations, while itparallel to the dislocation line for screw

dislocations.
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Figure 1.2 Sketch of (a) Incidental dislocation boundary and (b)geometrically necessary boundary. Notice
that the mis-orientation angle between cells at GNBs are usually bigger than those at IDBs. Adopted from
Figure 2 in [15].

Dislocations introduced during homogenous defoionaat very low strains,
generally are stored in very loose arrangementdbatot cause significant rotation of
the lattice. However, when inhomogeneous deformaticcurs in metals, there will be
an accumulation of local "excess dislocations” with same sign. These are generally
referred to as "geometrically necessary” dislocetigGNDs). They are result of the
incompatibility of plastic deformation and the lbcaurvature of the corresponding
crystal lattice. In other words, GNDs arise froornamiform deformation of crystals to
maintain the continuity of the crystal lattice. Disations make the lattice distorted
around them and create stress/strain field (sea@rgy). To minimize the energy within
materials, the dislocations tend to move togetmel farm cell-walls/boundaries when
enough strain is provided, thus leaving some arweifts few dislocations - the cell
interior, which are relatively strain free. The is#doundaries formed can usually be

classified into two types: incidental dislocationundaries (IDBs) and geometrically



necessary boundaries (GNBs), shown in Figure DBslare formed by random trapping
of dislocations with any sign, while GNBs form betm regions of different strain
patterns to accommodate the accompanying diffeseimcéattice rotation (usually with
dislocations of one sign). For large strains, #tede at each side of the GNBs can rotate

very differently (>15°), which becomes equivalembtdinary grain boundaries.
3. Slip

Slip is the process describing the motion of tiséodations. The crystallographic
plane that the dislocation line transverses is she plane. The direction that the
dislocation moves is the slip direction. The sligne and slip direction have preferential
crystallographic forms in each crystal system. $lgnes are normally planes with the
highest density of atoms, while the slip directi@ns the most closely packed directions
within the slip plane. A slip plane and a slip difen constitute a so-called slip system.
For instance, in face-centered cubic (fcc) crystdle four {111} planes are the most
dense planes and the three <110> directions wiki@r{111} planes are the most closely
packed directions. In other words, there are 12 sfstems for fcc crystals, as listed in
Table 1.3. In body-centered cubic (bcc) crystdherd are closely packed directions
<110>, but no really closely packed planes exisslgsplanes. However, this does not
mean that there is no slip happening in bcc matdtiaimply needs more energy, such
as a higher temperature, for bcc material to §ligmpared to fcc and bcc material, slip
in hexagonal close packed (hcp) materials is muorendifficult, as even fewer active

slip systems exist in hcp materials.

Table 1.3 12 slip systems operating in fcc crystals.

Slip planes Slip directions
(111) [-110]; [-101]; [0-11]
(-1-11) [-110]; [-10-1]; [0-1-1]
(-11-1) [110]; [-101]; [0-1-1]
(-111) [110]; [-10-1]; [0-11]

4. Schmid factor

To activate slip, a characteristic shear streseqsired. As shown in Figure 1.3,

the shear stregs resolved on the slip plane in the slip directian be expressed as:



T, =0 Ccosacosf (Eq. 1.1)

In theory, the slip occurs whenreaches the yield stresg of the material and the shear
stress on the slip plane in the slip directiondscalled critical resolved shear strags
The Schmid factorm is defined as the quantity aasoss. Therefore, the yield stress

becomes:
oy = — (Eq. 1.2)

From Eg. 1.2, the greater value of indicates lower applied stress is needed for
activating slip. The Schmid factor thus becomesag of estimating the operating slip
systems in crystal materials. Briefly speakingyne determines the angles between slip
systems and the loading direction, then the slgtesy with the highest Schmid factor

is believed to be the operating slip system inntfagerial.

Slip plane o=F/A,
normal A

F.=Fcosf
/Slipdirection

——T1,=F/A
= F.cosa/A,

Slip plane—|
3

Figure 1.3 lllustration of the geometry of slip in a cylinder. Note that o+[3 # 90° in general.

Note that in practice, especially in the case offygrystalline materials, there
usually are more than one active slip systems antemes the expected slip system

may not even be active because of the interacfrons the surrounding grains.

1.1.2 Grain Boundaries

Metallic materials usually exist in the form opalycrystal, which consists of a

collection of single crystallites or "grains". Each these single grains has its own



orientation and they are held together by some comiattice points, but at other
locations between the grains there is a discornin@ioth these features comprise the
grain boundary (GB). The average atomic volume ginaan boundary is greater than that
in the grain interior, which indicates that freeluroe exists in the grain boundary.
Excess free volume and lower atomic coordinatianfandamental intrinsic properties
of grain boundaries, which induce other properties. example, grain boundaries have
higher energy and they are usually more chemiaafctive and preferential sites for

impurity atoms.

The minimum rotation angléé between the orientations of two adjoining grains
is the GB mis-orientation angle. It is the simpldsscription of the GB structure. In
general, grain boundaries can be classified intw-dagle grain boundaries (mis-
orientation angle< 15°) and high-angle grain boundaries (mis-orieotaaingle > 15°).
The energy of the grain boundary is a functionhef inis-orientation angle for low-angle
grain boundaries, however, it becomes complex ler liigh-angle grain boundaries
because of the existence of "special” boundarikes.bbundaries with markedly different
properties (e.g., low energy) or geometry from agerare so referred to as "special”
boundaries. The coincidence site lattice (CSL) thé®a popular way to describe these
boundaries [16-18]. In CSL theory, when superimpgsiwo properly mis-oriented
grains, some of the atomic sites coincide and arecaled coincidence sites. The
coincidence sites throughout the superimposed rsysteate the coincidence site lattice.
The reciprocal density of the coincidence siteshen defined ax - the degree of
coincidence. For example, in Figure 1.4, the twickes are related by a rotation of 36.9°
around the <100> axis, which leads to one coin@desite in five lattice sites, that is a
»5 CSL grain boundary. Ideally, the number corresponds to an exact mis-orientation
angle. However, in practice, the dislocations pilgdaround the grain boundary change
the mis-orientation angle, and thus probably theperties of the grain boundary.
Therefore, for & CSL GB, the maximum angular deviation, is defined, within which
the character of the grain boundary is still conserved with the addital the secondary

grain boundary dislocations. This relationship barempirically expressed as:

Vi = V2t (Eq.1.3)
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wherev, is the angular limit for a low angle grain boundaor which 15° is usually
taken, so that all low-angle grain boundaries cartrbated a¥1 boundaries in the
Brandon criterion [19] has generally been assigaaedlue of 1/2. A more restrictive
criterion uses 5/6 &5 according to Palumbet al.[20]. Though different criteria exist, it
is commonly accepted that the grain boundaries WitR9 are special boundaries, as
special behavior is often detected for them. Aipaldr interesting case is that of th8
boundaries (60° with <111> axis), which are usuéain boundaries in an fcc crystal
structure. Twin boundaries are those with symmaitiattice points at each side of the
boundary. In other words, the lattice from one @fi¢he boundary is the mirror image
of the other side. These twin boundaries usuadyadivery low energy, due to their high

sym metric structure.
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Figure 1.4 An example of coincidence plot of two lattices. It is a 25 boundary, as every 1 in 5 lattice points
coincide with each other. Adopted from Figure 11.1 in [21].

1.2 SCC Studies of Alloy 600
1.2.1 Factors for SCC behavior in Alloy 600

Insights into the mechanism of SCC began withstiuely of effects of different
parameters on SCC. Among these, heat treatmenheofaterial has been studied
extensively, as research [22-27] shows that IGSE6trongly affected by the thermal
history of the material. For instance, Stiledral. [23] found that Alloy 600 processed by
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mill annealing at 1024 °C cracked 10 times fastgyure water than Alloy 600 processed
by mill annealing at 927 °C. Although the exact hmtusm of the effect of the heat
treatment was not identified, grain boundary ché&mwyiand character was shown to be
different for the different heat treatments. Theotmost obvious grain boundary
phenomena of Alloy 600 observed after heat treatrasn chromium depletion and the
appearance of grain boundary carbides. AccordingVas [26], the more severe the
depletion of chromium, the higher a susceptibityfound for IGSCC in acidic media.

The grain boundary carbides can be beneficial tnirdental to IGSCC, depending on

the density, structure and morphology of the cakidyrain boundary carbides with a
continuous or semi-continuous structure will enteatie resistance of the nickel alloy to
IGSCC.

One of the other characteristics of the grain llauy that heavily affects IGSCC
behavior is its mis-orientation. Many studies [28;31] have shown that low (<29)
grain boundaries are usually less susceptible 8CG. However, even theE3 grain

boundaries are not totally immune to IGSCC [29].

The effects of the applied stress axis are algmortant. The grain boundaries
perpendicular to the tensile stress axis are foindbe the most favorable cracking
direction [32-34].

The effects of prior deformation, including coldnk, welding, scratches and
indents, have also been widely studied [6, 35-8&}lding is a fabrication process that
joins materials and it usually involves melting aterial between work pieces without
melting the work pieces. Cold working (CW) is a gaes which induces plastic
deformation by forging or rolling at a temperatubelow the recrystallization
temperature of the material. The percent of coldkw@®CW), which is the change in
cross-sectional area over the original cross-seatiarea, represents the degree of plastic
deformation. The welding procedures and cold wagk l@th found to affect the crack
growth rate [37]. The specimen with 20% cold wor&sweported to have the highest
crack growth rate, compared to those with 8% arfh 40ld work. Also, both IGSCC
and TGSCC have been only found in 40% cold work#ddyA600, while only IGSCC
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occurred in the 8% and 20% specimens. It was peaposthis paper [37] that the crack
growth rate is related to the crack tip mechartios,sub-microstructure after cold work,
and the crack tip oxidation process. Generallyd @obrk was believed to increase yield
strength, to decrease the material ductility andaose local high stress or clusters of
dislocations, especially at grain boundaries. ColWdrk may also change the
microstructure or sub-microstructure of the materidepending on how much
deformation is applied. Levels of 8% and 20% coldrkvare moderate and do not
change the microstructure significantly. The enleangield strength resulted in a high
local stress at the crack tip, which thus speedsragk growth. In the case of the 40%
cold work, the material microstructure changed sslyeinto a cellular texture and the
differences between the original grain boundaried mtragrain region became very
small, thus cracking preferentially occurred traasglarly (TGSCC).

Studies have also been carried out on the effecthe oxide film [39, 40],
electrochemical potential [41], additives (e.gadg[42, 43] on SCC. The additive lead
has gained a lot of attention, as it is one ofgpecies that can result in rapid SCC and
general corrosion in Alloy 600, but also in Allo@® and 800 with their various heat

treatments [43].

1.2.2 Mechanisms

Mechanisms for SCC have been proposed and revibwelifferent groups [44-
49]. The slip dissolution/film rupture model anc thydrogen embrittlement model are
two classical mechanisms which may account for rkosivn cases of SCC [47]. The
main idea of the slip dissolution/film rupture mobdethat plastic strain, concentrated at
the crack tip causes slip in the metal crystalsT3lip results in a break in the surface
oxide film that had previously protected (or “passed”’) the metal from corrosion.
Then, oxidation/dissolution of the underlying bamnetal could occur. In another words,
the crack grows with a cyclic process of film rugtudissolution and film repair.
Hydrogen embrittlement usually happens in an agsiemvironment where hydrogen
may be present. The hydrogen atoms diffuse thralhghmetal and recombine together



13

in metal defects, which build up a high local ssraad cause cracking when the stress is

high enough.

The internal oxidation model was first proposedSuptt and Le Calvar [50] in
1993. The base of this model is oxygen diffusiothim metal matrix. Then the dissolved
oxygen would oxidize a reactive alloying elementtie material and form a brittle
intergranular oxide, CObubbles or an oxygen film, which could cause ettiement.
Another mechanism proposed by Angeditial. for IGSCC [51] is the creep damage
model, where voids caused by creep collect at dgraimdaries and exert a local stress

until a crack is generated.

However, no single model can account for all SC@€nmmena found in Alloy
600. For example, according to the slip dissolutimrdel, factors like Cr depletion that
can increase the metal dissolution rate are exgeatenhance SCC, but Cr depletion has
been found to have no such effect on Alloy 600 Si&€ome cases [52]. The hydrogen
embrittlement model was found to describe Alloy @&XOC in caustic solution within a
certain potential range [44]. However, the operatimechanism seems to change with
the environment and condition of the alloy.

1.2.3 Remedies

As seen in the definition of SCC, SCC behaviocastrolled by mechanical,
chemical and metallurgical factors. The most effectand common method used to
control SCC would be to remove or prevent the appibn of the tensile stress. The
stress usually is induced by faulty installation msidual stress from improper
manufacturing procedures, such as welding, bendingaccidental denting of the
material. Annealing or shot peening are often useeduce/remove the stress and so
decrease the possibility of SCC. The other methomldd be either changing/modifying
the chemical environment for a special materialselecting a different material for
construction that is immune to SCC under this paldr environment, such as one with

more “special boundaries” [31, 53, 54].
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1.3 Diffraction Techniques for Microscopic Deformation
Studies

As discussed above, the residual stress/stratheiskey driving force for the
evolution of the microstructure in materials and hang been associated with SCC,
therefore how to accurately measure it in graind ahthe grain boundary becomes
rather important to localize and analyze the iidim and growth of the intergranular
cracking. Generally, to comprehensively understahed mechanical properties of
polycrystalline materials, the ability to complstetharacterize their microstructure at
every length scale, from the macroscopic to thenatolevel, is required. Neutron
diffraction, EBSD and the relatively new PXM methate the major non-destructive
methods used for determination of microstructurd arechanical strain. Each of the

three techniques has its strengths and weakndhsss;are summarized in Table 1.4.

Table 1.4 Comparison of different non-destructive strain detection techniques.

EBSD PXM Neutron Diffraction

Detects elastic strain? Yes Yes Yes
Detects plastic strain? Indirectly — requires calibration Yes Yes
Information depth 2 um 10-100 um cm

Lateral resolution ~100 nm 1um Low

Depth resolution No 1 um voxels No

Strain sensitivity Unknown 1x 10" 1x10°
Strain latitude Unknown <5% >10%

User accessibility Good Low Low

Neutron diffraction, because of the high penetrataf solids by neutrons,
provides only a bulk assessment of strain; howeitecan provide quite accurate
information on the crystallographic directions wdstrains have accumulated in a solid.
EBSD has such a high surface sensitivity that cheirface preparation is required to
eliminate effects that are unrelated to the reairst in the sample. However, EBSD
does allow measurements with very high spatial loéism and the technique can be
accessed in a number of laboratories. PXM seembkswuegéd to examine strain in a
region extending down some 100 microns into thekelicalloy. Within such an
information depth, strain relationships along tleagths of several grains can be

followed.
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In the content below, the new technique PXM willdigcussed in details, while a

brief description is given for the EBSD and neutdiffraction.
1.3.1 Polychromatic X-ray Microdiffraction (PXM)

X-ray diffraction has been routinely used to stutg structural properties of
materials. It has long been used for strain measemé in metals, however not on a
micro scale until more recently. With the developmef high-brilliance synchrotron
radiation sources and advanced x-ray optics, pobyohtic x-ray microdiffraction
(PXM), which is Laue diffraction, has become aneefive technique capable of
detecting local variations of mesoscale structund atrain (0.1 - 100 um). It uses
polychromatic x-rays as the incident beam and aobtaieflections from different
crystallographic planes at one shot without samplation, whenever Bragg's law (Eg.
1.4 as below) is satisfied.

A =2dsin @ (Eq. 1.4)

where/ is the wavelength of the incident beagnis the spacing between planes in the

atomic lattice and is the angle between the incident beam and théesicaf plane.

1.3.1.1 Synchrotron Radiation

When charged particles, such as electrons, travel circular orbit with high
energies at relativistic speed (a speed closgk))iradiation tangential to the orbit will
be emitted, which is called the "synchrotron radrdt[55]. The electron accelerator that
confines the electrons in the orbit is known asagie ring. In Figure 1.5a, a schematic
layout of the modern storage ring is presentedctElas are initially generated from the
electron gun and accelerated to nearly the speeliglof (99.9997%) in the linear
accelerator (linac). Then the electrons are traredeto the booster ring and increased in
energy. Finally, the electrons with certain eneagy poured into the outer storage ring
and circulated in the ring. A beam of light is theroduced at the deflection of the

electron path and guided to the end station foeerpental use after focusing.
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1. electron gun
2. linac

3. boosterring
4. storagering
5. beamline

6. end station

Figure 1.5 lllustrations of (a) the storage ring, (b) bending magnet, (c) wiggler and (d) undulator.
Differences in the size of the photon beam achieved from the three magnetic elements are also shown.
Adopted from [56].

Though with the name “ring”, the storage ring isngmsed of curved sections
with a series of bending magnets separated byghtrasections. Wigglers and/or
undulators, which are referred to insertion devian be positioned in the straight
sections of the storage ring. Unlike the bendingyme#s, wigglers and undulators are
magnetic devices introducing periodic magnetiadebn the electrons. An illustration of
bending magnets and insertion devices is shownguar& 1.5(b-d). The differences of

the emitted radiation size from the three devicesatso displayed.

At the relativistic speed, the radiation emittedakled in the forward direction

into a cone with an opening angle (full angle & tlivergence, refer to Figure 1.5a)
Y [rad]~ 1/1957E [GeV] (Eq. 1.5)

whereE is the electron energy in GeV. This means thatsghmehrotron radiation with

higher electron energy will have a smaller openamgle and thus generate brighter
synchrotron light. The undulators gives a cone uhih smallest opening angle, which
indicates very bright beams. Generally, the intgreh the radiation is directly related to

the strength of the magnetic field and the enefghi@electron in the storage ring.
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Synchrotron radiation has several advantages ¢wetraditional x-ray sources,

making the synchrotron radiation facilities sucha#imaction to researchers.

1. Broad spectrum. It covers continuously from Infea-to gamma rays, which
users can select according to their experimentdsie

2. High brightness. It is highly collimated beam wibod spatial coherence.
This is particularly true for the polychromatic r@itbn used in our
experiments.

3. Pulsed time structure. The electrons are storechacelerated in bunches. By
controlling the frequency of replenishment, differéime structures can be
achieved.

4. Polarization. It is almost 100% linearly polarizedthe plane of the electron
orbit. Circular polarization can also be achievedadljusting the insertion

devices.
1.3.1.2 Experimental Setup of PXM

PXM is capable of detecting 2D and 3D informationmaterials [57-63]. Figure
1.6 shows the general experimental arrangemenDdP2M. The polychromatic x-ray
beam impinges directly on the Kirkpatrick-Baez (K4Birror pair, which provides both
vertical and horizontal focusing of the x-ray beand then onto the sample. Samples are
mounted on movable plates and positioned by a ctemgontrolled three-axis
translation stage. Samples are usually set at areft&ctive geometry with the CCD
(charge coupled device) area detector on a versitcdé at a certain distance from the
sample area illuminated by the beam. The CCD igl usecollect the Laue patterns
generated by the grain volume of the sample exptsdbe x-ray beam. Then all the
patterns collected by CCD are sent to a compute. dnalysis software in the computer
provides fitting of the Laue patterns, automatidexation and extraction of crystal

orientations and full strain information [64].
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Figure 1.6 General experimental arrangement of PXM. Modified from [65].

For 3D PXM, a Pt wire is positioned between thegia and the detector and
used as a “differential-aperture” to depth resdahe Bragg diffracted intensity from the
sample; this is thus usually referred to as “ddfdral-aperture x-ray microscopy”
(DAXM) [59, 63, 66]. At each sample position, th¢ Wire takes submicron steps
parallel to the sample surface. Then the sampleemdo the next position and the Pt
wire repeats its steps until the target sample igréaished scanning. The full diffraction
patterns for each step length along the penetratoaction can be computer-
reconstructed. Then the data is processed the sayas the 2D PXM data and a real

3D information is obtained from the sample.
1.3.1.3 Data Processing

The first and most important step is obviouslyital fthe reflection positions on
the CCD detector and to index them. The detailsutbite algorithm can be found in
references [64, 67]. Generally, the CCD/sample gegpmis first determined using a
silicon Laue pattern as a reference. The inter-aagles for the Laue spots are
determined and compared to known calculated valugs an adjustable angular
tolerance until a match is found. Once the indimesall reflections are obtained, the
lattice orientation and the experimental unit-gedirameters are determined for each

pixel illuminated by the microscopic beam.
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Basically, the strain tensor (residual elasticisjrés determined by comparing
the measured unit-cell parameters to unit-cell ppatars of a strain-free sample. The
complete strain tensor contains two terms — distoideviatoric strain and hydrostatic
strain (dilatation), shown as below

A A
‘911_5 2P €13 § 0 0
A A
E=| &, 522—5 £, |+ O = 0 (Eq. 1.6)
A A
Ex &3 533_5 0 0 5

where A=¢ +&,,+€,, and% is defined as the hydrostatic strain. In Eq. 1h@, first

component is the distortional term and the secerd ts the dilatational term.

However, only the deviatoric strain is determinadthis thesis. The unit cell
volume which is necessary for hydrostatic strain oaly be determined by measuring
the energy of one of four independent reflectiddis. compared to polychromatic beam
Laue diffraction, measurements with scanable moroohtic beam are too time-
consuming. Moreover, in most cases, the deviatietim contains all the information
needed for the study of deformation. In other wpttle hydrostatic strain components
are not important to be included because most @saagcurs in deviatoric components.
Other than the directional strain components, vagellstrain, a scalar measure of the

strain in the sample, is also presented in our wWibik calculated according to

1
Evm = E\/(Exx - Eyy)z + (gyy - EZZ)Z + (Ezz - gxx)z + 6(83%3/ + EJZ’Z + gzzx) (Eq 1'7)

Plastic deformation is another piece of importafdrimation that can be deduced
from PXM. It basically comes from the assessmerthefdistortions in the Laue spots.
As dislocations form in the material by plastic aefhation, local curvature happens in
the lattice. This results in the streaking/splgtof the reflections. In Laue diffraction the
orientation of the diffracting volume determine® tposition of the spots. The spots

become streaked if the orientation within the difting volumechanges continuously,
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which is usually due to the presence of dislocatidrhe streaking direction is directly
related to the lattice curvature and the dislocatensity. When the diffracting volume
contains GN boundaries and the cells separatech&yGN boundaries are oriented
differently enough, the Laue spots become discantis (split). Note that only
dislocations with the same sign, in other words,DSNause the streaking/splitting of
Laue spots, since paired dislocations annihilate éffects of each other. Thus the
information about the number and kind of GNDs cam tecovered from the
streaking/splitting in Laue images. The detailegbtty is discussed by Barabash and Ice
et al. [68, 69]. The local lattice curvature and GNDs signis determined first from the
analysis of the orientation change at each probedtibn. The GNDs density is then
modeled to determine the most probable primary Ghlipssystems activated. Different
combinations of most probable GN slip systems carfusther used to model lattice
curvature and GNDs density tensors, and to nunmricalculate Laue patterns close to
the experimentally observed one. Least squaredititas adopted between experimental
and simulated Laue spots to find the combinatiorGdf dislocation population best
fitting the experimental data. The model takes @mtoount most probable slip systems.
Certainly, real dislocation networks are always encomplicated then the model one due
to the formation of small densities of dislocationseven the least active slip systems.

This introduces small differences between experimand simulations.

Local mis-orientation (local change in the crystaéntation), a common way of
measuring the plastic deformation used in EBSD, disg been adopted in PXM. The
mis-orientation measurement by PXM is much moresgate than by EBSD, due to its

higher sensitivity.
1.3.2 Electron Backscatter Diffraction (EBSD)

Electron backscatter diffraction (EBSD) is a mamalysis technique which
provides the crystallographic nature of sampleSdanning Electron Microscope (SEM).
With the emerging of the automated data acquisiteatures, EBSD is also known as
Orientation Imaging Microscopy (OIM). In Figure 1the general setup of the EBSD is

shown. The electron beam of the SEM operating énsghot mode scans the highly tilted
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sample surface (usually ~ 70°) with a certain step.sThe sample is mounted on a
moveable sample stage. Either the sample stadeedyelam is moved to accomplish the
scan. For each point with its coordinates (X,y)ebattron backscatter diffraction pattern
(EBSP) is generated on the phosphor screen andisheaptured by the camera and
subsequently indexed by the automated computeeraysBSPs are essentially Kikuchi
patterns and the bright bands are so called "Kikbahds" (a pair of Kikuchi lines). The

Kikuchi lines are formed by elastic scattering frtime crystal planes when the Bragg’'s
law is satisfied. Inelastic scattering is also leappg, which contributes to the blurring

of the lines and high background.
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Figure 1.7 Schematic diagram of electron backscatter diffraction system in SEM.

Besides the crystallographic aspects of the mierotres (orientation), the
strain information can also be obtained from EB&Iastic strain distorts the crystal
structure, which may cause the shift of the Kikulthés, changes of the bandwidths,
and/or even blurring of the edges of the diffractimands. This makes the elastic strain
measurement rather difficult practically, as the @n two pixel shifting from the lattice
bending is too small to be detected unless the esmage taken at high resolution with
very careful image analysis. Plastic strain, emgstas the form of dislocations, usually
make the diffracting patterns more diffuse. Two maiethods [70] have been proposed
for making quantitative measurements of plastiaistrthe image quality approach and
the local mis-orientation approach. However, neitbk them give the actual strain
values, as both methods are indirect, employintpiedion curves based on the changes
of the diffraction patterns in the strained samptative to those from unstrained

materials. Local mis-orientation has been usedegextensively to analyze the plastic
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strain in metals [71-74]. A full discussion abol potential and limitations of EBSD in

characterizing the elastic and plastic strain cafoloind in [70].
1.3.3 Neutron Diffraction

Neutron diffraction is a form of elastic scatterigalso relies on the Bragg’'s
law, which stipulates that neutron wave reflectslaitice planes when the condition in
Eq. 1.4 is satisfied. For a polycrystalline samihe, detector at a particular orientation
relative to the incident beam records all the dgjfram the lattice planes that satisfy the
Bragg's law. In other words, the diffraction signalf the lattice planes from many grain
depths can be recorded on the detector with ong dbe to the large penetration depth
of the neutrons and the large beam spot size. &arediffraction measurement requires
a neutron source, a sample, and a detector. Frgeons do not usually occur in nature,
because of their short life time. Nuclear reactare the main sources of neutrons
generated artificially. The other most used souscgpallation source, which irradiates a
metal target with high-energy protons from an am@dbr. Samples are generally large in
size compared to those used in PXM or EBSD. Moteaildel instrumentation can be
found in [75].

1.4 Objectives and Arrangement of the Thesis

This thesis is part of the COG (CANDU Owners Gropmject, a joint project
between industrial partners and different acadegnatips. The overall purpose of this
project has been to generate methodologies foatiadysis of stress corrosion cracks,
especially the microstrain distribution along timaok path and determine its composition
using analytical techniques. There are two maieahbjes in this thesis: first, to evaluate
the reliability and limits of the application of RKon microstructural and strain analysis
of Alloy 600, by comparing the results with thosen the other advanced techniques,
neutron diffraction and EBSD; second, using PXMstody changes in microstructure
and microstrain distribution before and after SG&ck initiation and to establish the

connections between these changes and the SCGgproce
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The structure of this thesis is as follows. Chafitprovides a general description
of some basic concepts (e.g., dislocations, shigingooundaries), a brief review of SCC
factors, mechanisms and the remedies, as weltamprehensive discussion of the three
microanalysis techniques (PXM, EBSD and Neutrofratition). Chapter 2 describes the
sample preparation methods and instrumentation strs thesis. Chapter 3 evaluates
the reliability of PXM on Alloy 600 study by compag the PXM results from uniaxial
tensile stressed samples with those from EBSD autton diffraction. Then Chapter 4
displays the detailed PXM results of samples thad bheen externally stressed by a
uniaxial force. It shows some of the more promigiagts of the PXM technique. We
then move to the C-ring samples in the remainingptdrs, as C-rings are a popular
means for determining the susceptibility to SCCatlibys. The microstructure and
microstrain changes after applying stress to anG48 described first in Chapter 5. In the
following chapters, different C-rings were usedyamerate cracks and studied by PXM.
In Chapter 6, PXM studies are shown for samplesigse electrochemically corroded
to produce SCC. Chapter 7 discussed the resuRXbf from a massive SCC crack with
24h corroding time. Last, in Chapter 8, a summadrthe work in this thesis is presented

and the possible additional work is suggested.
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Chapter 2

2. Experimental Details

This chapter contains general information regardilighe samples and various
experimental techniques employed in this thesigeptolt also includes experimental
procedures that are common to all samples. Additi@xperimental details will be

provided, as necessary, immediately prior to tewdision of results in later chapters.
2.1 Specimen Description

Nickel Alloy 600, also known as Inconel 600, wased for all the studies
discussed in this thesis, either in the form oftientest specimens or C-ring samples.
The tensile samples were provided by Atomic EnefyZanada Limited (AECL) and
were stress relieved at 800°C in flowing argon Tor in a furnace. Note that not the
complete thermo-mechanical history of the sampéeshieen described as it is not known
by the authors. The resultant specimens had ladgenains” with equi-axed grain
structures, but the grain size varied from domaiddmain, the largest being ~200 um
and the smallest ~10 um. The C-ring samples wereerfrath actual SG tubes, which
were produced by Rolled Alloys™ in the bright anedacondition. The average grain
size is ~25 to 40 microns. The compositions for timesile samples and the C-ring
samples are summarized in Table 2.1, which wereigied by the supplier.

Table 2.1 Chemical composition of bar samples and C-ring samples.

wt. % Ni Cr Fe C Si Mn Cu Ti Al S Mo
Bars balance 15.5 8.8 - 0.2 0.2 0.2 0.3 0.3 - 0.2
C-rings 72.4 16.2 9.7 0.02 0.39 0.79 0.01 - - 0.003

2.2 Specimen Preparation Techniques

Before detailed description of techniques useprt@ess the samples, a summary
of the treatments of samples is listed in Table Ptizee tensile test samples were studied
in this thesis: the control sample without appk#&cin, a specimen from the middle part
of the tensile bar (mid-bar sample) and one froenghd of the same tensile bar (end-bar

sample). As well, five C-ring samples were studieeh) of which were not cracked by
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SCC, while the other three were SCC cracked wifferdint corroding time in the

autoclave.

Table 2.2 Summary of treatments of samples studied in this project.

samples Strain history Surface treatment SCC test
Tensile  Control No applied strain Mechanical polish + eletropolish -
Mid-bar 0.5% plastic strain Mechanical polish + eletropolish -
End-bar 0.5% plastic strain Mechanical polish + eletropolish -
Crings Unstressed No applied strain Mechanical polish + FIB polish -
Stressed 2% plastic strain Mechanical polish + FIB polish -
6h 2% plastic strain Mechanical polish + eletropolish + FIB polish 6h
18h 2% plastic strain Mechanical polish + eletropolish+ FIB polish 18h
24h 2% plastic strain Mechanical polish + FIB polish 24h

2.2.1 Uniaxial Tensile Test

The purpose of this test is to generate a simp@e oaresidual elastic strain and
plastic deformation, which then can be studied BivRand so evaluate the reliability of
PXM technique. This test was carried out by ouldatmrators in the Department of
Mechanical Engineering at UWO. Standard bar-typsite specimens were used for this
test. The specimen was uniaxially stretched to rinal 1% extension using an MTS
tensile tester QT/25. Two marks were made on tleeispen and the distance between
the marks was measured before and after stretqFiggre 2.1a). The nominal strain
(engineering strain) was calculated by using thange in length over the original
length. In real cases, especially during the tenét, the cross sectional area and the
length of the specimen change with the stretchingcgss. Thus the engineering
stress/strain that is calculated based on fixegfeetes (the original cross sectional area
and original length) is not the true stress/strainthat particular moment. True
stress/strain gives a more accurate measuremeunsibyg the instantaneous values for
area/length. In Figure 2.1b, the true stress-tttanscurve for the tensile test is shown.
The end point is beyond the yield point and thig/ mave resulted in some macroscopic
plastic deformation. Analysis of the resulting stestrain curve [76] indicates that this

sample endured an average uniaxial plastic stfaabaut 0.5%.
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Figure 2.1 (a) Layout for the tensile test. The engineering strain was calculated to be 1%. (b) True stress-
true strain curve for the Alloy 600 tensile test. E is the Young’s modulus. The residual plastic strain is
calculated to be 0.5% shown in the figure.

2.2.2 Making C-Ring Samples

C-rings are commonly used to determine the susdxkyt of SCC in different
materials. They were prepared according to ASThddaed G-38 [77]. Two cm long
sections were cut from the tubing, which has arerodtameter (OD) of 15.1 mm and
tube thickness of 1.2 mm. Care was taken duringjaseeg by employing a diamond
saw with sufficient cooling such that the cut edgese smooth and sections were not
heated up during cutting. Slots were cut and holeie drilled in these sections for the
fabrication of C-rings. The cut edges were polisieda smooth finish. The outside
diameter surface was also polished through vampisilicon carbide papers, down to a

0.05 micron alumina finish. Then the polished sewtiwere stressed to 2% plastic strain
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by screwing Alloy 600 bolts and nuts, as shown iguFe 2.2. This strain value was
estimated roughly by assuming that the stressastiaive is still linear when applying a

stress at ten times of the yield strength.

(a) (b)
Figure 2.2 Optical images of a C-ring: (a) before and (b) after stressing by bolt tightening to achieve a
nominal 2% strain. Green boxes at the sample apex indicate the analysis area.

2.2.3 SCC Test

This test is to generate cracks in the C-ring sampy SCC. This test was done
by our collaborators at University of Toronto. heir facility SCC of Alloy 600 has been
able to be induced in acidic or caustic environmelnt this work, a caustic solution was
used for all the SCC tests. Samples were spot wdldNi wires and suspended from
electrode holders. Then the samples were exposad autoclave containing a solution,
10% by weight NaOH in deionized water (resistivafy18.2 M2-cm), at a temperature
of 315 °C [78, 79]. All tests were conducted in.&-D nickel beaker (liner) containing
230 mL of solution inside an alloy-625 autoclaveioPto heating the autoclave, the
caustic solution was deaerated by nitrogen foreastl 12 hours. After temperature
stabilization, a potential of +150mV vs. a pseuefeirence electrode of Alloy 600 was
applied to the whole sample (C-ring, bolt and waskesembly) and the total current
density was monitored. After initial decay from 1200 pA cn?, the current densities
finally reached values of 25-35 pA @rdepending on the total exposure time.

2.2.4 Sample Surface Treatment Techniques
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All the polishing procedures are adopted to smdbthsample surface and so
minimize the residual stress. The purpose of tlohieg procedure is to reveal the

microstructure of the sample surface.
1. Mechanical polishing

A polishing machine at Surface Science Wester\(B8as used to conduct the
mechanical polishing. The surface of interest freamples was polished with graded
silicon paper, followed by diamond pastes with diisining particle size and then with
0.05 pmy-Al,0O3 paste.

2. Electropolishing

Electropolishing, also known as electrochemicdispong, is an electrochemical
process removing materials from a metallic workceielt can eliminate some of the
defects after mechanical polishing and thus furthrgarove the surface condition (e.g.,
less residual deformation), by removing the top ihpdesstically deformed surface layer.

Two methods of electropolishing were adopted is tork:

(). A solution of 10% perchloric acid in metharatdl-60 °C and with a potential of 40 V
DC for 8~10 sec. This method has only been usedhtomid-bar tensile test sample,
which was carried out by Kinetrics - one of ourlabbrators. It should be noted that
perchloric acid is dangerous to work with, as iteiplosively unstable and can be

exceedingly corrosive to skin at its anhydrousestat

(ii). A solution of 25 vol.% nitric acid and 25 v& phosphoric acid in water at ambient
temperature, using a potential of 0.81 V to SChtijratedCalomel Electrode) for ~1
min. This is the method that was used for othermeasnwhere electropolishing was

needed.
3. Focused ion beam (FIB) process

Focused ion beam (FIB) is a technique being widedgd in semiconductor
research and processing environments. FIB setgpnigar to that of scanning electron

microscope (SEM), except for the use of the focisedqusually gallium ion Ga) beam
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instead of a focused electron beam. However, Flieigerally incorporated into a system
with both ion and electron beam sources. FIB allonaging, localized milling and even

deposition of materials with high precision whemtoned with a gas injection system.

In this work, FIB milling and deposition were ajgal to all C-ring samples. The
LEO 1540XB, a dual beam system with a gas injectsystem at the Western
Nanofabrication Laboratory, was used. A focusedrbed gallium ions was used to
remove mechanical damage from the near surfacemrely ion bombarding at a
glancing angle, over an area close to the edgeec&pex of the arch at the flat end face.
Subsequently, this ion bombardment was found tce hawv measurable effect on the
strain measurements of the surface. Also, usingidhebeam, cuts were made in the
surface as markers of features in the microstrastuhese could be identified by optical
microscopy at the synchrotron. As well, localizéatipum deposition was used to mark
regions on the sample. These regions could also identified by X-ray
microfluorescence spectroscopyXRF) during analysis at the synchrotron. In Figure
2.3, an SEM image of the surface after FIB procgssias shown as an example. Note
that though FIB smooths the surface by removing dfnained layer at the top most
surface, it can create defects (e.g., scratcheguse of different milling rate for grains

with different orientations.

FIB polished area

- - SN
Figure 2.3 SEM image of the FIB polished area at the flat end face. Cutting lines and Pt lines were made
on both sides of the polished area, to help find the area during Laue diffraction.

4. Etching
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Etching is a primary process used in metallograghseveal the microstructure
of a specimen. Though some information can be oétafrom as-polished surfaces, the
microstructure is usually visible only after etapias light is uniformly reflected on a
polished sample [80]. The most commonly used etchitethod is electrochemical
etching, a forced corrosion process by applyingdernal voltage. In this process, the
metallic elements within each grain orientationsdige at different rates because of
differences in surface energy. The light can thesdflected from the attacked grains
and boundaries at an angle, creating the micrdst@icontrast.

In this work, etching was carried out in 10 voll4&l and 90 vol.% methanol
solution at room temperature with a DC voltage .8t\. The sample was connected to
the positive electrode as the working electrodalendn Pt wire, which was connected to
the negative electrode as the counter electrods, smept over the top of the sample

surface without touching the surface for ~ 20 sec.

2.3 Polychromatic X-ray Microdiffraction (PXM)
2.3.1 PXM Beamlines

PXM studies were carried out on Beamline 34ID-Ethe Advanced Photon
Source (APS) of the Argonne National Laboratory (ANind Beamline 12.3.2 at the
Advanced Light Source (ALS) of the Lawrence Berlgdlmtional Laboratory (LBNL).

Beamline 34ID-E at APS is an undulator x-ray seuwith an optimal beam size
of 0.3 um x 0.3 um. The beam energy can range ffdmV up to 30 keV. Note that
undulators are not ideal for white beam experimdntsto their highly structured energy
spectrum, it is usually achieved by tapering thgmegic gap or aligning them off-axis.
Beamline 12.3.2 at ALS is a source from a superlmeadnet, with an optimal beam size
of 0.5 um x 0.5 um. The energy range is 6 — 22 Ké\ére are several different types of
detectors at each beamline. For our experimen®gper Scientific PSCX:4300 CCD
detector was used at APS, while a Dectris PilatiMs Pixel detector was used for
collecting PXM data at ALS. The detailed beam patars were slightly different for
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each experiment (e.g., beam spot size) as the bdus can somehow drift a bit at each

visit.

VESPERS (Very powerful Elemental and StructuralerEmploying Radiation
from a Synchrotron) at Canadian Light Source (ClsSanother new PXM beamline
under development. It is a bending magnet beamiitie a typical beam size of (2 - 4)
um x (2 - 4) um. Experiments have also been caoigdhere, however, the data was
not satisfactory because the pixel mapping caiiman the CCD detector had not been
completed and some inherent strain tensors wenedféo exist in all maps collected.

Therefore, the results from these experiments wet@resented in this thesis.

2.3.3 Data Analysis Software

The software packages, XMAS (X-ray Microdiffractidnalysis Software) and
ThreeDimX_RayMicroscopy, used to process the daése respectively obtained from
the group at beamline 12.3.2 at the Advanced L&yhirce (ALS) [3], and the Advanced
Photon Source (APS)-Oak Ridge National LaboratddRNL) group at the APS
beamline 34-ID-E [2]. The algorithms used for betiftware codes are similar, but not
identical. The lattice orientation is determinedwihin 0.0 [65]. These software
packages are capable of processing Laue patterais efhen there are interfering
patterns from nearby grains. Indexing can sometibb@sdone using as few as four
diffraction spots but more spots greatly incredmedccuracy of the results. The results
of these analyses are presented as two-dimensioagis of the crystallographic
orientation and the components of the residualalexic elastic strain tensor over the
detected region. ThreeDimX-rayMicroscopy was use@lot the orientation maps and
measure the GB mis-orientation angles. Strainviewesoftware program developed in
our own group, was also used to plot strain mapb cGabculate the average strain for
each map.

FOXMAS (Fast Online X-ray Microanalysis Softwatie)parallelized software
[81] developed using the XMAS code and was alsa useprocess some of the Laue
data. In addition to calculating the orientationpmaand strain maps, FOXMAS has

capabilities for assessing streaking of a Laue, spatarticular the direction of the streak
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and its shape as measured by the ratio of its ni@jminor axes, the so called “ellipticity
map”. In addition, FOXMAS software is capable ofasering and comparing the angle
of mis-orientation with respect to a particular sty plane for any Laue diffraction
pattern associated with a particular pixel. Thealomis-orientation maps produced
employ the same convention as those used in thEB&surements. That is, the mis-
orientation angle between every two adjacent pixslscalculated first using the
orientation matrix. Then the local mis-orientatiamgle of a pixel is assigned to be the
average of mis-orientation angles between thisquéatr pixel and its eight neighbours,
but only those angles smaller than 5° are adoptey.local mis-orientation with angles

between 5° and 15° are counted as low angle gmindaries.
2.4 Electron Backscatter Diffraction (EBSD)

EBSD measurements for bar samples in Chapter 8 performed at Kinetrics
using an EBSD detector attached to a Philips XLEGFSEM. A 15 kV accelerating
voltage was employed for this examination with arkimg distance of 10 mm.
EDAX/TexSEM TSL OIM Software was used for data dsiiwon and data processing.
EBSD scans were performed on the tensile bar samysi@g step sizes ranging from 1
to 4 um. The number of steps varied from 300x3@0ssto 700900 steps and the step
size varied accordingly so that the data acquisitimuld be completed within a day.

EBSD measurements have also been performed a24th&CC-cracked C-ring
specimen by our collaborators at University of Taoo EBSD measurements were done
on a Field Emission SEM using a Nordylys detectGx{ord Instruments), and Channel
5 HKL software. An accelerating voltage of 20 kelaa beam current of 20A were
used during the pattern acquisition. The electreantb was scanned across the sample
surface in a raster motion, and orientation dateevebtained at lum intervals, from
which local mis-orientation maps were calculatekde Thethod of calculating local mis-
orientation has been described in section 2.3i8r Rr EBSD measurements, the sample
surface around the crack was electropolished irerotd reduce the contribution of

surface asperities to the mis-orientation result.
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2.5 Neutron Diffraction

The neutron diffraction measurements were perfdrorethe control bar sample
in Chapter 3 by our collaborators at Queen’s Ursivgr The strain measurements were
performed on the L3 beam line at the Canadian auBeam Centre (CNBC) at Chalk
River Laboratories (CRL) using a monochromatic besrt a 32-wire position sensitive
detector. Diffraction intensity measurements weradenfor fourhkl peaks (111, 200,
220, 311) in five directions, the three principakdtions: the rolling direction (RD), the
transverse direction (TD) and the normal direct{biDd) and two more in the RD-ND
plane at 30 and 60 degrees from the RD. The direstRD, TD and ND are the exact
equivalents of the principal directions x, y anthzhe PXM method. Two wavelengths
were used to keep the range @& @PHI) angles small. For the {111} and {200}
measurements the wavelengi) (vas 2.37A and for the {220} and {311} measurensent

A = 1.51A. A Ge monochromating crystal was used.

(a) (b)
y D

Z X ND RD

» Tensile direction

Figure 2.4 The photograph shows the sample orientation with respect to the coordinate systems of: (a)
PXM measurements and (b) neutron diffraction measurements.

The unstrained lattice parameter=d0.35564 + 0.00004 nm is determined from
the neutron diffraction pattern of the Alloy 600ntml sample (no tensile stress applied).
This value is the average of the lattice paramedires calculated from all the measured
d-spacings for the control sample (five values four types of hkl planes). The
uncertainty is the sum in quadrature of the stahdhaviation of the values and the

average uncertainty of the values, which arisemftbe peak fitting and wavelength
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calibration. The PXM and neutron diffraction datare all processed using this as the
reference lattice spacing. The sample tensile times with respect to the coordinate

systems of the PXM and neutron diffraction measeamshare shown in Figure 2.4.

2.6 Other Instruments

Optical microscopy was performed using Zeiss AldapCompound Microscope
and Zeiss Discovery V8 Stereomicroscope at Surdmtence Western (SSW). Scanning
electron microscopy (SEM) coupled with energy dispe X-ray analysis (EDX or
EDS) was performed using Hitachi S-5400 FESEM qupipwith Quartz XOne EDX
system at SSW and the LEO (Zeiss) 1540XB FIB/SENhatWestern Nanofabrication
Facility.
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Chapter 3

3. Comparisons of Polychromatic X-ray Microdiffraction
(PXM) with Neutron Diffraction and Electron
Backscatter Diffraction (EBSD)

As discussed in Chapter 1, the major objectivewof study is to determine the
micro-strain distribution in Alloy 600 prior to anduring the SCC initiation using the
PXM method. The first step was to assess the ikfialmf PXM method for the
measurement of the magnitude and distribution aftrarical strains in Alloy 600. PXM
data will be compared to that from neutron diffractand EBSD. In this chapter, PXM,
neutron diffraction and EBSD measurements were madsamples of the alloy that had
been stressed uniaxially. Contents presented is thiapter are excerpted from a

previously published paper and a progress repar8fg.
3.1 Brief Review of Experimental (Samples & Techniques)

Samples studied came from a bar of Alloy 600, dieed in Chapter 2, that had
been machined into tensile test specimens. Thesespecimens had been uniaxially
stretched to 0%, 1% and 10% extensions; the 0% Isasgoved as an “as received”
(control) reference. The end-bar tensile sample amd-bar tensile sample were
respectively cut from the end and the middle p&dt% extension bar, which is actually
plastically strained to 0.5% (refer to Figure 2he samples to be analyzed by various
techniques were cut from these test specimenshamndsurfaces prepared using methods
described in Chapter 2. 2D PXM scans were run beaahples and one in-depth (3D)
scan was carried out for the end-bar strained sa@plAPS. All measurements were
carried out on areas denoted by Au or Pt metalcfadumarks. Neutron diffraction
measurements were made on the control and enduz@nesl samples, while EBSD
measurements were only carried out on the mid#amed sample. The PXM patterns
collected from the 10% extension sample was fountbe unindexable, as there was

extensive plastic deformation produced in this damp
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3.2 Results and Discussion

3.2.1 PXM Elastic Strain Results

2D PXM scans were collected from the control and-ear 1% strained samples,
using an x-ray beam spot size of Jyh?and a step size (lateral resolution) qfr@. The
PXM data was indexed using lattice parameger 6.35564 + 0.00004 nm obtained from
the control sample analyzed by neutron diffractidbhe resulting orientation and strain
maps are shown in Figures 3.1 and 3.2, respectivelyhe orientation map different
colors represent different orientations with resgeca chosen directional pole (in this
case [111]). The orientation of grains can be ifiedt from the color legend. In the
strain map, a strain scale from -5 to 5 (XL adopted, corresponding to a color scale
from deep blue (most compressive) to red (mostilBnAreas with a green color are
relatively strain free. Some black areas are ses=multing from non-indexing, which is
mostly due to the existence of high plastic defdromaor the confusion of the indexing
process because of several overlapping grains. #iswn is a plot of “von Mises (VM)

strain” for each area studied.

Inspection of the principal deviatoric strain canpnt maps from the control and
the end-bar samples (Figures 3.1 and 3.2) clehdws lower strain in the control strain
component maps compared to the end-bar straineplsaithe VM maps also register
this difference. Closer inspection of the 2D strammponents for the end-bar strained
specimen (Figure 3.2) shows compressive strainthferxx componentefy) of many

grains and tensile strain for some of the zz corepbg.,).

An in-depth (3D) 44um line scan with lateral resolution of [gn and depth
resolution of Jum was also collected from the end-bar 1% straiaecpse within the 2D
scanned area (see blue line in Figure 3.2). Thendp probes to a depth of over H®
into the bulk material. The resulting in-depth atetion map and corresponding strain
maps are shown in Figure 3.3. Again, most graifsbéxcompressiveyy strains. There
is no measurable difference in the elastic straagmitudes or directions from the surface
region to the interior; however surface/bulk diéieces in dislocations are shown later.
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Figure 3.1 Orientation map and deviatoric strain component maps of the control sample from 2D PXM. The field of the diffraction patterns comprises an area of

180%x180 umz. The color legend for OM is on the top of the OM map, while the color legend with a scale of -5to 5 (x107®) for all strain maps is shown at the right
corner.
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Figure 3.2 Orientation map and deviatoric strain component maps of the end-bar tensile sample from 2D PXM. The field of the diffraction patterns comprises

an area of 180x160 umz. The color legends for OM and strain maps are the same as in Figure 3.1. The blue line across grain 2 in the OM indicates the position
for the 3D PXM scan. The numbers in OM indicate 5 grains for later comparison with neutron diffraction.
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Figure 3.3 Orientation map (OM) and strain maps of 3D PXM scan from the end-bar sample. Refer to Figure 3.1 for the color legend of OM and strain maps. The
numbers in OM indicate 5 selected grains for later comparison with neutron diffraction.



40

*

MWid-bar tensile sample

Figure 3.4 Orientation map and deviatoric strain component maps of the mid-bar tensile sample from 2D PXM. The field of the diffraction patterns comprises
an area of 200x200 pum”. The color legends for the OM and strain maps are the same as in Figure 3.1.
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2D PXM scans were also collected from the mid4tesined sample in March
2007 at APS. Figure 3.4 shows the resulting orteartanap and strain maps. This region
had a grain structure quite different from the tie&dy regular grain size of the end-bar
and the control samples; the orientation imageguré 3.4 is dominated by one or more

large grains surrounded by a cluster of smallesone

According to the color scale, the two strained damsn Figures 3.2 and 3.4
obviously have bigger VM strain than the contrahgée in Figure 3.1, which matched
the expected results. It is also noted that middaemple shows bigger VM strain than

the end-bar sample.

Table 3.1 listed the average strain for the scdremea of all samples. It is
important to note the degree to which even smatimessive and tensile elastic strains
are able to be differentiated by PXM. Such elastiain cannot be measured by EBSD;
therefore PXM has a major advantage in the studg@€ cases where strain direction

can indicate the probability of a subsequent meichafailure.

Table 3.1 Average deviatoric strain (elastic strain) for the PXM scanned area of control, end-bar and mid-
bar strained samples.

X 10-3 Exx Eyy Exn Exy Ex €y Evm
control -0.30 0.03 0.27 0.19 0.20 -0.28 1.98
End-bar 2D -1.00 0.29 0.72 0.15 1.22 -0.12 3.71
3D -0.36 -0.11 0.48 0.47 0.16 0.11 5.04
Mid-bar 0.74 -0.09 -0.65 0.31 -0.26 0.19 5.18

3.2.2 2D PXM Comparison with Neutron Diffraction

The comparison between PXM and neutron diffracti@s made on the end-bar
strained sample. The reference coordinate systér®Xll and neutron diffraction can
be found in Chapter 2 (Figure 2.4). The directiBf TD and ND in neutron diffraction

are the exact equivalent gf, eyy ande;, in the PXM method.

Table 3.2 lists the average elastic normal stralosg the RD, TD, and ND as
measured by neutron diffraction on the end-bar $amgsted in this table are the

average normal strains calculated from the anglifraction peak shifts of four planes
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aligned along each of the RD, TD, and ND directidrtse uncertainties in the calculated
strain values are large and may be partly causathbgrtainty in the peak fits and from
wavelength calibration. For any given directiontive material, the normal strain along
that direction is different for the different crgbsystems, i.e., (200) compared to (220)
or (111) (Table 3.2). This reflects the elasticsatriopy of this polycrystalline Alloy 600
[85].

Table 3.2 Strain measurements for the end-bar sample using neutron diffraction.

Direction hkl Strain (UE)
RD 111 -134 £ 142
200 -140 £ 132

220 -63 £ 137

311 -112 £ 132

ND 111 -112 £ 273
200 466 * 254

220 128 +114

311 -25+136

D 111 -34 £ 244
200 135+ 189

220 -199 + 148

311 -53 £ 108

PXM (Figure 3.2) had observed compressiyestrains for most orientations,
while the normal strains measured from the foung@$aparallel to the RD in neutron
results are all compressive. Thus, the PXM resuitanfirmed by neutron diffraction
from a qualitative point of view. For a more precisomparison between specific
neutron measurements and the Laue measurementslifadual grains, crystal rotation
matrices were used to determine the angular rekstips between specifichkl>
directions in the grains and the measurement dawectused in neutron diffraction. Five
grains were selected for comparison with the neuditfraction results (numbered 1 to 5
in the Figure 3.2). The principal straigg, &y, and&;, correspond to the RD, TD, and
ND of the sample respectively. Table 3.3 givesdheraged strain values from the five
grains identified in Figure 3.2. Directions of pésnwith a low angle to one of the
principal directions were used for comparison. Ehdgections for each of the five
selected grains are underlined in Table 3.4. Fesdhfive grains, the appropriately
oriented principal deviatoric strain component eslUirom PXM, averaged over the

grain, were compared to neutron diffraction straieasurements, averaged over many
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grains, with one direction in common. For examfle, particular plane direction (from

all measured plane directions) from PXM shows twveelst angle to the ND, the neutron
diffraction strain measurement for that plane dicecoriented in the ND is compared to
the principal strain component measurementfor that grain. The results are shown in
Table 3.5. The uncertainties for PXM strain datarevealculated as the standard
deviation of the strain values from all the datanfsowithin the corresponding grain used

for the average strain calculation.

Table 3.3 Averaged strain values from the whole grain for the 5 selected grains in the 2D PXM map.

Whole grain(LI€) G1 G2 G3 G4 G5
Exx -1038 + 285 -1225 + 464 -715 +218 -1224 + 223 -1073 + 333
£y 426 + 415 834+ 784 -180 + 376 263 + 341 457 + 402
£ 614 + 421 394 + 361 896 + 188 962 + 225 618 + 180

Table 3.4 Calculated orientations for Grains 1-5 of the end-bar sample from 2D PXM data to RD, TD, ND.

Grain Direction RD TD ND
1 (200) 59.8 304 86.7
220 79.7 80.2 14.3

(111) 81.7 50.5 40.7

(311) 67.8 31.5 68.8

2 (200) 56.4 36.3 77.8
220 67.2 88.6 22.8

(111) 89.8 61.0 29.0

(311) 61.4 58.9 44.7

3 (200) 67.1 84.3 23.6
220 89.8 6.3 83.7

(111) 58.2 84.6 32.4

(311) 48.2 60.4 56.0

4 (200) 74.8 61.8 32.7
220 81.2 81.0 12.7

(111) 52.5 79.2 39.6

(311) 34.6 64.8 67.9

5 (200) 83.2 27.5 63.5
(220) 67.9 72.1 29.0

111 77.6 78.6 17.0

(311) 87.7 50.3 39.8

Table 3.5 Strain from the 5 selected regions from 2D PXM and neutron results for the end-bar sample.

Region Strain direction Measured neutron strain(LL) Measured Laue strain(L€)
1 ND <220> 128 + 114 £,=614 421
2 ND <220> 128 +114 €, =394 %361
3 TD <220> -199 + 148 £,y =-180 £ 376
4 ND <220> 128 +114 £, =962 225
5 ND <111> -112 £ 273 £,=618 +180
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Grains 1, 2 and 4 exhibit similar strain pattefas tensile in z direction or ND).
The neutron diffraction measurements indicate thattensile strain in ND occurs for
grains with <220> oriented to ND. Grain 1, 2 andfact, have a <220> that is close to
the ND (14, 23 and 13 degrees off respectively) #rel principal deviatoric strain
component in the z direction from PXM does in faksbw tensile strain. However, the
neutron diffraction and PXM strain results from (@ra4 do not fall within the
uncertainty. Grain 3 has the lowest angle with<B20> in the TD (6 degrees). Neutron
results indicate that the <220> is compressivehan TD and the PXM results indicate
compressive strain in the principal y direction.a@r5 has the lowest angle in the
principle z direction with <111>, which seems notcbrrelate with the neutron result.
Neutron results indicate that grains with <111>afial to ND show compressive strain
and the PXM results indicate tensile strain inrzdion. 2D PXM results thus correlate

well with the neutron results in 3 of the 5 casesalibed above.

3.2.3 3D PXM Comparison with Neutron Diffraction

The levels of strain from neutron diffraction weve the order of 100x10
(1001e) and agree with the levels of strain measuredXM (Figure 3.3). Neutron
diffraction results indicated compressive straintie RD for the measured specific
lattice strains (see Table 3.2). Inspection of ph@cipal deviatoric strain component
map (Figure 3.3) in the tensile or x-directian,) reveals largely compressive strain
across many grains. Again, the same comparisohea2@ PXM has been done for 3D
PXM in the grains and the measurement directiomsl its neutron diffraction (refer to
Figure 2.4 for comparison of reference coordinatgtesns). Five grains from the 3D
PXM results exhibiting higher levels of strain weselected for comparison with the
neutron results. These 5 grains are labeled P orientation map shown in Figure
3.3. Calculated orientations of the four directi¢gh$l, 200, 220, 311) for the 5 selected
grains from the 3D PXM measurements (refer to Egsu3) to RD, TD and ND are
shown in Table 3.6.

Directions of planes with a low angle to one of gimcipal directions were used

for comparison. These directions are highlightedeithin Table 3.6. For these 5 grains,



45

the appropriately oriented principal deviatoricastr component values from PXM,
averaged over the grain, were compared to the areudliffraction strain measurements,
averaged over many grains, with one direction immmn. Large variations in strain
values across the grains were noted during the B¥dsurements which are reflected in

the uncertainties. The results are shown in Tallle 3

Table 3.6 Calculated orientations for Grains 1-5 from 3D PXM data to RD, TD, ND system.

Grain Direction RD TD ND
(200) 75.6 66.2 28.2

1 (220) 63.8 48.3 53.0
(111) 89.8 62.9 27.0

(311) 70.2 43.1 53.6

(200) 88.3 9.1 81.0

2 (220) 77.9 53.1 39.5
(111) 68.0 63.6 35.6

(311) 77.7 34.1 58.7

(200) 60.8 75.1 33.5

3 (220) 42.4 67.2 56.6
(111) 71.3 80.4 21.2

(311) 47.1 82.8 43.8

(200) 45.9 45.1 45.6

4 (220) 74.2 84.7 16.7
(111) 79.7 61.1 31.0

(311) 59.1 47.3 58.2

(200) 66.2 26.8 78.4

5 (220) 73.3 36.4 58.7
(111) 89.3 64.1 26.0

(311) 75.6 39.9 53.8

Table 3.7 Strain from Grains 1-5 from the 3D PXM and neutron results for the end-bar sample.

Grain Strain direction Measured neutron strain(Le) Measured Laue strain (L)
1 ND <200> 466 + 254 £, =936 £ 1045
ND <111> -112 + 273
2 TD <200> 135+ 189 &y =556 £ 1677
3 ND <200> 466 + 254 £,=1134+1123
ND <111> -112 £ 273
4 ND <220> 128 + 114 €, =619 + 691
5 TD <200> 135+ 189 £y, =906 * 646
ND <111> -112 £ 273 £, =401 468

Grains 1 and 3 are oriented similarly and exhdmtilar strain patterns. In the
table, ND has almost the same angles with both x28@d <111>. Neutron results
indicate that grains with <200> parallel to ND shwery high tensile strain (466t
254), while grains with <111> show compressiveist(al12[e + 273). In total, if grains
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are oriented between these two directions, thewldhstill show tensile strain (466 >
112).

Grain 2 exhibits high tensile strain in the y @ direction, which correlates with
the neutron diffraction results. The neutron ddfran measurements indicate that the
high tensile strain in TD should occur when granith <200> oriented to TD. Grain 2,
in fact, has <200> that is close to the TD (9 degreff) and the principal deviatoric

strain component in the y direction from PXM doeg$act show tensile strain.

Grain 4 has the lowest angle with the <220> in 2. Neutron diffraction
results indicate that the <220> is tensile in tH2 &hd the PXM results indicate tensile

strain in the principal z direction.

Grain 5 shows tensile strain in the y or TD dii@tt and compressive strain in
the z or ND direction (Figure 3.3). From the angbmversion shown in Table 3.6, TD
has the lowest angle with <200> and ND has a sinola angle with <111>. Neutron
diffraction results indicate tensile strain of <20 the TD and compressive strain of
<111> in the ND.

The neutron diffraction and 3D PXM strain measwata agree within
uncertainty. It should also be recalled that Lausasures only deviatoric strain while

neutron diffraction measures total strain.

3.2.4 PXM Comparison with EBSD

The comparison between PXM and EBSD was made emtid-bar strained
sample. In Figure 3.5, the orientation maps obthimg PXM and EBSD are compared.
Grain boundary patterns obtained are, at first @ggamuite similar although the spatial
resolution of EBSD is superior. However, some sniifferences between the
orientation maps (OMs) are noted. Some of the srttah grains shown in the EBSD
orientation map are not visible in the PXM oriemat map; this is likely due to
differences between the spatial resolutions otwleetechniques. As well, the large grain
on the left of the PXM orientation map (pink graeghibits features (regions in blue
color) which are not observed seen in the oriemtatnap from EBSD. It should again be
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mentioned that PXM detects material to much gredgpths than EBSD and these blue

regions most likely arise from an underlying grain.

Composite strain maps of the above-mentioned regobtained by PXM and
EBSD, are compared in Figure 3.6. For PXM, composlastic strain is calculated from
all elastic strain component values using the Vkinfiala; for EBSD the composite strain
is determined from the measured area density of dmgle lattice mis-orientations
relative to those measured in standard straineglsameffectively measure of plastic,
not elastic strain. From a close inspection of bothges, it is not possible to see much
similarity. Some high strain features appear comuoednoth, such as in regions A, B, C,
and D. Other high strain regions do not coincidebath images. While some of the
disaccord may result from differences in depthspgadcby the two techniques, the main
difference likely stems from the fact that the isisamapped by PXM are largely residual

elastic while those from EBSD are completely ptasti

PXM data were also used to assess qualitativelyrémge of local plastic
deformation within region A in the upper left haodrner of the image field in Figure
3.7, Laue patterns are shown for locations havichigh elastic strain (24 x T (b)
low elastic strain (3.4 x 1), (c) near the grain boundary (3.8 x*.@nd at the grain
boundary (3.7 x 1f). Some dislocation walls are detected in the leigistic strain and
none in the adjacent low elastic strain region. Eesv, most of the plastic deformation
is found in the vicinity of the grain boundary,aso can be seen in the EBSD map.
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(a) EBSD _ (b) PXM
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Figure 3.5 Comparison of (a) EBSD and (b) PXM orientation maps for the mid-bar sample. The PXM results
are plotted for two different directions. The pole figure grain orientation is denoted by color and the
orientation can be determined from the color legend.

Strain map by EBSD Von Mises strain from PXM
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Figure 3.6 Comparison of PXM and EBSD composite strains for the mid-bar sample.




VM strain
a 24.2x1073
b 3.4x103
c 3.8x103
d 3.7x1073

4

Figure 3.7 Laue patterns for four different pixels from the same grain within the map for the mid-bar

sample: (a) pixel from an area of high elastic strain; (b) pixel from an area of low elastic strain; (c) pixel
close to the grain boundary; (d) pixel on the grain boundary.

3.3 Summary

Both 2D and 3D PXM strain information for a 0.5%gtically strained sample
(end-bar sample) has been compared to that obtaisgd) neutron diffraction. The
principal strain directions in the alloy were detered to have mostly compressive
strains that were on the order of 100 X {@0Qu¢); this agrees with the levels of strain
measured in individual grains by PXM. The comparidgetween neutron diffraction
results and PXM involved an identification of gsim the PXM strain maps whose
directions come closest to the directions measbredeutron diffraction. It must be
realized that the neutron diffraction results ameaserage strain for thousands of grains
in the sample while the PXM results are for singflain. Even for a single grain, strain

varies across the grain and must be averaged. Wette differences in mind and with
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the uncertainties in both PXM and neutron diffrastimeasurements, the agreement of

strain magnitude and sign (often within 100%) areeatably good.

PXM and EBSD measurements were also comparedniather region of the
0.5% plastically strained sample (mid-bar samplE)e elastic strain distribution,
determined by PXM, had some areas that correspondethe strain distribution
measured by EBSD, but most areas did not corresfddmsl discrepancy results from the
origin of the strain data; EBSD derives its infotima from plastic strain information,
while PXM measures the elastic strain directly friattice parameters.

In short, the results from the PXM are consisteitih measurements made by the
well-established neutron diffraction and EBSD. Besi it displays advantages over the

two traditional techniques as detailed in Chapter 1
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Chapter 4

4. PXM Results from Tensile Bar Samples

In Chapter 3, the PXM method has been validated tfee microstrain
measurements of Alloy 600, by comparing with ottmathods - neutron diffraction and
EBSD. To fully understand the capability of the PXithod, this chapter presents the
detailed analysis of PXM results from uniaxiallyestsed samples. The elastic strain
study has already been discussed in Chapter 3hisachapter will focus on plastic
deformation analysis. The present content is etddamainly from a previous written

progress report [84].
4.1 Brief Review of Experimental (Samples & Techniques)

Two tensile samples, the mid-bar and end-bar sssn@s well as the control
sample were studied by PXM at APS. Sample premarand the experimental setup
were described in section 3.1. Note that the midsbanple is from the middle part of the
tensile stretched bar, while the end-bar sampleauaifrom the end of the gauge part of
the tensile bar. The two samples were electropadisim different ways; details are
shown in section 2.2.4.

4.2 Results and Discussions

4.2.1 Elastic Strain Study

2D PXM scans were collected from the control awd tensile samples. The
resulting orientation and strain maps have beewslio Chapter 3 (Figures 3.1 - 3.3).
As discussed in Chapter 3, the composite (von Niségins from the two tensile
samples are obviously bigger than that from thdrobsample (see Table 3.1). Another
point we made in Chapter 3 is that the mid-bar dampows a generally higher strain
than that of the end-bar sample; this is likely duehe decreased intensity over which

the stress is expressed.
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However, there is an indication from the color m#pat the strain is somewhat
different in different grains and that there israig-orientation dependence of the strain.
In the mid-bar sample (Figure 3.4), the large grantered in the OM image shows
atypically high tensile strain compared to the tyil&compressive strain in the

surrounding grains.

4.2.2 Plastic Deformation Study

We have examined the local elastic and plastiairsr adjacent to grain
boundaries within the end-bar sample. The GB misatation angles between some of

the boundaries have been measured and are indiodtegure 4.1.

x103
M 5.00

24.58 54.45 44.00

25.23

Figure 4.1 Orientation map and von Mises strain map for the end-bar sample. Angular mis-orientations
are shown across some of the grain boundaries.

Then, we have looked for relationships betweenntieorientation angles, the
elastic strain found on each side of the boundaaed evidence for dislocations within
either grain. The elastic strains are represense®M strains averaged over the entire
grain. The evidence for dislocations and dislocatmalls comes from any streaking of
the diffraction spots and splitting in the casedudlocation walls [68, 86]. If there

happens to be more than one slip system in plagttkaks can curl. Splitting of a streak
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is evidence of the presence of dislocation wallse Tormation of dislocation walls is

energetically favored because of the need to mierthie line energy of the dislocations.

In Figure 4.1, a number of different boundary migentations are shown. Five
cases are present below in which the diffractiont sghapes in adjacent grains are
evaluated with respect to the mis-orientation @f ¢inain boundary and the elastic strain
gradients.

Case 1 (see Figure 4.2 below) has18b (27.79°<111>) CSL grain boundary,

according to Brandon’s criteriod\=6,3""?

, Wherefy=15°) [19]. Grain 1 shows more
evidence of dislocations than Grain 2 as indicdtgdhe increased elongation and clear
splitting of the diffraction spot particularly ne#ine grain boundary. With very little
streaking of the diffraction spots in Grain 2, fipaars that dislocations do not pass

through this boundary.

GB mis-orientation = 29.89° (213b)

VM strain
1 3.1x103
2 3.9x103

Grain 1 Grain 2

splitting

&

mid-grain near grain boundary mid-grain

-

Figure 4.2 Case 1: A 213b GB from the end-bar sample. Diffraction spots are streaked in Grain 1 indicating
plastic strain, particularly near the GB where the presence of dislocation walls is indicated by the splitting.
Grain 2, although having higher elastic strain, shows little evidence of plastic strain.
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Case 2 (see Figure 4.3 below) involves a 60 de((8g mis-orientation twin
boundary based on Brandon’s criterion. In this ca$ight streaking is found through
both grains; dislocation walls are seen on theG4aside and at least two separate slip
systems on the Grain 3 side are seen from curlirtheostreak. Thus both sides of the

twin appear to have comparable densities of disimas.

GB mis-orientation= 59.97° (23)

VM strain

| |
3 2.6x103
4 3.3x103
L
Grain 3 Grain 4

¥

%

:

Mid-grain Near grain boundary Mid-grain

Figure 4.3 Case 2: A 60 degree mis-orientaticZB) from the 2D PXM data of the end-bar sample.
Streaked diffraction spots are found close to thim tboundary on either side, but not near the grain
centres.

g
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Case 3 (Figure 4.4 below) also involves 60 degfE&sangular mis-orientation.
VM (mostly elastic) strain is twice as great onigr& compared to grain 5. Also,
splitting of the streaks in both grains on eithelesof the grain boundary is evident.
Streaking occurs in different directions and timdicates that the lattices are bending in
different directions in the two grains. Based oe fihape of the diffraction spots, it can
be qualitatively mentioned that there appears todéig difference in plastic strain

distribution on both grains. Therefore dislocatiappear to pass through this boundary.

GB mis-orientation=59.60° (23)

VM strain
£ 3.0x107
6 7.2:10

‘ Grain 5

.Ep“tm .

Mid-grain Near grain baundary Mid-grain

Figure 4.4 Case 3: A 60 degree mis-orientation (23). Dislocations are found on both sides of the twin
boundary.
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In Case 4 (Figure 4.5 below) the presence of dilons in the vicinity of a low
angle (12 degree) boundary is investigated for epywpgrains having only a small
difference in elastic strain. Streaking is evidenboth grains, however, the streaks are
split for Grain 8, indicating that the dislocatiormse accumulating and forming

dislocation walls.

GB mis-orientation=12° (low angle)

1L S

VM strain
I 7 3.0x103
l\ ¥ 8 3.3x103
Grain 7 \ Grain 8

Mid-grain Near grain boundary Mid-grain

Figure 4.5 Case 4: A 12 degree GB. Diffraction spots from the two grains, mid -grain and near the grain
boundary are presented. Dislocations are found on both sides of the boundary, while cell walls are only
evident in Grain 8.
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Finally, in Case 5 (Figure 4.6 below), the natofelislocations was investigated
in the vicinity of the sample where the high digitton density resulted in heavily
distorted diffraction patterns that were diffictdt index. It is not possible to determine
the angular mis-orientation between the Grain 9 a4@ddue to the heavily distorted
crystal structure at the boundary. Although thestaastrains in the two grains are
similar, as indicated by the similar magnituded/bdf strain, there is a major difference
in the degree of elongation of the diffraction spoh either side of the boundary. Grain
10 has significantly more elongation and splitt{sge image d in particular) indicating
the formation of significant dislocation cell wallsan Grain 9. This situation probably
occurs because the mis-orientation between thegraims suppresses the nucleation of
geometrically necessary dislocations in Grain 9e Fituation depicted in Figure 4.6
illustrates the considerable lattice bending tleestults from local dislocation build up
with a “soft” grain that is favorably oriented felip. The high local dislocation density
at certain high angle grain boundaries is thoughbe the primary precursor for the
initiation of intergranular stress corrosion craxkin Alloy 600 during service in a high
temperature aqueous environment. In this particdae it appears as if grain 10 appears

r ft

4 KN
e f

a b c

‘mauve’ coloured grain on right (d-f)

close to yielding.

‘salmon’ coloured grain on le

"0

VM strain | e 9

9 3_9)(10'3 B |
10 4.4x103

Figure 4.6 Case 5: A boundary whose mis-orientation is not able to be determined. Diffraction spots from
the two grains, mid-grain and near the grain boundary are presented. Grain 10 shows significantly more
elongation and splitting, indicating the formation of significant cell walls.
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It is possible to model the direction of the stipstems associated with the
diffraction streaks from grain 10. Seven streak#ftagtion spots from Grain 10 were
simulated by Dr. R. Barabash of ORNL, shown in Fegd.7. The simulation modeled
the displacement of all atoms in a self-consisteid [68, 86]. The resultant simulation

showed that the observed pattern could be webdithy a plastic flow model with

dislocations that glide along two slip systems hgwhe same Burgers vectbr= [110]

and dislocation lines7, =[112] and 7, =[112] that results in an overall rotation

around the[110] axes.

ey "
s i
i
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\
ok 1k
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) vy
\
bl 1

Simulated

Experimental !

Figure 4.7 Comparison between the experimental pattern and simulated pattern for an area in the 2D
map shown in Figure 4.6.

Case 5 shown in Figure 4.6 is a particularly useforking example of PXM
abilities to measure the intimate microscopic proge of dislocations in a complex
stress field: dislocation directions, dislocatiansdity, the presence of dislocation walls,
rotation axes and Burgers vectors can all be deteanby a careful assessment of the
diffraction spots. EBSD can also identify regioridiigh dislocations, and from this infer
the presence of local plastic strains [87]. Howetleg strain information available from
EBSD is limited to a measure of the dislocation gitgn (with some calibration
necessary), and not more intimate properties okthesture that can lead to a complete
modeling of systems during crack initiation andgagation.
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Cases 1-4 (Figures 4.2 - 4.5) illustrate lessngtrimteractions between grains.
Case 1 (Figure 4.2) is¥13b boundary with some dislocations within one mgraut not
in the adjacent one. According to the theory otiRddo and Aust [16] the coincident site
lattice (CSL) at the boundary for this angle isfisigntly small (low sigma) that it is
energetically difficult for dislocations to glidemss the boundary. On the other hand,
the 60 degree angles between the grains in Cadagute 4.3) and 3 (Figure 4.4) could
be construed as &3 boundaryacross which dislocations glide with relative eddas
seems to be the case here: streaks with the sameeagjelirection are found throughout
both grains. This localization in the GB region kcbbe tied to a finite but low energy
barrier that slows dislocation glide at the graiaubdary, but does not arrest it
completely. In Case 3 (Figure 4.4), there is alsespmably the same CSL between
grains that permits dislocation glide at the boupdaut with a greater differential in
elastic strain, the dislocations are more genedi#ifributed throughout the grains. Case
4 (Figure 4.5) is a very low angle boundary thataexmonly treated as1 CSL GB and
a high probability of dislocation glide. This appe#o the case since the streak patterns
on both sides of the boundary seem identical. Datlons further into the grain appear

to be different, both to each other and to thosenked near the boundary.

Comparisons were also made between strain meafaredthe PXM patterns
from regions located near the free surface andnsgocated up to 60m below the free
surface of the 1% strained sample. Figure 4.8 shitwsorientation map obtained at
depths from less than 10n to over 6Qum below the free surface. Diffraction spots from
regions at several depths from the free surfacalaeshown in Figure 4.8. The degree
of elongation of the diffraction spots is signiintly greater (indicating higher
dislocation density) in the regions near the fredage compared to the regions far
below the free surface. This is attributed to tlileot of mechanical polishing on
increasing the amount of plastic strain in the argextending several micrometers

beneath the sample surface.

The fact that PXM allows significant plastic stradifferences to be detected
between surface and bulk of the material is an mapd and useful observation. Strains

produced by any form of surface preparation wilvdhan important influence on the
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propagation of cracks and it is important that ¢hies able to be distinguished from bulk
effects. This is a major advantage of PXM compaoedeutron diffraction which is bulk
sensitive and to EBSD which is so surface sensitiméexacting preparative protocols to
remove damaged material from the outermost surfa¥®l 2D maps are less affected
by surface preparation than are these by EBSD usecthe information depth is greater
(see Table 1.4). PXM in-depth measurements are evere effective in removing

surface effects.

Figure 4.8 In-depth orientation map with diffraction patterns from different sample depths.

4.3 Summary

Polychromatic x-ray micro-diffraction (PXM) has osfin its capability of
detecting the strain distribution (elastic and fitdsntroduced to Alloy 600 sample by a

low uniaxial tensile stress (nominal 1% strain).

The elongation and splitting of PXM spots was caneg for grains separated by
grain boundaries of several angular mis-orientatioSimilar dislocation densities,
operating on the similar slip systems, were foundoth sides oE3 boundaries while
considerable differences in the degree of elongatind splitting of diffraction spots
occurred between grains that were separated bydaoies with other angles. This has
important implications for predicting local regions the microstructure that are
susceptible to the initiation of intergranular sge€orrosion cracking in the Alloy 600.
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Elongation of the PXM diffraction spots from regsat several depths from the
free surface of the end-bar sample indicates tiaidegree of plastic strain, and hence
the local dislocation density, is significantly gter in the region extending less than 10
pum below the free surface compared to the regionsoédow the free surface. The
elongation of the diffraction spots can be moddigdusing simple simulation of two
dislocation systems. This is attributed to theaftd mechanical polishing on increasing
the amount of plastic strain in the region extegdseveral micrometers beneath the
sample surface. The fact that PXM can detect saamit differences in the plastic strain
between surface and bulk of the material is an mapd and useful observation for
helping us understand the depth beneath a polishddce of a ductile metal that is
affected by the metallographic preparation procé&sg plastic strain produced by any
form of surface preparation will have an importamiuence on the propagation of
cracks and it is important that these be able tdisgnguished these affects from those
of other metallurgical factors. This is a major aadtage of PXM compared to the

neutron diffraction technique.

The PXM technique appears to have the latitude arliracy necessary to
measure strain patterns caused before and dumiegsstorrosion cracking (SCC): the
ability to distinguish compressive and tensileisgas a particularly important advantage

over EBSD which as no such capability.
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Chapter 5

5. PXM Study of Unstressed and Stressed C-rings

C-rings are commonly-used specimens for determitiie susceptibility to SCC
of alloys in different product forms, such as tuhimods and bars. In contrast to the
relatively simple stress pattern in the uniaxiasite samples, local mechanical stresses
in SCC-cracked C-rings arise from many sources. e&softhese are introduced by the
action of the external force of the SCC on surfaagularities and the chemical energy
released during reaction between solution and m@&@stiers come from rolling and
swaging processes used in tube preparation. Befodertaking studies of strain
distribution in samples cracked by SCC similar &sdwere carried out on an "as
received” C-ring. Two such studies were done: amstfessed C-ring) where the C-ring
contained only those elements of strain that watsed during manufacture of the Alloy
600 tubing; a second one (stressed C-ring), imnegidollowing the application of a
torsional stress that was produced by the tighgewihclamp surrounding the C-ring.
This chapter presents the analysis of PXM resutis) fthese two samples: before and

after stress application. This material has beeripusly published [88].

5.1 Brief Review of Experimental (Samples & Techniques)

C-ring samples were prepared from mill-annealddyA600 tubing according to
ASTM standard G-38, as described in section 2. Ph2. same area (refer to Figure 2.3)
from the cross-section of the C-ring before anéradtpplying strain was studied using
PXM at ALS.

5.2 Results and Discussions

The beam spot size was approximately one micram aastep size of one micron
was used to take PXM measurements over a sam@eoar)x70 points (microns) for
the analyses, before and after stress. Care was takanalyze the same area on the
sample before and after stress, although the gwnelence is likely not accurate to a
micron. The resulting orientation maps (OM) and Wdises equivalent strain maps
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(VM) for the C-ring sample before and after strass presented in Figures 5.1 (b) and
(c) respectively. In Figure 5.1(a), the sample fasing in the beamline and its
coordinate system are also presented. The tenssesgdirection is along the y direction
as labeled, which should theoretically yield a tendeviatoric strain in y direction (that
is, &y > 0). The sample outer edge of the apex is lodatéde right hand side of the OM
and VM maps. The black areas within the maps aesalt of failure to index the Laue
images either due to the existence of extremeipldstormation or lack of Laue spots if

the analyzed area is beyond the sample edge.
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Figure 5.1 (a) Schematic of the analysis area, tensile stress direction, sample positioning in the beamline
and the sample coordinate system; Laue XRD orientation maps (OM) and von Mises equivalent strain
maps (VM) for the C-ring sample: (b) before and (c) after stress.

5.2.1 Elastic Strain Study

In Figure 5.1, the OM maps before and after stsbssving the crystallographic

direction of each grain with respect to the [11b]ep indicate similar grain structure,
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however changes are apparent after the applicatidhe stress. These changes were
studied in detail and will be described in the reedtion.

According to the scale used in the VM maps (Fig&ds(b) and (c)), regions of
low VM strain are characterized by green while hirghest strain regions for the applied
scale are indicated by red. Comparison of the VMpsniaefore and after the application
of stress, indicates an increase in VM strain afteessing as more red areas were

obviously observed in VM map of the stressed C-ring

The deviatoric strain component maps were alsoirddafor the C-ring sample
before and after stress, these are presented umeFg2 (a) and (b), respectively. The C-
ring stress loading direction and the sample coatdi system (see Figure 5.1(a)) predict
that the principal deviatoric strain componeg, should show tensile strain. Indeed the
principal deviatoric strain componey, does show high tensile strain throughout much
of the analysis area. Th&, and &, both show mainly compressive strain with a few
regions of tensile strain, so to balance &ensile strain. All principal deviatoric strain

component maps show higher magnitude of straim tfeeapplication of the stress.

The deviatoric shear strain component mgg, exhibits highly strained areas
before strain application, and somewhat elevatesinsafter the applied stress. The
other two deviatoric shear strain component mapsyofnd &, are more difficult to
interpret in terms of strain levels, however, ipagrs that the highly strained areas in the

maps before stress application have shifted tor @tleas after the stress application.
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(a) Unstressed C ring

(b) Stressed C ring
Ex &

Figure 5.2 The deviatoric strain component maps for the C-ring samples: (a) before and (b) after stress.
The same color scale was used for both samples, as shown at the top of the figure.

(b)

Pole Figures Pole Figures

Figure 5.3 The pole figures for the C-ring samples: (a) before and (b) after stress.
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5.2.2 Study of Pole Figures

The pole figures for the C-ring sample, before aftdr stress application, are
presented in Figures 5.3 (a) and (b), respectiv@ymparison of the pole figures reveals
an apparent higher density of spots in the polerég after the application of stress. A
more correct interpretation is that the spots amrenwidely distributed in the pole
figures after stress application. The same gersaalple area (similar grain structure)
and the same map size (40x70 data points) wasctadlen both cases, therefore the
same number of spots would be arranged in the cagpepole figures. Thus,
comparison of the pole figures indicates that tam@e has plastically deformed or

undergone significant lattice rotation due to ttress application.

To investigate this further, ThreeDimX_RayMicrosgapas used to zoom in on
the [111] pole figure in order to investigate theeat of lattice rotation through one of
the grains. The results from this exercise for @heng sample, before and after stress
application, are presented in Figures 5.4 (a) @édréspectively, showing the (i) OMs

for the grain, and the accompanying (ii) zoomegere figures and (iii) color scales.

(a) (b)

-:.

] N
I 3.17 dearees 3.17 dearees
14 microns [111] ms [111]

Figure 5.4 The zoomed-in pole figures for the C-ring sample: (a) before and (b) after stress.
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The same zoomed scale was applied to both poleefigit is clear that the spots
in the pole figure for the grain shown after thees$ application (Figure 5.4(b), i and ii)
are more widely dispersed than in that before stegplication (Figure 5.4(a), i and ii).
The grain has undergone significant lattice rotatloe to the stress application and this
is further highlighted in the respective OMs foe tirain before and after stress. There is
a larger color gradient exhibited in the grain afséress application. Grain rotation
increases from approximately & 5° after stress application, according to interpretat

using the color scale.
5.2.3 Peak Study

Comparison of the OMs before and after stress eguhin revealed differences
(Figure 5.1). It appears that some of the graincstire has been disrupted due to the
applied stress. The grains which will be discusaeel labeled in letters (see OMs
represented in Figures 5.5 (a) and (b)). The gidieled as P appears to have been
disrupted in some regions and replaced with graunctire belonging to grains T or S
depending on the region. It is important to notat tthese Laue measurements are not
depth resolved and that we are getting informatiom depths up to 6Am. Keeping in
mind that the analysis depth is approximately |80 for this Ni alloy and that the
average grain size is approximately 2@, we are likely sampling more than one grain

for each measurement or data point.

Laue patterns are very sensitive to the presenasistdcations. The density of
dislocations and the way in which they are orgashizen be determined from the Laue
patterns [57, 68, 86, 89]. GNDs can cause lattitation which gives rise to streaking of
the Laue patterns. In later stages of plastic deédion, the dislocations will organize
themselves into walls in order to lower the stoeeergy. As discussed in section 1.1.1,
the regions between dislocation walls are refeteds cells and they are relatively
dislocation free. The formation of dislocation vgalind cells will cause the streaks to

appear discontinuous or split.
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Figure 5.5 Comparison of the peak shape from the same locations of the (a) unstressed C-ring and (b)
stressed C-ring samples. Panels al, a2, a3 show selected peaks from each of these locations in the
unstressed C-ring, while panels b1, b2, b3 represent peak patterns from the corresponding locations in
the stressed C-ring. The numbers on the peak images are the Miller indices of the chosen peak.

The Laue images in selected sample analysis aress examined for evidence
of plastic deformation after the application of thieess. The (026) reflections from
indexed Grain S are enlarged in Figures 5.5 (ad2),(and (bl), (b2), and the
approximate origins in the analysis areas are atdatby al, a2, and bl, b2, in the OMs
in Figures 5.5 (a) and (b). Although some plasefodnation is evident in the (026)
reflection before stress, the reflections are midlykeeformed after the applied stress,
displaying streaking and splitting. The (026) refien shown in (bl) exhibits very
complex streaking and splitting, with at least 3amfpes in the streaking direction,
implying at least 3 activated slip systems. Laueasneements are not depth resolved;
therefore these slip systems are likely activeifi¢rént depths within the grain at this
location. The splitting of the streaks indicates thrmation of dislocation cells and walls
[57].
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Figure 5.6 Laue XRD images for the C-ring sample from a location denoted by the blue triangle in the OMs
shown in Figure 5.5: (a) before and (b) after stress.

Figure 5.7 Laue XRD images for the C-ring sample near the sample outer surface, denoted by the blue star
in the OMs shown in Figure 5.5: (a) before and (b) after stress.

Laue images in Grain R were also examined for emadef plastic deformation.
The (-222) reflections from indexed Grain R areaegd in Figures 5.5 (a3) and (b3),
and the approximate origins in the analysis areasnalicated by a3 and b3 in the OMs
in Figures 5.5 (a) and (b), respectively. Althoubk (-222) reflection shows moderate
streaking (Figure 5.5 (a3)), this reflection is keatly streaked and also exhibits splitting
(Figure 5.5 (b3)) after the applied stress.
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Laue images from an area in which the grain streabfi Grain R appears to have
been disrupted after stress application, are ptedein Figure 5.6. The approximate
sample analysis area from which these Laue imaggmate, is represented by a blue
triangle in the OMs in Figure 5.5. The Laue imalgeven in Figure 5.6 (a), before stress
application, is indexed as grain R. The indexetectibns for grain R are encased by
yellow boxes in the image, and the reflection rkile specified after the letter R. The
remaining reflections in the image are consistenth weflections from Grain S
(comparison with an indexed image from Grain S) #mel reflection hkls are also

specified in the image.

The Laue image shown in Figure 5.6 (b) (from appnately the same sample
area as the image shown in Figure 5.6 (a)), aftess application, is indexed as grain S
rather than grain R. The indexed reflections faimiS are encased by yellow boxes in
the image, and the reflection hkls are specifiettrathe letter S. The reflections
consistent with grain R are very streaked and Imaeeed vertically upwards in the Laue
image from their original position before streslagation, indicating marked lattice
rotation or plastic deformation due to the applstess. The reflection contributions
from Grain R are too deformed for the software molex, and because there is
contribution from Grain S, this Laue image getsexed as belonging to Grain S rather
than R.

Laue images from the near surface of the sample ko examined and are
presented in Figure 5.7. The approximate samplé/sinaarea (Grain G), from which
these Laue images originate, is represented byeadtér in the OMs in Figure 5.5. Four
of the Laue spots indexed for grain G are labeleldf@r demonstration in Figure 5.7.
These Laue spots are severely streaked after tbessapplication indicating marked

plastic deformation.

5.3 Summary

PXM measurements were performed on the same cectisrgal area of a C-ring
specimen before and after applying stress. Compéwethe unstressed C-ring, a

significant tensile strain was observed in the ngation - the main stress axis direction
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from the stressed C-ring as expected, as was &hamposite (von Mises) strain. This
is very important information as a tensile strassifs is usually an essential element for
SCC to occur. In another words, one can predict ¢h&rack would preferentially

propagate along a direction within the xz planeljiraction perpendicular to the stress

axis for this C-ring specimen when in a suscept@ronment.

Significant grain lattice rotation and pronouncéaspic strain was noted. Similar
grain structures were observed in OMs before atel stress, however, changes are
noticeable, indicating lattice rotation. The apation of pole figures were found very
useful in this case where the same sized areatwded. The higher density of spots in
the stressed C-ring sample indicates the sampleitdergone high plastic deformation
or significant lattice rotation due to the stregplecation. The zoomed-in pole figure
study of a single grain also confirmed this. Shepanges of the Laue peaks from the
same locations before and after stress were alssstigated. Lattice rotation or high
plastic deformation was demonstrated again as pruresl streaking and/or split Laue

spots from the stressed C-ring.
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Chapter 6

6. PXM Study of 6h and 18h SCC-cracked C-rings

A major objective of our work with PXM has beenetlstudy of strain
distributions near cracks in Alloy 600 C-rings thegre instigated by stress corrosion
cracking (SCC). This chapter presents an assessshtrg strain tensors and dislocation
distributions around small cracks in Alloy 600 tudpithat had been induced during
electrochemically accelerated caustic corrosioraihigh temperature autoclave. The

content present is mainly extracted from previouisligshed paper [88].

6.1 Brief Review of Experimental (Samples & Techniques)

The C-rings used for the investigation in thisptiea were prepared by the same
protocols as that used for the C-rings in Chaptéihg methods used to cause SCC were
described in section 2.2.3. Two examples of SC@ated cracks are discussed: one, a
sample corroded for 6h (6h SCC-cracked C-ring) arsecond corroded for 18h (18h
SCC-cracked C-ring). After exposure cracks weratifled in both 6h and 18h C-rings.
The samples after exposure were embedded in Bakfit mechanical polishing
followed by electropolishing until a crack was otveel on the cross section. Then the
cross sectional area covering the cracks were BIBIEd and cuts with Pt lines were
made on both sides of the FIB polished area asintarkll studies were performed on
these cross sectional cracks. It was observedS6& was mainly happening within a
narrow band around the apex of the C-ring samphes;hich multiple crack initiation
sites were observed. A typical crack from the 6im@a is about 15um in length, while
the crack for 18h sample is about 30um. SEM imagdkese are shown in Figure 6.1.
Both cracks are seen to propagate along grain lawiesd (intergranular SCC (IGSCC)),
and mainly propagate along the C-ring thicknesgirection perpendicular to the main
stress axis as predicted in the last chapter. Aceasring these cracks were selected to
perform the PXM studies.
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Figure 6.1 SEM images from the cross sectional surface of: (a) the 6h cracked C ring and (b) 18h cracked C
ring samples showing the area covering cracks after FIB polishing. SEM images with higher magnification
of the cracks are also shown here. Note the line within the FIB polished area and tiny scratches around
both crack tips; these are defects from FIB polishing.

6.2 Results and Discussions

6.2.1 Elastic Strain

Total areas of 70x162 |frfor the 6h sample and 76x232 fifor the 18h sample
covering the cracks shown in Figure 6.1 were scadrinePXM. The orientation maps
and strain maps, along with their positioning ire theamline and their coordinate
systems for both samples are presented in Figusar@l 6.3, respectively. The crack
path in the PXM orientation map (OM) was locatedrspecting the SEM images of the
crack area. The crack path was determined to kgwanular. The PXM OM was
compared to the SEM image, and the grains alongrhek path in the PXM OM map
were identified. The grain dimensions in the twopsao not match exactly. This is
likely due to the differences in analysis depthsveen the two techniques. The analysis
depth of PXM for the Ni alloy is greater (~ §fn) than that of SEM (1-2 um). As well,
the sample is at a 485ilt to the incoming x-ray beam during the PXM bysés. As a
result, subsequent indexing of the Laue images gnagy slight differences in the grain

boundary locations, as compared to those in the BEddes.
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Figure 6.2 (a) Schematic of the analysis area, sample positioning in the beamline and the sample
coordinate system; (b) Orientation and strain maps for the scanned area from the 6h SCC-cracked C-ring
sample. The color legend for the deviatoric strain maps is shown above the maps, with a scale of -7 to +7
(x 10'3). A unique color legend was used for the VM strain map, shown below the VM map. The dashed
lines in the maps indicate the sample edges, while the black/white filled lines show the locus of the crack
by overlaying the SEM images.
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Figure 6.3 (a) Schematic of the analysis area, sample positioning in the beamline and the sample
coordinate system; (b) Orientation and strain maps for the scanned area from the 18h SCC-cracked C-ring
sample. Refer to Figure 6.2 for the color legend for strain maps. The dashed lines in the maps indicate the
sample edges, while the black/white filled lines show the locus of the crack by overlaying the SEM

images.
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In Table 6.1, average strains are compiled forethiere areas measured by PXM.
Averagesg,y and VM strain are seen to have increased significérom the unstressed to
the stressed C-ring. After crack initiation, theemge strain, particularly the,
decreases with the energy released as the cracls @pel more branching occurs, and
with the strain relaxation due to the heat in alatee &« and &, from 6h and 18h

samples are both lower than those from the streSs@ay sample as well.

Table 6.1 Average strain values calculated over the detected areas for all four C-ring samples*.

x 107 Unstressed Stressed 6h-Crack 18h-Crack
Exx 0.1 -0.7 0.1 -0.1
£y -0.1 1.5 0.1 -0.05
£, 0.03 -0.7 -0.2 0.2
VM 5.8 7.9 6.5 7.1

*The values for the unstressed and stressed C-firege obtained from the PXM results presented in
Chapter 5. Unstressed and stressed values afgefeaime original sample while 6h and 18h valuesoare
different original sample.

Of particular interest in the analysis below are tommon patterns of strain
found in both these examples in regions within aadr the cracks. Figures 6.4 (a) and
(b) show strain and orientation maps for the cnagion (part of the surveyed area) for
the 6h and 18h samples, respectively. The measuteafestrain in they direction
(tensile stress axis direction) is particularly omjant, because it provides the best
possible measure of strain direction as a resuttaxtk opening and propagation. Tensile
strains (shown as shades of red indfyemap in Figure 6.4) would be expected for those
regions that precede the crack, while strain dwe¢$) in the opened crack could be
susceptible to several factors and thus less pgedalec In fact, in Figure 6.4(a) (see inset
above thegy map) the deviatoric strain componegy at the crack tip for the 6h
specimen (arrow 'a’) is somewhat tensile. Aheadhefcrack tip, at the triple point
(arrow 'b"), the (tensile) strain is higher, reachia maximum of about 2xF0 Such
measurements are rendered approximate by the défik crack and the uncertainty of
the position of the actual tip. The area near theot the branch crack is also tensile.
Within the crack itself, and particularly at theack mouth, the strains are found to be
compressive (blue). In the case of the 18h specifignre 6.4(b), a tensile strain is also

seen at the crack tip with a magnitude near 5xTis strain value is averaged over a
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volume of several cubic microns; localized stragamthe actual tip could be orders of

magnitude higher.

(a) 6h SCC cracked C ring results

Orientation map VIVI strain map

et & pe
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(b) 18h SCC cracked C ring results
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Figure 6.4 OMs, VM map and the y principal deviatoric strain &, map with the mis-orientation angles
shown between grains around cracks for the (a) 6h and (b) 18h SCC cracked C-ring samples. Enlarged
maps from the square in the &, map are shown at the top right corner of 6h and 18h results. The white
arrow 'c' in 6h shows a tensile area which indicates a potential crack initiation site.



78

Statistically, the occurrence of tensile elastraistin the grain boundary region
is considered to be significant but not necessaiigolute. There are some other regions
within Figure 6.4 (a) and (b) where high tensil&ist is evident; however, most of these
do not occur along grain boundaries. One exceqbaiis is seen at point' 'in the 6h
sample: a region of high tensile strain extends@la grain boundary, beginning at the
outer surface. Such a strain condition could hagelted from localized corrosion attack
at the boundary followed by an accumulation of @sion product oxides within the
reacted boundary [90]. This will be discussed fartbelow. Maps of composite (von
Mises) strain are also shown in Figures 6.4 (a) (@hdwhile regions of high composite
strain do occur along several of the boundaries, dethese exhibit a higls, and are

therefore not considered to have a significantibgarn the cracking process.

6.2.2 Grain Boundary Study

For both 6h and 18h cracks, the grain boundaryanesitation angles along the
crack paths were determined, along with the misrmtation of grain boundaries that
intersect the crack at triple points. It shouldnio¢ed that the mis-orientation between the
grains which had been adjoining along the crackndauy is slightly changed after the
crack opened. The results are shown in Figuresipad(d (b) for three triple points along
each crack. The grain boundary angles fall betvarand 60. In every case, the main
path of the crack is seen to follow the boundaywhe lowest mis-orientation, although
at some triple points, a short branch crack ditbfola grain boundary with a higher mis-
orientation. This is an observation never repotietbre, however, it doesn’'t conflict
with the previous findings. Commonly, the Idwvgrain boundaries are believed to be
more resistant to SCC, which have relatively lowrgy. The energy of the random high
angle grain boundaries (>15°) doesn’t show mucfedihces, as seen in Figure 9 from
[29]. Lin et al. [31] found that an increase in tBpecial grain boundary=£29)
frequency in Alloy 600, resulted in decreased Spisiodity to intergranular corrosion.
Gertsman and Bruemmer [29] studied the grain baynclaaracter along IGSCC and at
crack arrest points. While low angle boundaries BsA15) and coincident site lattice

(CSL)-related boundaries are generally considevdaket crack-resistant, they found that
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LABs may be susceptible to cracking. O3 boundaries were found to be crack

resistant and they were not completely immune tergmanular SCC [29].

OneZX3 boundary was identified along the crack paththefl8h sample. This3
boundary is located at ‘triple point ' along th8hlcrack in Figure 6.4(b), and the crack
only follows this boundary at the triple point farshort distance, preferring instead to
follow the 35.8 grain boundary. Th&3 grain boundary angle of 59.5alls within
Brandon’s criterion40=0,>"2 wherefy=15°) [19].

The distribution of dislocations within each gradjacent to each crack locus
was studied. Of particular interest was the “haaddl “soft” natures of each adjacent
grain with the likelihood that dislocations pres@mtone grain would migrate across a
grain boundary to the adjacent grain as discugs&hapter 4. In the case that migration
does not occur, dislocations could pile up at tlwunlary and could potentially
contribute to brittle fracture [91]. In the casetb& 6h crack, the shapes of the indexed
diffraction spots for a number of grains were faleml from grain centre to edge and into
an adjacent grain. In Figure 6.5(a2) the relatigrsbf dislocations in Grains 4 and 5 are
followed along a transgranular path just aheadhef ¢rack tip. Within Grain 4, the
indexed spots are consistently small and roundlewhiGrain 5 spots are streaked with
the extent of streaking increasing as the graimdbaty is approached. Grain 4 is thus
regarded as “hard” and dislocations from “soft” @ra would be likely to pile up at the
boundary. This could be viewed as another factotrdmting to the path taken by the
main crack. Grains 1 and 2 are both considered™¢sde page 56 in Chapter 4 for the
detailed discussion about soft-hard nature of gjaiRelatively similar streaked indexed
spots are found on both sides of the boundary:siggests that dislocations are able to
be transmitted through the boundary and the pdggibif pile up at the boundary is
relatively less than for that between Grains 4 &ndn fact, although some cracking
along this boundary did occur, the process wascatad in favor of crack propagation
along an adjacent hard-soft boundary. Another redsat the crack did not continue to
follow the grain boundary between G1 and G2 is tha path is parallel to the stress
axis and thus, follows an unfavorable directionhwiespect to crack propagation.

Lehockeyet al. [87] used Orientation Imaging Microscopy (OIM) study the plastic
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zones along an inner diameter (ID) crack in Alld§06steam generator tubing. They
found that large stresses and therefore plastiezomust develop before the crack can
propagate in directions towards the stress axigs@an and Bruemmer [29] found that
in some instances, a crack did not propagate evenw was favorably oriented with

the stress axis.

The dislocation distribution in the strained gréoundary c (in Figure 6.4(a))
was also examined. Along a line across the graimdary the shapes of diffraction spots
were examined for grains on each side of the dgraimdary (not shown). These were
found to be uniformly unstreaked and therefore gl@evidence that dislocation pileup
is low in the vicinity of the strained boundary. s although the boundary is locally
strained in an appropriate direction for crackiting lack of dislocation pile up may have
delayed or prevented crack initiation.

In the vicinity of the 18h crack, similar studie$ dislocation distributions
between adjacent grains were also conducted. Tduk d@nitiated on the sample surface
between G1 and G7, and then encountered a tripig¢ pfier propagating between G1
and G3. At this triple point between G1/G3/G2, thack had two directional choices,
both along unfavorable paths, parallel to the steess. In Figure 6.5(b), the hard-soft
nature of a number of grains along the crack losas determined. The shapes of
diffraction spots across two important boundariearrthe crack are shown. In Grain 3,
long curved streaks are characteristic, with theagt length increasing near the
boundary. In Grain 2, the spot shape is more radin@bus, along this line, it appears
that dislocations are quite different on each sitithe boundary, and this would suggest
a boundary where dislocation pileup could occur. the line that crosses the boundary
just ahead of the branch crack (G1-G2), strealksnoilar shape and direction are found:
This suggests that there should be fewer dislogatio pileup at the grain boundary.
Thus, on this basis, one would predict that cragkitould be more favorable along the
GG2-G3 boundary, while it goes a short distancex@l&1-G2 boundary. So, the
presence of hard-soft boundaries may be one fattdetermining the direction of the

cracking.
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Figure 6.5 Peak patterns collected from adjacent grains around the cracks formed on the (a) 6h and (b)
18h SCC cracked C-ring samples. For each sample, peaks are shown from four locations along the colored
arrows crossing two adjacent grains. For (al) G1-G2, peaks from mid-grain G1 to mid-grain G2 following
the arrow are displayed. Peak (i) is from the mid-grain Gland peak (ii) is from the G1 side of the grain
boundary, while peak (iii) is from the G2 side of the grain boundary and peak (iv) is from the mid-grain
G2. The peaks in all the following examples are arranged similarly to that in (al) G1-G2. The numbers on
images of the peaks are the Miller indices of the chosen reflection.
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The mis-orientation angles between grains is amddor to consider. It was
observed (Figure 6.4) that the cracks tended tpagwate along grain boundaries with the
lower mis-orientation angle. Figure 6.4 (b, Pom))(indicates that the grain boundary
mis-orientation angle between G2-G3 is less than between G1-G2. Thus, several
factors need to be considered in determining tlle picrack propagation, including the
mis-orientation angle at the grain boundary, thedfion of the stress axis and the hard-
soft nature of the adjacent grains. Guertsman anctrBmer [29] also came to the
conclusion that factors other than grain boundaygtallography must be considered in
determining IGSCC susceptibility. They felt thateofical parameters must also be

considered, along with the geometrical parameters.

6.2.3 Schmid Factor

The Schmid factors of grains on either side ofdfaeks were also calculated for
the 6h and 18h SCC-cracked samples, and theseemenped in Table 2. Schmid factor
is a measure of the ease with which could becorskpasystem activated in a grain
under a stress from a given direction. Generdatlg,dlip system with the highest Schmid
factor would be more likely to be the operating ®liystem in the material. West et al.
[32] found that cracks occurred preferentially gograin boundaries with trace
inclinations perpendicular to the stress axis atidcent to grains with a low Schmid
Factor. They stated that their model is more apple to the study of crack initiation
than propagation. The orientation maps of the @hI8h corroded and cracked samples
in Figures 6.5 (a, b) do indicate that the crackiated at grain boundaries which are
oriented more perpendicularly towards the stress. @able 2 presents Schmid factors
for only those grains along the crack pathway. SdHactors were also calculated for a
number of surface grains within the sample analgseas, away from crack initiation
sites, in the 6h and 18h samples. The Schmid fadtor 6 surface grains in the 6h
sample ranged from 0.41972 to a high of 0.486() e lowest being that for the Grain
6 (see Table 2) adjacent to the crack initiatide.sThe Schmid factors for 9 surface
grains in the 18h sample ranged from 0.37817 tagh bf 0.45796, with the lowest
being that for Grain 7 adjacent to the crack ititia site. Thus, the Schmid factor of one

of the grains adjacent to the crack at the 6h @ididitiation sites was found to be the
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lowest, compared to Schmid factors calculated dioflase grains away from the initiation
site, and also along the crack path into the biMkile the results are barely statistically

relevant, they are consistent with the model puhfby Westet al.[32].

Table 6.2 Schmid factors calculated for the grains around cracks of both 6h and 18h SCC cracked C-ring
samples. Refer to Figure 6.5 for the grain number locations. Note that only the maximum value of Schmid
factors calculated from the 12 slip systems was reported for the grain.

Schmid Factor Gl G2 G3 G4 G5 G6 G7
6h crack 0.48605 0.49514 0.43546 0.42785 0.42204 0.41972
18h crack 0.44746 0.42138 0.49295 0.45542 0.42339 0.43725 78038

6.2.4 Local Mis-orientation (Plastic Strain) Study

Measurements of plastic strain present in theostoucture were also conducted
near the crack tip. In Figures 6.6 and 6.7, the mitade of pixel-to-pixel
crystallographic mis-orientation (local mis-orieima) is mapped with respect to the
locus of the crack for both 6h and 18h C-ringsjngpthat only the area around the crack
is enlarged and shown here. In Figure 6.6, thedsigmagnitude in local pixel-to-pixel
angular mis-orientation (1.0-1.5 degrees) occuosi@lthe crack path between G5 and
G6, as well as ahead of the crack at the tripletp@5/G6/G8. In Figure 6.7, the same
phenomenon has been observed for the 6h samplé. ighthe highest local mis-
orientation is found around the crack path and a@ledahe crack tip, however, with a
lower magnitude (0.5-1.0 degrees). The y tensotbeklastic strain reported in section
6.2.1 (Figure 6.4) were also found to be elevatethée region ahead of the crack tip;
however, the information provided by the local piteepixel mis-orientation seems to
be more detailed and well-defined.
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Figure 6.6 (a) Magnification of the mis-orientation map in the region of the crack tip for the 18h sample;
(b-e) the zoomed-in pole figures for 4 individual grains surrounding the crack tip along with point to point
orientations within each of these four grains.
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Figure 6.7 (a) Magnification of the mis-orientation map in the region of the crack tip for the 6h sample;
(b-c) the zoomed-in pole figures for 2 individual grains surrounding the crack tip along with point to point
orientations within each of these two grains.
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In Figure 6.6 for 18h sample, the zoomed- in [0pdle figures of G5, G6, and

G8 (Figures 6.6(b-f), respectively) were also itigeged and compared to the respective
grains in the local mis-orientation angle map (Fegw.6(a)), and corroborate the
findings from the mis-orientation angle map. Anwglircolor change from purple on the
right side of the dashed line in G8 (Figure 6.6()yellow to the left of the dashed line,
at the triple point, indicates an approximate dattrotation of 2.6 degrees, using the
corresponding color scale. The dramatic color ckangG6, from red-purple to green,
towards the triple point, also indicates significkattice rotation around the triple point.
The red-colored region in G5 at the grain boundaitit G6 (Figure 6.6(b); highlighted
by arrow) corresponds to high pixel-to-pixel miseotation region in the mis-orientation
angle map (Figure 6.6(a)). There is also signifidattice rotation towards the triple
point. Grain G2 (Figure 6.6(e)) was also invesgdaas the mis-orientation angle map
indicates a high degree of mis-orientation nexG®, near the triple point. The color
change from red to green corresponds to an appedimattice rotation of 4.5 degrees.
In Figure 6.7 for 6h sample, the zoomed-in [00llepiigures of G5 and G7 (Figures
6.7b-c) ahead of the crack tip were also studiéx dolor change in G5, from light blue
to golden yellow, towards the grain boundary, iatks an approximate lattice rotation
of 1.4 degrees, while an lattice rotation of ~ 8elgrees was found in G7 as the color
changes from red on one side of the dashed lirgrden to the other side, using the
corresponding color scale. From both cases, tlseewidence of crystal rotations in the
regions surrounding and ahead of the crack tipclvimight result from the dislocation
pile-ups in these areas. These localized straidsfieoincide with the triple junction

where crack arrest occurs and re-initiation reguaéuildup of strains at the crack front.

6.2.5 Ellipticity

The direction of major dislocation systems in tingstal is reflected in the angle
of the streaking of the diffraction spots. We halexised a color scale that reflects the
change in direction from the "vertical" streakstthee most normally observed in Laue
pattern streaking in PXM measurements, owing todbminating effect of the beam
direction [68, 86]. This direction is assigned d oeloration: inclination of the streaking

in one direction away from vertical (counter clock®) is represented by a purple to blue
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coloration, while streaking in the other directi@ockwise) results in a yellow to green
coloration. The intensity of the color reflects #adent to which the streak is elongated
(ellipticity). This ‘ellipticity’ map for the 18h @mple is compared in Figure 6.8(c), with

the orientation and local mis-orientation mapsiguFes 6.8 (a) and (b), respectively.

(b)

14 microns
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Figure 6.8 [001] Orientation map (a), local misorientation map (b) and ellipticity map (c ) from the
selected region of the 18h cracked C-ring sample. Color legends are located below the corresponding
maps.

The area surrounding the crack in the 18h sampficty map is enlarged in
Figure 6.9(a), and examples of streaked Laue spetshown in Figures 6.9(b-c). Of
note in Figure 6.9(a) is the pink region at thetfiand second deviations in the crack
path, and the yellow region in G2 at the triplenpgust ahead of the crack tip. These are
regions where the dislocation systems are likelyb& most complex (high plastic
deformation) and thus might be expected to resporddifferent manner to the stresses
associated with crack propagation. A Laue spot fam of the indexed Laue images

from the ‘pink’ region is highlighted in Figure 9, and is consistent with a tilt of
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approximately 30° from the vertical in the counteckwise direction, as indicated by
the color scale. A Laue spot from the yellow reg®highlighted in Figure 6.9(d), and is
consistent with a tilt of approximately 30° in tbleckwise direction. A Laue spot from a
dark red region (region c in Figure 6.9(a)) whiabesl not exhibit much streaking is

shown in Figure 6.9c, and is consistent with tHerceheel.

Figure 6.9 (a) Maghnification of the ellipticity map in Figure 6.8 in the region of the crack tip; (b-d) show
the shapes and inclinations of diffraction spots from different regions indicated in (a).

6.2.6 Slip System Modeling

An attempt was also made to model the dislocatiystesn(s) present using a
function recently implemented in XMAS. Compared ttee modeling presented in
Chapter 3, this is simplified modeling, without eatering the splitting of the streaks,
the density of GNDs, or the existence of multiglp systems, but only the direction and
the length of the streaks with one slip system.réloee, the results from this modeling
is far from satisfying the need to fit dislocationsa high stress area. However, it can
still serve as an evaluation for degree of plaskdformation in the material. The
modeling was applied to several Laue images froen1#8h sample, but this was not
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successful for most of them, presumably owing ®dbmplexity of the Laue spots. By
contrast, the streaking in the interior of G2 wateao be modeled by a single screw
dislocation system in the (-1-11) plane moving gl@<-110> direction, showing in

Figure 6.10.

b) Simulated

Figure 6.10 The Laue diffraction image from the interior of Grain 5 in the 18h sample. (a) experimental;
(b) simulated pattern using XMAS for a single screw dislocation (-1-11)<-110>. Three indexed peaks were
enlarged under the image.

6.3 Summary

Accelerated corrosion of Alloy 600 C-ring test spgns produced intergranular
stress corrosion cracking (IGSCC). Tensile straiitls respect to the stress axis could be
identified in regions ahead of the crack tip. Thack was found to have followed grain
boundaries with the lowest possible angles of misatation. The direction of crack
propagation may also be affected by the stressdiwdstion and by the accumulation of
dislocations between hard and soft grains. The &tHactor of one of the grains
adjacent to the crack at the 6h and 18h initiasdes was found to be the lowest,
compared to Schmid factors calculated for surfaceng away from the initiation site,

and also along the crack path into the bulk.
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The use of the modified software — FOXMAS has digantly enhanced the
information available on the crystal structure dgrthe SCC process. First, the use of
the mis-orientation information with PXM data prdgs a detailed measurement of
plastic strains. From the local mis-orientation nodoth 6h and 18h samples, a well
defined region of plastic deformation is found la¢ triple point just ahead of the crack
tip. Using the zoomed-in pole figures, the degriedne grain rotation was also estimated,
which matches the change observed from the locsdaméntation. Second, the utility of
the spatial mapping (ellipticity map) of changesthe shapes of diffraction spots has
been demonstrated. Abrupt changes to the inclinabib diffraction streaks within a
particular region can signal a change in the oparatislocation systems, as shown by

the pink and yellow colors around the crack andchdhad the crack tip in the 18h sample.

A simplified modeling method by XMAS was also usedsimulate the Laue
diffraction from the cracked samples. However, odiffraction from the interior of a
relatively big grain in the 18h sample has beencessfully simulated by a screw
dislocation system in the (-1-11) plane moving gloa <-110> direction. This is
probably due to the complexity of the diffractioegis around grain boundaries.

In addition to strains identified with crack growtbther regions of high strain
can appear as a result of the previous mechanistiry of the sample. When more
exacting studies of strain changes are requiredwilit be necessary to use pre-
characterized samples, so that only incrementailhséffects are measured.
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Chapter 7

7. PXM and EBSD Study of the 24h SCC-cracked C-ring

A major objective of our work with PXM has beenetlstudy of strain
distributions near cracks in Alloy 600 C-rings thegre instigated by stress corrosion
cracking (SCC). In last Chapter, two C-ring sampigh small cracks (~ 15 um for 6h
sample and ~ 30 um for 18h sample) from the C-cirugs section were studied. This
chapter presents studies around a massive cradd(g B in length) from a free surface
in Alloy 600 C-ring that had been induced duringotlochemically accelerated caustic
corrosion in a high temperature autoclave. Theadnpresent is partly extracted from a
recently accepted paper [92].

7.1 Brief Review of Experimental (Samples & Techniques)

The C-ring used for the investigation in this deapvas prepared by the same
protocols as that used for the C-ring in ChapteDbe of the flat end surface was then
mechanically polished and FIB polishing was thenduwted on a small area around the
apex of the C-ring. Cuts and Pt lines using thehieam were made on both sides of the
polished area as markers of features in the micrctsire where cracking was noticeable
(see Figure 2.3 as a reference). The SCC test s ¢arried out on this C-ring
according to the method described in section 2 2fter the exposure, multiple cracks
were also found around the apex of the C-ring,hasah and 18h samples studied in
Chapter 6. However, the length of the cracks olezkin this sample is exceedingly
bigger than those from 6h and 18h samples. Showigure 7.1 is an SEM image of the
cracks from the flat end surface of the 24h C-rihggo massive cracks were observed
with length of ~ 200 um and ~ 500 um, respectiveMPstudies have been done on
both cracks, but only results from the ~ 500 pmemeresented in this thesis. EBSD
measurements were also performed on this same.diat& that this SCC-cracked C-
ring sample is different from the ones in Chaptebdcause this crack is directly on the

flat end surface — a free surface, not a crossesect
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Figure 7.1 SEM image of the cracks found around the apex of the flat end surface of the 24h C-ring. Site A
is a crack with length of ~ 200 um, while site B is a crack with length of ~ 500 um. More cracks were
observed within a certain distance from the apex besides the two shown.

7.2 Results and Discussions

7.2.1 SEM Characterization

As described above, the crack on 24h sample stusligdm the flat end surface
(free surface) without any further treatment a€@C test. This is probably one of the
major reasons that the crack size is remarkablgdomhan those from the 6h and 18h
samples (hundreds compared to tens of microndheasrack grew on free surface with
less constraint and a more direct corrosive enui@nt compared to the 6h and 18h
cracks, which were from the cross section of thenG- One other possible explanation
for such long crack would be that cracks wereaigtil at multiple sites and then linked
together to form a single main crack, which waspps®d by Brissoret al. [93]. In
Figure 7.2, SEM images of the whole crack and wvatthigher magnification from
selected locations of the 24h crack were shown.cfaek propagated along a main path,
but a lot of branches were also observed. Meanw$olme isolated crack segments were
displayed on the surface (as indicated by circld=igure 7.2), which might indicate
unseen crack branches below the surface. From égmifred SEM in Figure 7.2, large
oxide nodules and small oxides can be seen onuttfiéce, which are believed to be the
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duplex-layer oxide as often observed by others $40, Combradet al. [40] concluded
that the oxide formed on Alloy 600 in primary PWRter at 360 °C was made up of two
layers: (i) an external loose layer made of nidkelite, and (ii) an inner compact layer
composed of two sublayers — an intermediate lalyarspinel-type, Cr-rich oxide and an
internal layer of pure GO;. Kim et al. [94] also observed the duplex-layer oxide on
Alloy 600 in high temperature caustic solution. Mhixide layer was also found along
the side of the crack path, some of which was drigidand detached from the side of the
crack.

EHT = 10.00 kV Signal A = Date :24 Feb 2011 20 pm
WD= 58mm  FIB Imaging = SEM Time :14:25:40

(b)

External oxide

‘fi \
N\

15.0kV x35.00K 6.808rm 15.8kV x5.80K B6.88:m

Figure 7.2 (a) SEM image of the whole crack and (b-c) enlarged SEM images from locations (i) and (ii) as
outlined by red boxes in (a). Yellow circle on the image in (a) indicates an area with isolated crack
segment.
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Figure 7.3 (a) SEM image of the crack area studied by PXM. The sample coordinate system is also shown
on the image. The y direction is the main stress axis. (b) x-ray absorption map of the above region. A color
scale with green being the lowest to red the highest absorption intensity is used. The green trail shown
indicates the location of the crack path. (c) [001] orientation map and (d) the three principal deviatoric
strain maps of the area covering crack from the PXM scan. A scale of -5 to 5 (x 10”) with color changing
from blue (compressive) to red (tensile) is used.
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7.2.2 PXM Measurement

An area of 580x100 ufrcovering the big crack (~ 500 pm in length) frore th
crack mouth to the tips of most branches of thelcsenown in the SEM image (Figure
7.3(a))was scanned by PXM at ALS with a 1 um step size. Sdmple coordinates with
respect to the beam station was also shown on EM isage in Figure 7.3(a). Since
PXM detects the most intense crystallfieature within the outermost ~ 60 microns of
the nickel alloy, the correlation of the crack pedly shown in the SEM image and the
PXM based information, also required another camfig image of the crack path
provided by the x-ray absorption image (see FiguB{b)). Thus the path of the crack
for most of its length could be superimposed onrémeaining diffraction maps in Figure

7.3 with a high degree of confidence for at lebstduter 50% of the crack length.

The [001] orientation map and the three principavidtoric strain component
maps are presented in Figure 7.3(c-d). For the perst the main crack and its branches
follow intergranular pathways,x andey,y Show a combination of tensile and compressive
strain all over the scanned area. High tensilerstneas observed surrounding the big
crack inez. No clear connection between this 24h crack aedi#fviatoric strain pattern
is observed in contrast to the 6h and 18h sampreltapter 6). This is probably
because of the high complexity of this crack.

The orientation image shows that grains near thetimof the crack are not
indexed as completely as those in the sample amtahe black patches indicate regions
that could not be indexed, which is usually becaafsiie high plastic deformation. As
shown in Figure 7.4, Laue images a - c are fromatloos of the black areas at sample
surface towards the bulk. Image a at the very sartaound the crack mouth showed a
totally diffuse pattern without any noticeable dhfftion peaks indicating that the
material in this area is nano-crystalline. From é.amages b to c, there are very few
Laue spots and the ones that are present arearggy &nd fuzzy. This indicates that the
crack mouth area is poorly crystalline (reducedyloange order). As a comparison, the
indexed Laue image d is showing more peaks angpbts are noticeably brighter. The

streaking of the spots indicates the lattice rotati



©
(2]

[
Eih

i e e

}

o
|i|i..;

Figure 7.4 Laue diffraction images from the black areas close to the sample edge and an example of an
indexed pattern further into the bulk.

A better measure of the reduced degree of crysgabirder in the crack mouth
area can be obtained from the index quality mapigire 7.5(a). The index quality map

was also produced by FOXMAS, which maps the nurobardexed spots for each Laue

The index quality map in Figure 7.5(a) also illuaties the grain to grain
variations in crystal integrity. A grain that islatio be indexed with many spots (red) is
more likely than not to have fewer dislocation sys$ and it may be more resistant to

their transmission from neighbouring grains, ileard” [87].
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Figure 7.5 (a) Index quality map which shows number of indexed diffraction spots for each Laue pattern;
(b) local mis-orientation map, an angular scale of 0-2 degrees was used; (c) von Mises strain map and (d)
a plot of the average von Mises strain changing with the distance from the C-ring OD.

The local mis-orientation map and the von Mises {\Mfain map were also
presented in Figure 7.5(b-c). A magnitude of 0 x2m* with color scale from green to
red was used for the VM strain, while the localmigntation map adopted a color scale
from blue to red indicating an angular magnitudeOot 2 degree. As described in
Chapter 2, the local mis-orientation is a measf@ifgastic strain. A higher density of the
relatively high mis-orientation angles usually icates higher plastic strain. High plastic
strain (high local mis-orientation) appears to elate closely with the outlines of certain
grain boundaries and not with others. Of particulate is a collection of bands of plastic
strain in the upper left corner that extend frora surface to a depth of many tens of
microns. Another prominent band extends inward froear the crack mouth. Such
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bands may have resulted from the mechanical darmpeageto or during the cracking
event. No correlation can be discerned betweerothes of the crack and the incidence
of plastic stain. The composite (von Mises) elast&n also showed higher strain around
crack mouth. Although some correlation with thespastrain in the region of the crack
mouth, there are few other coincidences with eatieroor with the crack pathway,

including areas near the tips of the crack network.

However, judging from the color scale, a generarel@se of VM strain and the
plastic strain from the C-ring OD (outer dimensioémyvards the midplane was noticed,
which is likely resulting from the torsional strass of the C-ring. It is known that the
stress through the thickness in such a C-ring samiphnges from a maximum tension
on outer surface to a maximum compression on therisurface. There is a stress free
axis (neutral axis) in between, which is more @slaround the midplane of the C-ring.
In Figure 7.5(d), the average VM strain at eachtldepas also calculated and plotted

with the distance from C-ring OD, which again shdwigis decrease.
7.2.3 EBSD Measurement

In Figure 7.6, the EBSD orientation map and locas-arientation map are
presented along with those from the PXM measuremieBSED measurements were
performed in such a way that as much of the sama& fiom the PXM scan would be
measured. However, only a portion of the same arm@and the inner portion of the crack
region was able to be obtained from EBSD measurenemainly due to the highly
plastically deformed area around the crack mouthpagh electropolishing was applied
once again before the scan. This is one of the radgas of PXM over EBSD, as

discussed previously.

For EBSD maps, the crack pathway is clearly deteckdas white) because the
depth range sampled by the electron beam is ofdyaenths of microns. Also, similar
but not exactly the same grain structures were rgbdefrom the orientation maps of
EBSD and PXM. In Figure 7.5(b), mis-orientation eggrhing 1 degree can be mapped
along some of the grain boundaries by EBSD. As,vgeline mis-orientation appears to

be associated with the crack itself, either assalteof local strains or from surface
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roughness at the crack edge. In the case of the Pxd@ of plastic strain (mis-
orientation), the intensities shown result from arerage of reflections coming from
depths of several microns. Therefore, they areghbto be less affected by surface

preparation.

0 2.0

Figure 7.6 (a) Orientation maps of the large crack using EBSD and PXM. The triangle color scale for OM in
EBSD is also shown; (b) local mis-orientation maps of the crack area using EBSD and PXM. The same scale
0 to 2 degrees was used. The red boxes outline the portion from which the EBSD scan was taken.

7.3 Summary

Intergranular cracks with remarkable length weredpced by accelerated
corrosion of Alloy 600 C-ring test specimen on tree surface. Such big cracks may be
due to lower constraint and/or more corrosive emument of the free surface compared
to the cross sectional cracks. Alternatively, npléti small cracks might be linked
together to form a main crack with a considerabi.sDuplex-layer oxides were

observed on the surface.
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From both PXM and EBSD studies of this crack, neiobs elastic strain or
plastic deformation can be identified near anyhef tips of the crack network, which is
perhaps because the mechanisms of stress resolgi@nmore complex for this crack.
Another possible reason would be that the cracHlistiwas covered by a thick oxide
film, therefore the crack tips we determined frdra SEM image might not be accurate,
which in turn lead us to wrong locations for theested high strain. In other words, a
better way to study cracks would be fresh polishiediaces other than a surface covered

with thick oxides.

Though no connection between strain and crack vipse observed, the crack
mouth did show very high loss of crystallinity, pebly resulting from the defects
caused by mechanical stress during SCC or the ntatien of chemical activity. In
addition, both elastic and plastic strain were tbtmdecrease with the depth towards the
midplane of the C-ring, which reflects the resutinfi torsional stressing of the C-ring.
The index quality map generated by FOXMAS was dsmd to be quite useful on
differentiating the crystal integrity. Higher nunmbeof indexed spots indicate a harder

grain with higher degree of crystalline order.
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Chapter 8

8. Conclusions and Future Work

8.1 Conclusions

In this thesis, the relatively new technique pohgrhatic x-ray microdiffraction
(PXM) was used to determine the microstructure rmmaostrain in Alloy 600 prior to or
during the stress corrosion cracking (SCC) iniatiTwo main objectives were set up.
First, it was necessary to assess the reliabihity lamits of this relatively new technique
for determining the magnitude and distribution ofcmascopic strains in Alloy 600.
Second, the changes in microstructure and miciostiiatribution needed to be studied
before and after SCC crack initiation. These shauolatribute to a better understanding

of the SCC mechanisms.

8.1.1 Evaluation of PXM

This first objective was accomplished by compaitimg PXM data to those from
more traditional techniques — neutron diffractiord@&BSD. PXM, neutron diffraction
and EBSD measurements were made on tensile banmspecuniaxially stressed to 1%
nominal strain, and were presented in Chaptersd3an unstrained control specimen

was also measured by these techniques.

PXM has been shown capable of detecting the spatiterns introduced to Alloy
600 specimen by a low (1%) uniaxial tensile strdimese strains were also detectable by
neutron diffraction and this well-calibrated methwds used to validate the PXM
technique. The principal strain direction in thdéowlwas determined to be mostly
compressive that were on the order of 100 ® (100 &); this agrees with the strain
levels measured by PXM. A more precise comparisas @one by identifying grains in
PXM strain maps whose directions are closest todihections measured by neutron
diffraction. The strain direction and magnitude evéound to be comparable to those
measured by neutron diffraction. A comparison betwXM and EBSD mapping for

the same alloy was less definitive; these two teples measure different properties.
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EBSD measures plastic strain which is deducted fawal mis-orientation. At this point
in our use of PXM no capability for such measuretmezxisted; only elastic strains

could be measured.

PXM did show promise in its ability to detect sopmntributions to local plastic
strains through the measurement of the distrinutibdislocations. This was done by
studying the elongation and splitting of PXM spo®f particular interest was the
behavior of dislocations in adjacent grains acigrssgn boundaries of differing angular
orientations. Dislocations of similar densities aections were found on both sides of
low sigma and low angle boundaries. At other bouedahere was a sharp divide with
complex dislocations appearing to be blocked by bloendary, causing structural
damage in the “softer” grain. This could help toegict those regions in the
microstructure that may support crack propagation.

The 3D PXM was found to be particular useful inedéihg differences in the
plastic strain between surface and bulk of the rnaterhis capability of 3D PXM is
rather important as the plastic strain producedaiby form of surface preparation will
have an influence on the propagation of cracksclvig important to be distinguished

from those of other metallurgical factors.

PXM has three advantages over EBSD techniqued, BBgig PXM, the strain
resulting from both residual elastic and some |lefgdlastic strain can be measured on a
guantitative basis using changes to the latticarpaters; a separate measure of plastic
strain information is obtained from any streakirfgitee diffraction spots and the local
mis-orientation angles. Second, the informatiorupa achieved by the x-ray beam is
particularly appropriate for detecting strain infa@tion from intergranular interactions
under typical stress corrosion conditions encoedtdyy alloys used in heat transport.
The PXM technique is able to measure strain dwesti therefore compressive and
tensile strains that occur during SCC are distisigaible and appropriate conclusions

concerning the likelihood of failure can be reached

PXM also has advantages over neutron diffractiarstly PXM elasto-plastic

measurements are specific to a microscopic redi@metal such as particular grain or



102

boundary; neutron diffraction involves the measwertnof thousands of grains and
therefore is an averaging measurement. As welkipénformation concerning plastic

deformation is not available from neutron diffracti

In short, the PXM technique appears to have theutkt and accuracy necessary
to measure strain patterns caused before and detiegs corrosion cracking (SCC).
However, one should keep in mind that PXM is noteplacement for any other
technique, as it is not as accessible due to te@ilisynchrotron radiation and very time-
consuming. This is also the main reason that théhoasi have not repeated the
measurements on a same sample to check the reptiduof the PXM data, which
would be a good future work if enough beam timavailable. Additionally, as one of
the thesis examiners pointed out that a better iwwagvaluate the true accuracy of the
PXM, would be using single or bicrystals to veritye true local strains instead of

comparing PXM with other techniques.

8.1.2 SCC Study

The SCC study was performed on C-ring sampleshi®isecond objective, as C-
rings are versatile specimens for SCC test ofiatlkof alloys in different forms.

The effects of stress application to C-ring sanwpéee first discussed in Chapter
5. Compared to the unstressed C-ring, a signifibagiter tensile strain was observed in
y direction — the main stress axis direction of stressed C-ring as expected, so was a
higher composite (von Mises) strain. Significaritit rotation and pronounced plastic
strain were also noted after stress, which wereothstnated by the study of pole figures
and the peak shape changes of Laue images fronsatme locations of the C-ring
specimen before and after stress. The confirmatfahe tensile strain in y direction is
rather important, as one can thus predict the pFef@al propagation direction of the
SCC, that is, x direction when only considering timack path on the cross sectional
surface. Indeed, the cracks were found to propagately along x direction in the SCC-

cracked C-ring samples studied in the followingpthes.
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Ideally, the same stressed C-ring should be useth&subsequent SCC study.
However, different C-rings were used for the SC& with different corroding time for

this study, due to the limited access to the systotin radiation facility.

In Chapter 6, two short intergranular cracks frdma tross sectional surface of
the C-rings induced by respectively 6h and 18htedlebhemically accelerated corrosion
in high temperature caustic solution were stude@ftlly by PXM. Tensile strains with
respect to the stress axis were identified in megiahead of the crack tip, so was the
plastic deformation. The direction of the crack gagation was found to be mainly
affected by three factors:

0] The grain boundary mis-orientation. The cracks wgeaerally going

along GB with the lowest possible angle of mis-atation.

(i) The stress axis direction. The GBs perpendiculdhostress axis would
be the ones favorably oriented for cracking. Howgeeacks along GBs
parallel to the stress axis, the unfavorable dimectvere also observed,
which usually require large stresses or plastic

(i)  The last but not the least is the accumulationigibdations between hard

and soft grains.

In addition, the Schmid factor seems to play a mlée initiation of SCC. One of the
grains adjacent to the crack initiation site wasni to have the lowest Schmid factor
compared to those calculated for surface graingamds along the crack path.

In Chapter 7, a massive crack on the free surddce C-ring sample with 24h
corroding time was studied by both PXM and EBSD.cémparison with the cracks
studied in Chapter 6, this crack is different ndtjoecause of longer corroding time, but
more importantly its location. Being on a free agd with lower constraint and/or more
corrosive environment was believed to be the ma&saon for such a big size crack. The
other explanation would be that multiple small &sawere linked together and formed a
main crack with considerable size. The strain stadyund the crack tip was less
definitive than those for 6h and 18h cracks. No ioby elastic strain or plastic

deformation can be identified near any of the tpshe crack network from both PXM
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and EBSD measurements. This might result from tmaptexity of this crack itself or

the ambiguity in the location of the crack tips da¢he coverage of the oxide film.

8.2.3 Use of FOXMAS

Towards the end of this project, another task wstablished — to test and
investigate the use of the under developing PXM gabcessing software FOXMAS.
Besides the conventional orientation maps andrstraps, local mis-orientation maps,
ellipticity maps and the index quality map genafaby FOXMAS were found very

useful.

The local mis-orientation maps were produced withgame convention as those
used in EBSD. They provide an intuitional view diet distribution of plastic
deformation. The ellipticity maps assess the dimacand length of streaks in a Laue
image. Abrupt changes to the inclination of diffrac streaks within a particular region
can signal a change in the operative dislocatiatesys, which can be easily discovered
by the color in the ellipticity maps. The index fiyamaps provide information about
numbers of indexed spots within each Laue imageyMere found to be quite useful
on differentiating the crystal integrity. Highermbers of indexed spots indicate a harder

grain with higher degree of crystalline order.

Generally, FOXMAS has shown its capabilities omististudies in Alloy 600 C-
rings. It is a comparable software for processiagd.images to XMAS, but with more
than an order of magnitude faster speed.

8.2 Value and Implication

The major objective of this research program isdébermine the microstrain
distribution prior to or during the SCC initiatiovith the relatively new technique PXM.
The work outlined in this study has shown that lteal strains measured by PXM are
guantitatively consistent with those from the mdraditional technique neutron
diffraction, while some qualitative correspondeneas observed between PXM and

EBSD. Moreover, the PXM has also presented itsitabib access local plastic
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deformation by assessing the streaking/splittinghef Laue peaks and the local mis-

orientation.

The work presented in this thesis also exploitedRKXM to the study of SCC in
C-ring samples. From the study of two short craamkthe cross-sectional surface of the
C-ring samples, local elastic strain as well asllqiastic deformation were observed
around and ahead of the crack tip, which agreel thi¢é observations from previous
studies. These localized strain fields coincidéenwiite triple junctions where crack arrest
occurs and re-initiation requires a buildup of isisaat the crack front. As a comparison,
the PXM study on the massive crack from a freeamarfof the C-ring sample was more

difficult to interpret, presumably due to the comypty of the crack itself.

Overall, the PXM has shown great promise in itditgtto detect either elastic or
plastic strains in uniaxially tensile samples andr@ samples, as well as the changes of
microstructure and microstrain induced by SCC. éajeéhe PXM has advantages over
neutron diffraction and EBSD in SCC study, howevirshould be only used as a
complementary method to others because of its tmessibility.

8.3 Future Work

This thesis has shown the promise of PXM in stuglyime SCC in Alloy 600.
Future works based on the studies undertakensrthiesis are described below.

First, the 3D PXM measurements could be appliedh® C-ring samples,
especially around the crack tip area. As discussddre, the 2D PXM is able to give
enough information about the microstructure andrositcain, however, it does show the
effects of the accumulation from both surface awder grains as the x-ray penetrates up
to ~ 60 um into Alloy 600 samples. Therefore, Wwisrth to apply 3D PXM at regions of
interest (crack tip and the triple point ahead)g&t a clearer view of the origin and
distribution of the microstructure and strain, tgbufair amount of time would be

required.

Second, as mentioned before, the best way to shel\§CC is to use a pre-

characterized sample, so no effects other thanetlimsn SCC will stand out. The
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stressed C-ring studied in Chapter 5 is a good idatel for this purpose. However, to
catch the moment for crack initiation, the C-rirg® not good choices, as they were
found to easily be cracked with length at tens amsreven within 6h. A better candidate
is a sample with very low residual strain beforacking, so it can be subjected to
successive SCC test until a crack is found andacierize the sample at a same area
between each exposure to follow the changes. Aralobar sample with 12h the same
SCC test as the C-rings was studied at the saneeaimLS, for which the results were
not shown in this thesis. No cracks were found weikn 12h SCC test. From the maps
shown in Figure 8.1, very low elastic strain andspic deformation were observed. This

sample is therefore a good one for the SCC irtasitudy.

Third, a more careful study can be carried outhen24h C-ring sample presented
in Chapter 7. As discussed previously, the oxitta tin the surface might be shielding
the real crack tip, so what can be done is to rentbg oxide film and relocate the crack
tip. Then examine the PXM results with the new tmeaof crack tip. The next step is to
embed this C-ring and polish it until a cross-se@i crack is revealed, as the same
procedure for the 6h and 18h C-ring. Then study ¢thoss-sectional crack with PXM, to
clarify the differences observed from the free acefcrack of the 24h C-ring and other

cross-sectional cracks.
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Figure 8.1 (a) SEM image of the bar sample surface after aSQ@ test; (b-e) OM, index quality map,
local mis-orientation map and ellipticity map oétarea shown in the SEM image obtained from PXM.
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Appendix | Angle calculation from PXM data for Chapter 3

This appendix presents an example of calculatiomhi® angle between a direction [111]
in crystal coordinates system and the neutronatifion coordinates RD, ND and TD
from PXM data.

Necessary input: the rotation matrix from crys@biclinates to sample coordinates.
Example:

Here is the index file from 3D PXM of the mid-bansile sample

E:\APS-0CT07 \lp wire- reconIDL\lp wire-reconIpL\lper_wire_801_76.SPE
number of grains found:
grain no: 0

number of indexed reflections: 11
x(exp) y(exp) h k 1 ang.dev. xdev(p1x} ydev(pix) E(kev) theta(deg)
615.61444 . 51532 1 3 3 0.014865 0.23875 -0.04134 &_98668 57.79113
949, 95007 E].E.CJBQ].'r 1 7 3 0.00708 —0.11118 0.04613 20.68222 40.38016
8E9.1511E8 227.11414 1 7 5 0.01327 -0.23190 0.06709 19.07503 52.37110
240.45776 544, B0511 2 2 2 0.02178 0.28487 -0.21331 9.01085 42.11468
486, 99927 189, 58180 2 4 4 0.01044 -0.01809 -0.16773 12.94916 53.92779
701.37762 395. 56982 2 5] 4 0.02806 -0.39065 -0.16208 17.78156 47.23387
521.76599 636. 34558 3 5 3 0.06654 0.43898 0.90089 1B.16786 39.02227
612.06287 404, 33063 E] 7 5 0.01274 0.16597 -0.08724 21.75312 46.92931
53B.12854 135.22473 3 7 7 0.00556 0.03280 0.08529 21.86197 55.62671
112. 58064 207.62813 4 4 i1 0.02745 -0.23797 -0.45625 18.16916 52.34613
386.48172 311. 893535 4 5] a 0.02040 -0.13678 -0.28341 21.40166 49.872E8E
devl, dev2, pixdev= 0.0164300 0.0153900 0.332901
matrix X ¥ Z -=h k 1
-0.2667261958 -0.1868066341 0.1423213333
0.2139080167 -0.1043602154 0.2639076710
7378681 0. 190767735
matrix =X Y Z
-2.1119308472 1.6937179565 -0.7674899101
-1.4791300297 -0.8263214231 2.24660287613
1.1268965006 2. 0806130145 1.5104038745
p yiLexp 1 E(kev) theta(deg}
773.11127 847.31134 1 3 1 10.82710 2.98481
848, BB0OG6E 399.49713 1 5 3 14.00321 ?.0??41
608. 38574 690.91071 2 4 2 14.10973 7.27711
773.11127 847.31134 2 6 2 21.25419 32.98481
65.28474 105. 78689 3 3 5 13.97583 54.93261
423.99872 263.90894 3 5 5 17.12146 51.49842
Unindexed reflections: 10

The matrixhkl —> XYZ is used for this calculation, as highlighted withe box above.

1. matrixhkl —> XYZ

11 Q12 Qg3 —2.1119308472 1.6937179565 —0.7674899101
A1 Qzz Q23| =(-1.4791300297 —0.8263214231 2.2466287613
a3z; dzz 04z 1.1268965006 2.0896139145 1.5104938745

h k1l =111

2. Calculate[111] from crystal coordinate system to sample cooréisgstem
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X)) (&, a, ag) h) (a,0h+a,* k+ g |
Y, |5l &y &, as|| k|=| a0k af k 3}
Z,) \8y 3, ag)ll) (a,0h+a,* k+ af |

————> X, =-1.18570280
Y, =-0.058822691
Z = 4.72700429

3. Calculate the angle to RD, TD and ND (show aadeutation for RD). Referring to the
Figure 2.4 in Chapter 2, the directions RD, TD &llin neutron diffraction are the

1 0
exact equivalents of x, y and z in PXM, which meRis= (0) TD = <1> and ND
0 0

0
= (0) in sample coordinate system in PXM.
1

To RD X,=1, Y,=0, Z,= 0,

cospm XX HWo*2Z, X

(XP Y2+ ZD2( X+ Y2+ 22 (X+ Y+ 2)

1
2

So cosp= -0.2432810(C and the anglen=104.080269=104.

Then the same way to calculate the angle betyeeh| to TD (X,=0, Y,=1, Z,= 0)

and ND (X,=0, Y,=0, Z, = 1), we got 90.7 and 14.1 respectively.
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Appendix Il Calculation of Schmid factor from Laue data

This appendix presents an example of the calcuaticschmid factor from Laue data

for 18h cracked C-ring sample. The stress axis the y direction.

Necessary input: Rotation matig,mpietocrystal Which rotates sample coordinate

system to crystal coordinate system

Calculation steps

Slip plane o=F/A,
normal A

F.=Fcosf
/,Slipdirection

——1,=F/A
= F.cosa/A,

Slip plane—|
\

Figure A.1 lllustration of the geometry of slip in a cylinder. Note that o+ # 90° in general. Adopted from
Chapter 1 (Figure 1.3).

1. Express stress vector in the crystal coordisgséem
Ocrystal = gsampleTocrystal * Osample

2. For every slip system calculate the following:
cosa - cosp

Wherea is the angle between .y, and normal to the slip plane and

B is the angle between s, and slip direction.



117

Example:
An index file from 2D PXM of 18h cracked C-ring spl® after processing:

18hCRing_3786.tif

number of grains found: 1
grain no: 0 grainlist file index: 1000
number of indexed reflections: 9
x (exp) y{exp) h k 1 ang dev. xdev (pix) ydev(pix) Ener(keV) Z2theta(deg)
715.06702 155.14047 0 2 4 0.10254 1.2038% -2.56402 11.0804& 89.50655 -1
341.25635% 280.30432 1 1 5 0.04763 0.46137 -1.23420 13.61e05 83.47250 1
514.7681% 384.56485 -1 3 5 0.00261 0.060%3 -0.0018% 16.3%323 78.03152 -2
89.61030 455.43228 2 0 & 0.06117 1.01134 -1.538%4 18.52424 73.10780 2
859.37231 67.1897% 0 4 & 0.07573 -1.65403 1.35523 16.70286 97.72161 -2
g81.82092 169.0553% 3 1 7 0.0081%9 0.20894 0.00564 18.80349% 90.89141 2
557.04150 89.68420 1 3 7 0.06143 -0.52%93 1.64805% 17.92731 96.73356 -
333.159824 171.75166 2 2 8 0.03789 -0.41643 0.5%4405 20.76752 90.51e62 1
983.02307 228.52000 -1 3 7 0.03918 -1.05606 -0.10072 21.81178 B87.67423 -3
devl, dev2, pixdev= 0.0607500 0.0568400 0.04845%00
matrix X Y Z ->h k 1
0.25937 0.23857 0.04552
-0.23875 0.237585 0.11251
0.04478 -0.11257 0.3335¢6
matrix h k 1 ->X ¥ 2
2.0536e5 -1.85071 0.35455
1.8885% 1.88404 -0.85447
0.36362 0.8%082 2.64428
Number of missing reflections: 8
x (exp) v (exp) h kE 1 energy (keV) theta (deg) strfac theor_integr
369.78546 §25.59381 0 0 2 7.93478 52.16758 77.32000 47382.89453
315.65604 2.68067 1 1 3 7.43038 102.27187 55.04300 §323.77535
784.50088 870.57235 -1 1 3 13.230%5 51.8601le 55.04300 24338.45313
369.7854¢ 825.59381 0 0 4 15.86956 52.1&798 46.43600 17050.35648
624.11053 g804.80505 -1 1 5 20.21728 53.274c4 36.05000 9819.36523
589.18671 343.68069%9 0 2 & 17.30261 75.23045 30.31700 3037.05750
315.65604 2.68067 2 2 & 14.86076 102.27187 25.20700 2343.6518%
350.51037 405.35224 1 1 7 20.45322 7T4.87411 27.66200 2785.52255
Rfactor: 0.57634002
Rotangle (deg) : 47.57351
Rodrigues vector: -0.1%001 0.0005%7 -0.40227 47.56769
Quaternion: 0.91366 -0.17360 0.00088 -0.36754
Euler angles: —-18.688595 -7.18141 -42.63454

orsnr, orsirxy, orsirxz, orsiryz: 15.59458 -64.65414 T1.54382 -64.77228
Rotation matrix, unit cell to sample:

0.72983 -0.67192 0.12600

0.67131 0.665955 -0.31788

0 19G99 021 cn 0 G3G79

Fotation matrix, sample to unit cell:
0.72983 0.67131 0.12%22
-0.67192 0.66955 0.31658
0.12600 -0.31788 0.93972

In general, use the fourth matrix, rotation matsimple to unit cell, as highlighted with

blue box above. One calculation is shown as folhauwi

Known: stress axis in sample coordinate sydtehd], calculate Schmid factor for slip
system{111}(110).

1) Ca|CU Iat&)-crystm



Gcrystal = gsampletocrystal " Osample

0.72983 0.67131 0.129227 [0

= [—0.67192 0.66955 0.31658] . [1

0.12600 —0.31788  0.939721 10O
0.67131
=[ 0.66955
—0.31788

2) Calculate cog normal to slip plane s=[111]

Ocrystal ™ M
cos°o=—7——m
|Ucrystal| ' |n|
0.67131 1
0.66955 |-|1
_ —0.31788 1 |1
V0.671312 + 0.669552 + 0.317882 - /12 + 12 + 12
~ 1.02298
V3:40.67131% + 0.669552 + 0.317882
3) Calculate cd3 slip direction id = [110]
cos B = Ocrystal * d

|Ucrystal | ! Idl

0.67131 -1
[ 0.66955 ] [ 1 ]
0

—0.31788

\/0.671312 + 0.669552 + 0.317882 -\/12 + 12 + 07

~ —0.00176
VZ-10.67131% + 0.669552 + 0.317882

4) Schmid factor for slip syste@11}(110) is

m = cosa- cospf

118
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B 1.02298 x (—0.00176)
V6 (0.67131% + 0.669552 + 0.317882)

= —0.000735
Take the absolute value, s8o= 0.000735

5) Use the same method to calculate Schmid faotaalf slip systems, take the highest
number as the Schmid factor for this grain. Thersfthe Schmid factor for this grain is
0.41311 with the most possible activated slip sygte11}(101).

glide plane glide direction Schmid factor

< -1, 1, O> 0.00073

{ 1, 1, 1} < -1, 0 1> 0.41311
< 0 -1, 1> 0.41238

< -1, 1, 0> 0.00119

{ 1, -1, 1} < -1, o0 -1> 0.23934
< 0 -1, -1> 0.23814

< 1, 1, 0> 0.17304

{ -1, 1, -1} < -1, 0 1> 0.12766
< 0 -1, -1> 0.04539

< 1, 1, 0> 0.17497

{ -1, 1, 1} < -1, o0 -1> 0.04612
< 0 -1, 1> 0.12885
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