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Abstract 

The nickel-based Alloy 600, also known as Inconel 600 has been found to be 

susceptible to stress corrosion cracking (SCC) in high temperature aqueous environments. 

Despite extensive research, the mechanisms by which this process occurs remain in question. 

It is known that SCC results from the simultaneous effects of a chemically corrosive 

environment and a tensile stress. Many studies have been conducted on the microscopic 

chemical changes associated with SCC. There have been fewer studies of the microscopic 

stress/strain process. The main objective of this thesis is to use the new x-ray based 

diffraction technique – polychromatic x-ray microdiffraction (PXM) to study changes of the 

microstructure and elastic/plastic deformation introduced by SCC in Alloy 600, thus leading 

us to an understanding of the mechanisms of SCC. 

More traditional techniques such as neutron diffraction and electron backscatter 

diffraction (EBSD) were also used in this thesis. Neutron diffraction measures information 

down to a depth resolution of a few mm, while EBSD is considered to be a surface 

measurement (1-2 µm). By comparison, PXM examines strain to a depth of several grains in 

alloy 600 (~ 60 µm), which is particularly appropriate for detecting information from 

intergranular interactions under typical stress corrosion conditions. The capability of 

measuring strain directions (compressive or tensile) is another advantage of PXM in SCC 

study. Besides the microstructure and elastic strain information, the local plastic deformation 

can also be examined by assessing the streaking/splitting of the Laue spots and modeling of 

the Laue diffraction images. 

In this thesis, PXM was first validated by comparing the data to those from neutron 

diffraction and EBSD for a simple case – uniaxially stressed tensile specimens. Then studies 

were carried out on C-ring samples before and after cracked by SCC. Torsional stressing of 

an Alloy 600 C-ring specimen results in significant tensile strain in the stress axis direction. 

Intergranular SCC (IGSCC) was observed in Alloy 600 C-ring specimens electrochemically 

corroded in a high temperature caustic solution. Tensile strains with respect to the stress axis 

and plastic strain could be identified in regions ahead of the crack tip. These regions 
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correspond to triple junctions where crack arrest occurs and re-initiation requires a buildup of 

the strains.  

 

Keywords 

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

1. Introduction 

 Metals are important structural materials because of their strength, fracture 

toughness, and tolerance of high temperature; however, metals are subject to chemical 

corrosion. Most people are familiar with corrosion in one form or another, such as the 

rusting of a galvanized wire fence or the degradation of a steel bridge. Corrosion can be 

both costly and dangerous. It is not simply a loss of metal, but also a waste of energy, 

water, and human effort that was used to reproduce and fabricate the structures. 

According to the cost study by NACE (the National Association of Corrosion 

Engineers), the total direct cost of corrosion in US was $276 billion in 1998 [1], which 

did not even include the large indirect corrosion cost from the lost productivity because 

of failure, outages, etc. In the case of failure of bridges or other structures due to 

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

 So what is corrosion? It is the deterioration of a material, usually a metal that 

results from a reaction with its environment according to a NACE definition [2]. 

Generally speaking, it is a process of a chemical element returning to its most stable 

thermodynamic state. This usually means a formation of oxide or sulfide from which the 

metal originally started when they were taken from the earth. These processes can 

usually be modeled as electrochemical reactions. The metal that serves as anode will 

usually undergo corrosion. However, the cathodic reaction is equally important as the 

corrosion process can only proceed when anodic and cathodic reactions happen 

simultaneously and at the same rate. Corrosion can appear in different forms. The most 

common form is the uniform or general attack that proceeds over a large area of the 

material. Pitting, crevice corrosion and intergranular corrosion are forms of localized 

corrosion, which only occur at particular sites of the exposed material. They may 

sometimes turn into stress corrosion cracking (SCC). 

 SCC is a particular form of corrosion for metals, which involves the initiation and 

growth of cracks due to a corrosive chemical reaction and a mechanical stress. Such 
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cracks can be intergranular (IGSCC, along the grain boundaries of a metal) or 

transgranular (TGSCC, through the grain) or a mixture of both. These processes can 

affect the integrity and reliability of the metal. SCC usually occurs without any visible 

deformation and is difficult to be detected at its early stage.  

Table 1.1 Alloys/environment systems exhibiting stress corrosion cracking (SCC). Excerpted from Table 

3.4 in [3]. 

Alloys Environment 

Carbon steel Hot nitrate, hydroxide, and carbonate/bicarbonate solutions 

High-strength steels Aqueous electrolytes, particularly when containing H2S 

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 

α-brass Ammoniacal solutions 

Aluminum alloys Aqueous Cl
-
, Br

-
, and I

-
 solutions 

Titanium alloys Aqueous Cl
-
, Br

-
, and I

-
 solutions; organic liquids; N2O4 

Magnesium alloys Aqueous Cl
-
 solutions 

Zirconium alloys Aqueous Cl
-
 solutions; organic liquids; I2 at 350°C 

 SCC can be found in various metal alloys, as shown in Table 1.1. It was  towards 

the end of the 19th century that SCC was first reported as a widespread problem when it 

appeared in brass condenser tubing in electric power generators [4]. One cause of SCC in 

steels was found to be a local high concentration of free alkali and elevated temperature 

that resulted in “caustic cracking”. Later, SCC was observed in aluminum alloys, 

magnesium alloys and other alloys, including those of nickel. 

 High content nickel alloys possess remarkable mechanical strength and provide 

outstanding resistance to specific chemicals. Nickel-based alloy 600 (Alloy 600) is a 

kind of solid solution with major element composition Ni-16Cr-9Fe, and minor alloying 

additions such as Cu, Si, Mn and C. It has been widely used as the primary steam 

generator (SG) tubing material and other safety-critical components such as reactor 

vessel components and seals in nuclear reactors. However, SG tubes made from Alloy 

600 have proven to be highly susceptible to SCC, which is in fact the single most 

important reason that Alloy 600 SG tubes are replaced. Alloy 690 and Alloy 800 both 

from the Ni-Cr-Fe family are used to replace Alloy 600 SG tubes in US, Canada and 

Europe, respectively. In Table 1.2, the chemical composition and selected mechanical 

properties of the three alloys are shown. The tensile strength is the highest stress that the 

material can sustain, which usually is calculated by dividing the maximum load by the 
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original cross-sectional area. The yield strength is the stress at which the material starts 

to deform plastically. This value can often be obtained from the stress-strain curve. The 

elongation is defined as the gage length change over the original gage length of the 

specimen in a tensile test. These are three important mechanical properties to a material 

and they are very similar for the three alloys. Though there are no reports of SCC failure 

in Alloy 690 and 800 SG tubes under service, there are reasons to believe that Alloy 690 

and Alloy 800 may also undergo SCC. There are studies showing possible SCC in Alloy 

690 and 800 in some circumstances [5-10]. SG tubes essentially act as heat transporter 

between primary and secondary coolant. Leaking of the tubes makes the heat transport 

unreliable, which means that a shutdown of the nuclear station may be necessary for 

repair or exchange of the tubes. In other words, great economic and energy loss would be 

result from unexpected failure of these tubes. Therefore, 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 

29.1 in [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, becomes our focus in this study. 

Unlike the applied stress, local residual stress is usually hard to predict and/or detect; it 

can increase the total stress to a value as high as or even above the yield stress. In this 

work, we have focused on the study of changes of the microstructure and mesoscopic 

(0.1 - 100 µm) elastic/plastic deformation of Alloy 600 that is introduced either by 

applied stress or by SCC, thereby leading us to a better understanding of the mechanism 

of the SCC. Dislocation movement and possible acting slip systems are also discussed. 

The main technique used was synchrotron-based polychromatic x-ray microdiffraction 

(PXM). Neutron diffraction and electron backscatter diffraction (EBSD) measurements 

were also performed on some of the samples. 
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1.1 Basic Concepts 

1.1.1 Deformation in Polycrystalline Material 

 The imposition of a small stress on a polycrystalline alloy will first produce 

residual elastic strains whose magnitude and directions are grain orientation dependent. 

As the yield point is approached, plasticity in the material is introduced through the 

creation of crystallographic dislocations. These accommodate slip and lattice rotation 

[12], and provide the bases for plastic flow in a polycrystalline system. They form under 

high strain gradients and are thus often influenced by the 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 can cause elastic or plastic deformation. 

The deformation is considered to be elastic if the material is completely restored after the 

force is removed, otherwise, it is a plastic deformation. However, in polycrystalline 

material, the deformations become more complex. The elastic deformation may not 

completely be relaxed due to the inhomogeneous deformation within the system, 

associated with local incompatibility (e.g., volume change, thermal dilatation, grain 

boundaries etc.) and these result in so called "residual elastic deformation" or "residual 

elastic stress/strain". By definition, residual stresses are stresses that remain in the 

material after the original cause of stresses (external force, heat gradient) has been 

removed. The residual strain is the strain induced by plastic deformation and/or from 

residual elastic deformation. Residual stress/strain is the combined result of residual 

elastic and plastic deformation. In general, residual stress/strain can be introduced in a 

material during manufacture and/or use by such mechanical forming processes as 

bending, swaging, welding or annealing.  

 The presence of residual stress/strain in materials and components can heavily 

influence their behavior. It can be beneficial or detrimental. For example, the residual 

tensile stress/strain at a material surface is believed to be one of the most important 

factors that causes material cracking. However, unlike applied stress, residual 
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stress/strain is difficult to predict. The tensile and compressive residual stress/strain 

counteract one another to keep stress in balance macroscopically, however, they can be 

dramatically different from point to point. Methods using diffraction techniques have 

turned out to be effective in determining residual stress/strain. Other methods include 

ultrasonics and destructive measurements. 

2. Dislocations  

 A dislocation is a linear defect in the crystalline material around which the atoms 

are misaligned in a crystal structure. The existence of dislocations usually strongly 

affects many properties of materials. Plastic deformation of metals is produced by 

forming (heating, bending, striking or swaging) resulting in creation and storage of 

dislocations. 

 

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 dislocations: edge and screw dislocations, as 

shown in Figure 1.1. Edge dislocations are defects where extra half-plane of atoms are 

introduced in crystal structure. There are positive and negative edge dislocations 

depending on where the extra half plane located in the crystal structure (top – positive, 

bottom - negative). Screw dislocations are harder to visualize, but usually can be thought 

as the result of shear stress: the upper front portion of the crystal shifted one atomic 

distance towards the right relative to the bottom portion in Figure 1.1b. Screw 

dislocations can also be positive or negative depending on if the screw advancing along 

the dislocation line is right-handed or left-handed. In general, the dislocations with 

different signs will attract and cancel out each other, while the ones with same signs will 

(a)                                                       (b)
Burgers vector Burgers vector 

Dislocation line Dislocation line

b b
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be repulsive to each other. In Figure 1.1, Burgers vector and dislocation lines are also 

displayed. The Burgers vector �� is a measure of the magnitude and the direction of the 

lattice distortion in crystal generated by dislocations. It is usually defined by means of a 

circuit containing dislocations. The vector required to complete the closed loop is 

defined as the Burgers vector. Burgers vector is found to be perpendicular to the 

dislocation line for edge dislocations, while it is parallel to the dislocation line for screw 

dislocations. 

 

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 deformation at very low strains, 

generally are stored in very loose arrangement that do not cause significant rotation of 

the lattice. However, when inhomogeneous deformation occurs in metals, there will be 

an accumulation of local "excess dislocations" with the same sign. These are generally 

referred to as "geometrically necessary" dislocations (GNDs). They are result of the 

incompatibility of plastic deformation and the local curvature of the corresponding 

crystal lattice. In other words, GNDs arise from non-uniform deformation of crystals to 

maintain the continuity of the crystal lattice. Dislocations make the lattice distorted 

around them and create stress/strain field (strain energy). To minimize the energy within 

materials, the dislocations tend to move together and form cell-walls/boundaries when 

enough strain is provided, thus leaving some areas with few dislocations - the cell 

interior, which are relatively strain free. The walls/boundaries formed can usually be 

classified into two types: incidental dislocation boundaries (IDBs) and geometrically 

(a)                                               (b)



7 

 

 

 

necessary boundaries (GNBs), shown in Figure 1.2. IDBs are formed by random trapping 

of dislocations with any sign, while GNBs form between regions of different strain 

patterns to accommodate the accompanying differences in lattice rotation (usually with 

dislocations of one sign). For large strains, the lattice at each side of the GNBs can rotate 

very differently (>15°), which becomes equivalent to ordinary grain boundaries. 

3. Slip  

 Slip is the process describing the motion of the dislocations. The crystallographic 

plane that the dislocation line transverses is the slip plane. The direction that the 

dislocation moves is the slip direction. The slip plane and slip direction have preferential 

crystallographic forms in each crystal system. Slip planes are normally planes with the 

highest density of atoms, while the slip directions are the most closely packed directions 

within the slip plane. A slip plane and a slip direction constitute a so-called slip system. 

For instance, in face-centered cubic (fcc) crystals, the four {111} planes are the most 

dense planes and the three <110> directions within the {111} planes are the most closely 

packed directions. In other words, there are 12 slip systems for fcc crystals, as listed in 

Table 1.3. In body-centered cubic (bcc) crystals, there are closely packed directions 

<110>, but no really closely packed planes exist as slip planes. However, this does not 

mean that there is no slip happening in bcc material. It simply needs more energy, such 

as a higher temperature, for bcc material to slip. Compared to fcc and bcc material, slip 

in hexagonal close packed (hcp) materials is much more difficult, 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 stress is required. As shown in Figure 1.3, 

the shear stress τc resolved on the slip plane in the slip direction can be expressed as: 
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�� = � cosα cosβ                                         (Eq. 1.1) 

In theory, the slip occurs when σ reaches the yield stress σy of the material and the shear 

stress on the slip plane in the slip direction is so-called critical resolved shear stress τc. 

The Schmid factor, m is defined as the quantity cosαcosβ. Therefore, the yield stress 

becomes: 

�� = 	 ��
�

                                (Eq. 1.2) 

From Eq. 1.2, the greater value of m indicates lower applied stress is needed for 

activating slip. The Schmid factor thus becomes a way of estimating the operating slip 

systems in crystal materials. Briefly speaking, if one determines the angles between slip 

systems and the loading direction, then the slip system with the highest Schmid factor m 

is believed to be the operating slip system in the material. 

 

Figure 1.3 Illustration of the geometry of slip in a cylinder. Note that α+β ≠ 90° in general. 

 Note that in practice, especially in the case of polycrystalline materials, there 

usually are more than one active slip systems and sometimes the expected slip system 

may not even be active because of the interactions from the surrounding grains. 

1.1.2 Grain Boundaries  

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

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

σ= F/A0

Slip plane 

normal

Slip direction

Slip plane

αααα ββββ

A0

A

Fr = Fcosβ

τr= Fr/A

= Frcosα/A0
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orientation and they are held together by some common lattice points, but at other 

locations between the grains there is a discontinuity. Both these features comprise the 

grain boundary (GB). The average atomic volume in a grain boundary is greater than that 

in the grain interior, which indicates that free volume exists in the grain boundary. 

Excess free volume and lower atomic coordination are fundamental intrinsic properties 

of grain boundaries, which induce other properties. For example, grain boundaries have 

higher energy and they are usually more chemically reactive and preferential sites for 

impurity atoms.  

 The minimum rotation angle �� between the orientations of two adjoining grains 

is the GB mis-orientation angle. It is the simplest description of the GB structure. In 

general, grain boundaries can be classified into low-angle grain boundaries (mis-

orientation angle ≤ 15°) and high-angle grain boundaries (mis-orientation angle > 15°). 

The energy of the grain boundary is a function of the mis-orientation angle for low-angle 

grain boundaries, however, it becomes complex for the high-angle grain boundaries 

because of the existence of "special" boundaries. The boundaries with markedly different 

properties (e.g., low energy) or geometry from average are so referred to as "special" 

boundaries. The coincidence site lattice (CSL) theory is a popular way to describe these 

boundaries [16-18]. In CSL theory, when superimposing two properly mis-oriented 

grains, some of the atomic sites coincide and are so called coincidence sites. The 

coincidence sites throughout the superimposed system create the coincidence site lattice. 

The reciprocal density of the coincidence sites is then defined as Σ - the degree of 

coincidence. For example, in Figure 1.4, the two lattices are related by a rotation of 36.9° 

around the <100> axis, which leads to one coincidence site in five lattice sites, that is a 

Σ5 CSL grain boundary. Ideally, the Σ number corresponds to an exact mis-orientation 

angle. However, in practice, the dislocations piled up around the grain boundary change 

the mis-orientation angle, and thus probably the properties of the grain boundary. 

Therefore, for a Σ CSL GB, the maximum angular deviation, νm, is defined, within which 

the character of the Σ grain boundary is still conserved with the addition of the secondary 

grain boundary dislocations. This relationship can be empirically expressed as: 

�� = ��	��                         (Eq.1.3) 
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where �� is the angular limit for a low angle grain boundary, for which 15° is usually 

taken, so that all low-angle grain boundaries can be treated as Σ1 boundaries. ξ in the 

Brandon criterion [19] has generally been assigned a value of 1/2. A more restrictive 

criterion uses 5/6 as ξ, according to Palumbo et al. [20]. Though different criteria exist, it 

is commonly accepted that the grain boundaries with Σ≤29 are special boundaries, as 

special behavior is often detected for them. A particular interesting case is that of the Σ3 

boundaries (60° with <111> axis), which are usually twin boundaries in an fcc crystal 

structure. Twin boundaries are those with symmetrical lattice points at each side of the 

boundary. In other words, the lattice from one side of the boundary is the mirror image 

of the other side. These twin boundaries usually are of very low energy, due to their high 

symmetric structure. 

 

Figure 1.4 An example of coincidence plot of two lattices. It is a Ʃ5 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 with the study of effects of different 

parameters on SCC. Among these, heat treatment of the material has been studied 

extensively, as research [22-27] shows that IGSCC is strongly affected by the thermal 

history of the material. For instance, Stiller et al. [23] found that Alloy 600 processed by 

Crystal A

+ Crystal B

Coincidence site
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mill annealing at 1024 °C cracked 10 times faster in pure water than Alloy 600 processed 

by mill annealing at 927 °C. Although the exact mechanism of the effect of the heat 

treatment was not identified, grain boundary chemistry and character was shown to be 

different for the different heat treatments. The two most obvious grain boundary 

phenomena of Alloy 600 observed after heat treatment are chromium depletion and the 

appearance of grain boundary carbides. According to Was [26], the more severe the 

depletion of  chromium, the higher a susceptibility is found for IGSCC in acidic media. 

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

the density, structure and morphology of the carbides: grain boundary carbides with a 

continuous or semi-continuous structure will enhance the resistance of the nickel alloy to 

IGSCC.  

 One of the other characteristics of the grain boundary that heavily affects IGSCC 

behavior is its mis-orientation. Many studies [16, 28-31] have shown that low Ʃ (≤29) 

grain boundaries are usually less susceptible to IGSCC. However, even the Ʃ3 grain 

boundaries are not totally immune to IGSCC [29].  

 The effects of the applied stress axis are also important. The grain boundaries 

perpendicular to the tensile stress axis are found to be the most favorable cracking 

direction [32-34].  

 The effects of prior deformation, including cold work, welding, scratches and 

indents, have also been widely studied [6, 35-38]. Welding is a fabrication process that 

joins materials and it usually involves melting a material between work pieces without 

melting the work pieces. Cold working (CW) is a process which induces plastic 

deformation by forging or rolling at a temperature below the recrystallization 

temperature of the material. The percent of cold work (%CW), which is the change in 

cross-sectional area over the original cross-sectional area, represents the degree of plastic 

deformation. The welding procedures and cold work are both found to affect the crack 

growth rate [37]. The specimen with 20% cold work was reported to have the highest 

crack growth rate, compared to those with 8% and 40% cold work. Also, both IGSCC 

and TGSCC have been only found in 40% cold worked Alloy 600, while only IGSCC 
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occurred in the 8% and 20% specimens. It was proposed in this paper [37] that the crack 

growth rate is related to the crack tip mechanics, the sub-microstructure after cold work, 

and the crack tip oxidation process. Generally, cold work was believed to increase yield 

strength, to decrease the material ductility and to cause local high stress or clusters of 

dislocations, especially at grain boundaries. Cold work may also change the 

microstructure or sub-microstructure of the material, depending on how much 

deformation is applied. Levels of 8% and 20% cold work are moderate and do not 

change the microstructure significantly. The enhanced yield strength resulted in a high 

local stress at the crack tip, which thus speeds up crack growth. In the case of the 40% 

cold work, the material microstructure changed severely into a cellular texture and the 

differences between the original grain boundaries and intragrain region became very 

small, thus cracking preferentially occurred transgranularly (TGSCC).  

 Studies have also been carried out on the effects of the oxide film [39, 40], 

electrochemical potential [41], additives (e.g., lead) [42, 43] on SCC. The additive lead 

has gained a lot of attention, as it is one of the species that can result in rapid SCC and 

general corrosion in Alloy 600, but also in Alloy 690 and 800 with their various heat 

treatments [43]. 

1.2.2 Mechanisms 

 Mechanisms for SCC have been proposed and reviewed by different groups [44-

49]. The slip dissolution/film rupture model and the hydrogen embrittlement model are 

two classical mechanisms which may account for most known cases of SCC [47]. The 

main idea of the slip dissolution/film rupture model is that plastic strain, concentrated at 

the crack tip causes slip in the metal crystal. This slip results in a break in the surface 

oxide film that had previously protected (or “passivated”) the metal from corrosion. 

Then, oxidation/dissolution of the underlying bare metal could occur. In another words, 

the crack grows with a cyclic process of film rupture, dissolution and film repair. 

Hydrogen embrittlement usually happens in an aqueous environment where hydrogen 

may be present. The hydrogen atoms diffuse through the metal and recombine together 
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in metal defects, which build up a high local stress and cause cracking when the stress is 

high enough.  

 The internal oxidation model was first proposed by Scott and Le Calvar [50] in 

1993. The base of this model is oxygen diffusion in the metal matrix. Then the dissolved 

oxygen would oxidize a reactive alloying element in the material and form a brittle 

intergranular oxide, CO2 bubbles or an oxygen film, which could cause embrittlement. 

Another mechanism proposed by Angeliu et al. for IGSCC [51] is the creep damage 

model, where voids caused by creep collect at grain boundaries and exert a local stress 

until a crack is generated.  

However, no single model can account for all SCC phenomena found in Alloy 

600. For example, according to the slip dissolution model, factors like Cr depletion that 

can increase the metal dissolution rate are expected to enhance SCC, but Cr depletion has 

been found to have no such effect on Alloy 600 SCC in some cases [52]. The hydrogen 

embrittlement model was found to describe Alloy 600 SCC in caustic solution within a 

certain potential range [44]. However, the operating mechanism seems to change with 

the environment and condition of the alloy. 

1.2.3 Remedies  

 As seen in the definition of SCC, SCC behavior is controlled by mechanical, 

chemical and metallurgical factors. The most effective and common method used to 

control SCC would be to remove or prevent the application of the tensile stress. The 

stress usually is induced by faulty installation or residual stress from improper 

manufacturing procedures, such as welding, bending or accidental denting of the 

material. Annealing or shot peening are often used to reduce/remove the stress and so 

decrease the possibility of SCC. The other methods would be either changing/modifying 

the chemical environment for a special material or selecting a different material for 

construction that is immune to SCC under this particular 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/strain is the key driving force for the 

evolution of the microstructure in materials and has long been associated with SCC, 

therefore how to accurately measure it in grains and at the grain boundary becomes 

rather important to localize and analyze the initiation and growth of the intergranular 

cracking. Generally, to comprehensively understand the mechanical properties of 

polycrystalline materials, the ability to completely characterize their microstructure at 

every length scale, from the macroscopic to the atomic level, is required. Neutron 

diffraction, EBSD and the relatively new PXM method are the major non-destructive 

methods used for determination of microstructure and mechanical strain. Each of the 

three techniques has its strengths and weaknesses; these 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 µm 10 – 100 µm cm 

Lateral resolution ~100 nm 1 µm Low 

Depth resolution No 1 µm voxels No 

Strain sensitivity Unknown 1x 10
-4

 1 x 10
-5

 

Strain latitude Unknown ≤5% >10% 

User accessibility  Good Low Low 

Neutron diffraction, because of the high penetration of solids by neutrons, 

provides only a bulk assessment of strain; however, it can provide quite accurate 

information on the crystallographic directions where strains have accumulated in a solid. 

EBSD has such a high surface sensitivity that careful surface preparation is required to 

eliminate effects that are unrelated to the real strains in the sample. However, EBSD 

does allow measurements with very high spatial resolution and the technique can be 

accessed in a number of laboratories. PXM seems well suited to examine strain in a 

region extending down some 100 microns into the nickel alloy. Within such an 

information depth, strain relationships along the lengths of several grains can be 

followed. 
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In the content below, the new technique PXM will be discussed in details, while a 

brief description is given for the EBSD and neutron diffraction.  

1.3.1 Polychromatic X-ray Microdiffraction (PXM) 

 X-ray diffraction has been routinely used to study the structural properties of 

materials. It has long been used for strain measurement in metals, however not on a 

micro scale until more recently. With the development of high-brilliance synchrotron 

radiation sources and advanced x-ray optics, polychromatic x-ray microdiffraction 

(PXM), which is Laue diffraction, has become an effective technique capable of 

detecting local variations of mesoscale structure and strain (0.1 - 100 µm). It uses 

polychromatic x-rays as the incident beam and obtains reflections from different 

crystallographic planes at one shot without sample rotation, whenever Bragg's law (Eq. 

1.4 as below) is satisfied. 

λ = 2
 sin θ                  (Eq. 1.4) 

where λ is the wavelength of the incident beam, d is the spacing between planes in the 

atomic lattice and �	is the angle between the incident beam and the scattering plane. 

1.3.1.1 Synchrotron Radiation 

 When charged particles, such as electrons, travel in a circular orbit with high 

energies at relativistic speed (a speed close to light), radiation tangential to the orbit will 

be emitted, which is called the "synchrotron radiation" [55]. The electron accelerator that 

confines the electrons in the orbit is known as storage ring. In Figure 1.5a, a schematic 

layout of the modern storage ring is presented. Electrons are initially generated from the 

electron gun and accelerated to nearly the speed of light (99.9997%) in the linear 

accelerator (linac). Then the electrons are transferred to the booster ring and increased in 

energy. Finally, the electrons with certain energy are poured into the outer storage ring 

and circulated in the ring. A beam of light is then produced at the deflection of the 

electron path and guided to the end station for experimental use after focusing.  
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Figure 1.5 Illustrations 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 is composed of curved sections 

with a series of bending magnets separated by straight sections. Wigglers and/or 

undulators, which are referred to insertion devices, can be positioned in the straight 

sections of the storage ring. Unlike the bending magnets, wigglers and undulators are 

magnetic devices introducing periodic magnetic fields on the electrons. An illustration of 

bending magnets and insertion devices is shown in Figure 1.5(b-d). The differences of 

the emitted radiation size from the three devices are also displayed. 

At the relativistic speed, the radiation emitted is folded in the forward direction 

into a cone with an opening angle (full angle of the divergence, refer to Figure 1.5a) 

�	�rad
~	1/1957�	[GeV]	                        (Eq. 1.5) 

where E is the electron energy in GeV. This means that the synchrotron radiation with 

higher electron energy will have a smaller opening angle and thus generate brighter 

synchrotron light. The undulators gives a cone with the smallest opening angle, which 

indicates very bright beams. Generally, the intensity of the radiation is directly related to 

the strength of the magnetic field and the energy of the electron in the storage ring. 

(a)

(b)                                     (c)                                           (d)

1. electron gun

2. linac

3. booster ring

4. storage ring

5. beamline

6. end station
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Synchrotron radiation has several advantages over the traditional x-ray sources, 

making the synchrotron radiation facilities such an attraction to researchers. 

1. Broad spectrum. It covers continuously from Infra-red to gamma rays, which 

users can select according to their experimental needs. 

2. High brightness. It is highly collimated beam with good spatial coherence. 

This is particularly true for the polychromatic radiation used in our 

experiments. 

3. Pulsed time structure. The electrons are stored and accelerated in bunches. By 

controlling the frequency of replenishment, different time structures can be 

achieved.  

4. Polarization. It is almost 100% linearly polarized in the plane of the electron 

orbit. Circular polarization can also be achieved by adjusting the insertion 

devices.  

1.3.1.2 Experimental Setup of PXM 

 PXM is capable of detecting 2D and 3D information in materials [57-63]. Figure 

1.6 shows the general experimental arrangement of 2D PXM. The polychromatic x-ray 

beam impinges directly on the Kirkpatrick-Baez (K-B) mirror pair, which provides both 

vertical and horizontal focusing of the x-ray beam and then onto the sample. Samples are 

mounted on movable plates and positioned by a computer-controlled three-axis 

translation stage. Samples are usually set at a 45° reflective geometry with the CCD 

(charge coupled device) area detector on a vertical slide at a certain distance from the 

sample area illuminated by the beam. The CCD is used to collect the Laue patterns 

generated by the grain volume of the sample exposed to the x-ray beam. Then all the 

patterns collected by CCD are sent to a computer. The analysis software in the computer 

provides fitting of the Laue patterns, automatic indexation 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 the sample and the detector and 

used as a “differential-aperture” to depth resolve the Bragg diffracted intensity from the 

sample; this is thus usually referred to as “differential-aperture x-ray microscopy” 

(DAXM) [59, 63, 66]. At each sample position, the Pt wire takes submicron steps 

parallel to the sample surface. Then the sample moves to the next position and the Pt 

wire repeats its steps until the target sample area is finished scanning. The full diffraction 

patterns for each step length along the penetration direction can be computer-

reconstructed. Then the data is processed the same way as 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 obviously to find the reflection positions on 

the CCD detector and to index them. The details about the algorithm can be found in 

references [64, 67]. Generally, the CCD/sample geometry is first determined using a 

silicon Laue pattern as a reference. The inter-ray angles for the Laue spots are 

determined and compared to known calculated values with an adjustable angular 

tolerance until a match is found. Once the indices for all reflections are obtained, the 

lattice orientation and the experimental unit-cell parameters are determined for each 

pixel illuminated by the microscopic beam. 
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 Basically, the strain tensor (residual elastic strain) is determined by comparing 

the measured unit-cell parameters to unit-cell parameters of a strain-free sample. The 

complete strain tensor contains two terms – distortion/deviatoric strain and hydrostatic 

strain (dilatation), shown as below 

                        

11 12 13

21 22 23

31 32 33

0 0
3 3

0 0
3 3

0 0
3 3

ε ε ε

ε ε ε ε

ε ε ε

∆ ∆   −   
   

∆ ∆   = − +
   
   ∆ ∆   −   
   

           (Eq. 1.6) 

where 11 22 33ε ε ε∆ = + +  and 
3

∆
 is defined as the hydrostatic strain. In Eq. 1.6, the first 

component is the distortional term and the second term is the dilatational term. 

 However, only the deviatoric strain is determined in this thesis. The unit cell 

volume which is necessary for hydrostatic strain can only be determined by measuring 

the energy of one of four independent reflections. But compared to polychromatic beam 

Laue diffraction, measurements with scanable monochromatic beam are too time-

consuming. Moreover, in most cases, the deviatoric term contains all the information 

needed for the study of deformation. In other words, the hydrostatic strain components 

are not important to be included because most changes occurs in deviatoric components. 

Other than the directional strain components, von Mises strain, a scalar measure of the 

strain in the sample, is also presented in our work. It is calculated according to 

��� =
	

√�
�(��� − ���)� + (��� − �

)� + (�

 − ���)� + 6(���� + ��
� + �
�� )   (Eq. 1.7) 

 Plastic deformation is another piece of important information that can be deduced 

from PXM. It basically comes from the assessment of the distortions in the Laue spots. 

As dislocations form in the material by plastic deformation, local curvature happens in 

the lattice. This results in the streaking/splitting of the reflections. In Laue diffraction the 

orientation of the diffracting volume determines the position of the spots. The spots 

become streaked if the orientation within the diffracting volume changes continuously, 
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which is usually due to the presence of dislocations. The streaking direction is directly 

related to the lattice curvature and the dislocation density. When the diffracting volume 

contains GN boundaries and the cells separated by the GN boundaries are oriented 

differently enough, the Laue spots become discontinuous (split). Note that only 

dislocations with the same sign, in other words, GNDs cause the streaking/splitting of 

Laue spots, since paired dislocations annihilate the effects of each other. Thus the 

information about the number and kind of GNDs can be recovered from the 

streaking/splitting in Laue images. The detailed theory is discussed by Barabash and Ice 

et al. [68, 69]. The local lattice curvature and GNDs density is determined first from the 

analysis of the orientation change at each probed location. The GNDs density is then 

modeled to determine the most probable primary GNDs slip systems activated. Different 

combinations of most probable GN slip systems can be further used to model lattice 

curvature and GNDs density tensors, and to numerically calculate Laue patterns close to 

the experimentally observed one. Least square fitting was adopted between experimental 

and simulated Laue spots to find the combination of GN dislocation population best 

fitting the experimental data. The model takes into account most probable slip systems. 

Certainly, real dislocation networks are always more complicated then the model one due 

to the formation of small densities of dislocations in even the least active slip systems. 

This introduces small differences between experiments and simulations.  

 Local mis-orientation (local change in the crystal orientation), a common way of 

measuring the plastic deformation used in EBSD, has also been adopted in PXM. The 

mis-orientation measurement by PXM is much more accurate than by EBSD, due to its 

higher sensitivity. 

1.3.2 Electron Backscatter Diffraction (EBSD) 

 Electron backscatter diffraction (EBSD) is a microanalysis technique which 

provides the crystallographic nature of samples in Scanning Electron Microscope (SEM). 

With the emerging of the automated data acquisition features, EBSD is also known as 

Orientation Imaging Microscopy (OIM). In Figure 1.7, the general setup of the EBSD is 

shown. The electron beam of the SEM operating in the spot mode scans the highly tilted 



21 

 

 

 

sample surface (usually ~ 70°) with a certain step size. The sample is mounted on a 

moveable sample stage. Either the sample stage or the beam is moved to accomplish the 

scan. For each point with its coordinates (x,y), an electron backscatter diffraction pattern 

(EBSP) is generated on the phosphor screen and then is captured by the camera and 

subsequently indexed by the automated computer system. EBSPs are essentially Kikuchi 

patterns and the bright bands are so called "Kikuchi bands" (a pair of Kikuchi lines). The 

Kikuchi lines are formed by elastic scattering from the crystal planes when the Bragg’s 

law is satisfied. Inelastic scattering is also happening, which contributes to the blurring 

of the lines and high background. 

 

Figure 1.7 Schematic diagram of electron backscatter diffraction system in SEM. 

 Besides the crystallographic aspects of the microstructures (orientation), the 

strain information can also be obtained from EBSD. Elastic strain distorts the crystal 

structure, which may cause the shift of the Kikuchi lines, changes of the bandwidths, 

and/or even blurring of the edges of the diffraction bands. This makes the elastic strain 

measurement rather difficult practically, as the one or two pixel shifting from the lattice 

bending is too small to be detected unless the images are taken at high resolution with 

very careful image analysis. Plastic strain, existing as the form of dislocations, usually 

make the diffracting patterns more diffuse. Two main methods [70] have been proposed 

for making quantitative measurements of plastic strain: the image quality approach and 

the local mis-orientation approach. However, neither of them give the actual strain 

values, as both methods are indirect, employing calibration curves based on the changes 

of the diffraction patterns in the strained sample relative to those from unstrained 

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

characterizing the elastic and plastic strain can be found in [70].                                                         

1.3.3 Neutron Diffraction 

Neutron diffraction is a form of elastic scattering. It also relies on the Bragg’s 

law, which stipulates that neutron wave reflects on lattice planes when the condition in 

Eq. 1.4 is satisfied. For a polycrystalline sample, the detector at a particular orientation 

relative to the incident beam records all the signals from the lattice planes that satisfy the 

Bragg’s law. In other words, the diffraction signals of the lattice planes from many grain 

depths can be recorded on the detector with one shot, due to the large penetration depth 

of the neutrons and the large beam spot size. A neutron diffraction measurement requires 

a neutron source, a sample, and a detector. Free neutrons do not usually occur in nature, 

because of their short life time. Nuclear reactors are the main sources of neutrons 

generated artificially. The other most used source is spallation source, which irradiates a 

metal target with high-energy protons from an accelerator. Samples are generally large in 

size compared to those used in PXM or EBSD. More detailed instrumentation can be 

found in [75]. 

1.4 Objectives and Arrangement of the Thesis 

 This thesis is part of the COG (CANDU Owners Group) project, a joint project 

between industrial partners and different academic groups. The overall purpose of this 

project has been to generate methodologies for the analysis of stress corrosion cracks, 

especially the microstrain distribution along the crack path and determine its composition 

using analytical techniques. There are two main objectives in this thesis: first, to evaluate 

the reliability and limits of the application of PXM on microstructural and strain analysis 

of Alloy 600, by comparing the results with those from the other advanced techniques, 

neutron diffraction and EBSD; second, using PXM to study changes in microstructure 

and microstrain distribution before and after SCC crack initiation and to establish the 

connections between these changes and the SCC process. 
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 The structure of this thesis is as follows. Chapter 1 provides a general description 

of some basic concepts (e.g., dislocations, slip, grain boundaries), a brief review of SCC 

factors, mechanisms and the remedies, as well as a comprehensive discussion of the three 

microanalysis techniques (PXM, EBSD and Neutron diffraction). Chapter 2 describes the 

sample preparation methods and instrumentation used in this thesis. Chapter 3 evaluates 

the reliability of PXM on Alloy 600 study by comparing the PXM results from uniaxial 

tensile stressed samples with those from EBSD and neutron diffraction. Then Chapter 4 

displays the detailed PXM results of samples that had been externally stressed by a 

uniaxial force. It shows some of the more promising parts of the PXM technique. We 

then move to the C-ring samples in the remaining chapters, as C-rings are a popular 

means for determining the susceptibility to SCC of alloys. The microstructure and 

microstrain changes after applying stress to a C-ring is described first in Chapter 5. In the 

following chapters, different C-rings were used to generate cracks and studied by PXM. 

In Chapter 6, PXM studies are shown for samples that were electrochemically corroded 

to produce SCC. Chapter 7 discussed the results of PXM from a massive SCC crack with 

24h corroding time. Last, in Chapter 8, a summary of the 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 regarding all the samples and various 

experimental techniques employed in this thesis project. It also includes experimental 

procedures that are common to all samples. Additional experimental details will be 

provided, as necessary, immediately prior to the discussion of results in later chapters. 

2.1 Specimen Description 

 Nickel Alloy 600, also known as Inconel 600, was used for all the studies 

discussed in this thesis, either in the form of tensile test specimens or C-ring samples. 

The tensile samples were provided by Atomic Energy of Canada Limited (AECL) and 

were stress relieved at 800°C in flowing argon for 1hr in a furnace. Note that not the 

complete thermo-mechanical history of the samples has been described as it is not known 

by the authors. The resultant specimens had large “domains” with equi-axed grain 

structures, but the grain size varied from domain to domain, the largest being ~200 µm 

and the smallest ~10 µm. The C-ring samples were made from actual SG tubes, which 

were produced by Rolled Alloys™ in the bright annealed condition. The average grain 

size is ~25 to 40 microns. The compositions for the tensile samples and the C-ring 

samples are summarized in Table 2.1, which were provided 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 used to process the samples, a summary 

of the treatments of samples is listed in Table 2.2. Three tensile test samples were studied 

in this thesis: the control sample without applied strain, a specimen from the middle part 

of the tensile bar (mid-bar sample) and one from the end of the same tensile bar (end-bar 

sample). As well, five C-ring samples were studied, two of which were not cracked by 
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SCC, while the other three were SCC cracked with different 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 - 

C rings 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 simple case of residual elastic strain and 

plastic deformation, which then can be studied by PXM and so evaluate the reliability of 

PXM technique. This test was carried out by our collaborators in the Department of 

Mechanical Engineering at UWO. Standard bar-type tensile specimens were used for this 

test. The specimen was uniaxially stretched to a nominal 1% extension using an MTS 

tensile tester QT/25. Two marks were made on the specimen and the distance between 

the marks was measured before and after stretching (Figure 2.1a). The nominal strain 

(engineering strain) was calculated by using the change in length over the original 

length. In real cases, especially during the tensile test, the cross sectional area and the 

length of the specimen change with the stretching process. Thus the engineering 

stress/strain that is calculated based on fixed references (the original cross sectional area 

and original length) is not the true stress/strain at that particular moment. True 

stress/strain gives a more accurate measurement by using the instantaneous values for 

area/length. In Figure 2.1b, the true stress-true strain curve for the tensile test is shown. 

The end point is beyond the yield point and this may have resulted in some macroscopic 

plastic deformation. Analysis of the resulting stress-strain curve [76] indicates that this 

sample endured an average uniaxial plastic strain of about 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 susceptibility of SCC in different 

materials. They were prepared according to ASTM standard G-38 [77]. Two cm long 

sections were cut from the tubing, which has an outer diameter (OD) of 15.1 mm and 

tube thickness of 1.2 mm. Care was taken during sectioning by employing a diamond 

saw with sufficient cooling such that the cut edges were smooth and sections were not 

heated up during cutting. Slots were cut and holes were drilled in these sections for the 

fabrication of C-rings. The cut edges were polished to a smooth finish. The outside 

diameter surface was also polished through various grit silicon carbide papers, down to a 

0.05 micron alumina finish. Then the polished sections were stressed to 2% plastic strain 
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by screwing Alloy 600 bolts and nuts, as shown in Figure 2.2. This strain value was 

estimated roughly by assuming that the stress-strain curve is still linear when applying a 

stress at ten times of the yield strength. 

 
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 samples by SCC. This test was done 

by our collaborators at University of Toronto. In their facility SCC of Alloy 600 has been 

able to be induced in acidic or caustic environments. In this work, a caustic solution was 

used for all the SCC tests. Samples were spot welded to Ni wires and suspended from 

electrode holders. Then the samples were exposed in an autoclave containing a solution, 

10% by weight NaOH in deionized water (resistivity of 18.2 MΩ-cm), at a temperature 

of 315 °C [78, 79]. All tests were conducted in a 0.5-L nickel beaker (liner) containing 

230 mL of solution inside an alloy-625 autoclave. Prior to heating the autoclave, the 

caustic solution was deaerated by nitrogen for at least 12 hours. After temperature 

stabilization, a potential of +150mV vs. a pseudo-reference electrode of Alloy 600 was 

applied to the whole sample (C-ring, bolt and washer assembly) and the total current 

density was monitored. After initial decay from 100-200 µA cm-2, the current densities 

finally reached values of 25-35 µA cm-2, depending on the total exposure time. 

2.2.4 Sample Surface Treatment Techniques 

Apply stress

(a)                                                                     (b)
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All the polishing procedures are adopted to smooth the sample surface and so 

minimize the residual stress. The purpose of the etching procedure is to reveal the 

microstructure of the sample surface. 

1. Mechanical polishing 

 A polishing machine at Surface Science Western (SSW) was used to conduct the 

mechanical polishing. The surface of interest from samples was polished with graded 

silicon paper, followed by diamond pastes with diminishing particle size and then with 

0.05 µm γ-Al 2O3 paste. 

2. Electropolishing 

 Electropolishing, also known as electrochemical polishing, is an electrochemical 

process removing materials from a metallic work piece. It can eliminate some of the 

defects after mechanical polishing and thus further improve the surface condition (e.g., 

less residual deformation), by removing the top most plastically deformed surface layer. 

Two methods of electropolishing were adopted in this work: 

(i). A solution of 10% perchloric acid in methanol at -60 °C and with a potential of 40 V 

DC for 8~10 sec. This method has only been used for the mid-bar tensile test sample, 

which was carried out by Kinetrics - one of our collaborators. It should be noted that 

perchloric acid is dangerous to work with, as it is explosively unstable and can be 

exceedingly corrosive to skin at its anhydrous state. 

(ii). A solution of 25 vol.% nitric acid and 25 vol.% phosphoric acid in water at ambient 

temperature, using a potential of 0.81 V to SCE (Saturated Calomel Electrode) for ~1 

min. This is the method that was used for other samples where electropolishing was 

needed.  

3. Focused ion beam (FIB) process  

 Focused ion beam (FIB) is a technique being widely used in semiconductor 

research and processing environments. FIB setup is similar to that of scanning electron 

microscope (SEM), except for the use of the focused ion (usually gallium ion Ga+ ) beam 
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instead of a focused electron beam. However, FIB is generally incorporated into a system 

with both ion and electron beam sources. FIB allows imaging, localized milling and even 

deposition of materials with high precision when combined with a gas injection system. 

 In this work, FIB milling and deposition were applied to all C-ring samples. The 

LEO 1540XB, a dual beam system with a gas injection system at the Western 

Nanofabrication Laboratory, was used. A focused beam of gallium ions was used to 

remove mechanical damage from the near surface region by ion bombarding at a 

glancing angle, over an area close to the edge of the apex of the arch at the flat end face. 

Subsequently, this ion bombardment was found to have no measurable effect on the 

strain measurements of the surface. Also, using the ion beam, cuts were made in the 

surface as markers of features in the microstructures; these could be identified by optical 

microscopy at the synchrotron. As well, localized platinum deposition was used to mark 

regions on the sample. These regions could also be identified by X-ray 

microfluorescence spectroscopy (µXRF) during analysis at the synchrotron. In Figure 

2.3, an SEM image of the surface after FIB processing was shown as an example. Note 

that though FIB smooths the surface by removing the strained layer at the top most 

surface, it can create defects (e.g., scratches) because of different milling rate for grains 

with different orientations. 

 
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 

FIB polished area
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 Etching is a primary process used in metallography to reveal the microstructure 

of a specimen. Though some information can be obtained from as-polished surfaces, the 

microstructure is usually visible only after etching as light is uniformly reflected on a 

polished sample [80]. The most commonly used etching method is electrochemical 

etching, a forced corrosion process by applying an external voltage. In this process, the 

metallic elements within each grain orientation dissolve at different rates because of 

differences in surface energy. The light can thus be reflected from the attacked grains 

and boundaries at an angle, creating the microstructure contrast.  

 In this work, etching was carried out in 10 vol.% HCl and 90 vol.% methanol 

solution at room temperature with a DC voltage at 4.0 V. The sample was connected to 

the positive electrode as the working electrode, while a Pt wire, which was connected to 

the negative electrode as the counter electrode, was swept 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-E at the Advanced Photon 

Source (APS) of the Argonne National Laboratory (ANL) and Beamline 12.3.2 at the 

Advanced Light Source (ALS) of the Lawrence Berkeley National Laboratory (LBNL).  

 Beamline 34ID-E at APS is an undulator x-ray source, with an optimal beam size 

of 0.3 µm x 0.3 µm. The beam energy can range from 7 keV up to 30 keV. Note that 

undulators are not ideal for white beam experiments due to their highly structured energy 

spectrum, it is usually achieved by tapering the magnetic gap or aligning them off-axis. 

Beamline 12.3.2 at ALS is a source from a superbend magnet, with an optimal beam size 

of 0.5 µm x 0.5 µm. The energy range is 6 – 22 keV. There are several different types of 

detectors at each beamline. For our experiments, a Roper Scientific PI·SCX:4300 CCD 

detector was used at APS, while a Dectris Pilatus 1M Pixel detector was used for 

collecting PXM data at ALS. The detailed beam parameters were slightly different for 
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each experiment (e.g., beam spot size) as the beam status can somehow drift a bit at each 

visit. 

 VESPERS (Very powerful Elemental and Structural Probe Employing Radiation 

from a Synchrotron) at Canadian Light Source (CLS) is another new PXM beamline 

under development. It is a bending magnet beamline with a typical beam size of (2 - 4) 

µm x (2 - 4) µm. Experiments have also been carried out there, however, the data was 

not satisfactory because the pixel mapping calibration in the CCD detector had not been 

completed and some inherent strain tensors were found to exist in all maps collected. 

Therefore, the results from these experiments were not presented in this thesis. 

2.3.3 Data Analysis Software 

 The software packages, XMAS (X-ray Microdiffraction Analysis Software) and 

ThreeDimX_RayMicroscopy, used to process the data, were respectively obtained from 

the group at beamline 12.3.2 at the Advanced Light Source (ALS) [3], and the Advanced 

Photon Source (APS)-Oak Ridge National Laboratory (ORNL) group at the APS 

beamline 34-ID-E [2]. The algorithms used for both software codes are similar, but not 

identical. The lattice orientation is determined to within 0.01° [65]. These software 

packages are capable of processing Laue patterns even when there are interfering 

patterns from nearby grains. Indexing can sometimes be done using as few as four 

diffraction spots but more spots greatly increase the accuracy of the results. The results 

of these analyses are presented as two-dimensional maps of the crystallographic 

orientation and the components of the residual deviatoric elastic strain tensor over the 

detected region. ThreeDimX-rayMicroscopy was used to plot the orientation maps and 

measure the GB mis-orientation angles. Strainviewer, a software program developed in 

our own group, was also used to plot strain maps and calculate the average strain for 

each map. 

 FOXMAS (Fast Online X-ray Microanalysis Software) is parallelized software 

[81] developed using the XMAS code and was also used to process some of the Laue 

data. In addition to calculating the orientation maps and strain maps, FOXMAS has 

capabilities for assessing streaking of a Laue spot, in particular the direction of the streak 
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and its shape as measured by the ratio of its major to minor axes, the so called “ellipticity 

map”. In addition, FOXMAS software is capable of measuring and comparing the angle 

of mis-orientation with respect to a particular crystal plane for any Laue diffraction 

pattern associated with a particular pixel. The local mis-orientation maps produced 

employ the same convention as those used in the EBSD measurements. That is, the mis-

orientation angle between every two adjacent pixels is calculated first using the 

orientation matrix. Then the local mis-orientation angle of a pixel is assigned to be the 

average of mis-orientation angles between this particular pixel and its eight neighbours, 

but only those angles smaller than 5° are adopted. Any local mis-orientation with angles 

between 5° and 15° are counted as low angle grain boundaries. 

2.4 Electron Backscatter Diffraction (EBSD) 

 EBSD measurements for bar samples in Chapter 3 were performed at Kinetrics 

using an EBSD detector attached to a Philips XL30 FEG-SEM. A 15 kV accelerating 

voltage was employed for this examination with a working distance of 10 mm. 

EDAX/TexSEM TSL OIM Software was used for data acquisition and data processing. 

EBSD scans were performed on the tensile bar samples using step sizes ranging from 1 

to 4 µm. The number of steps varied from 300×300 steps to 700×900 steps and the step 

size varied accordingly so that the data acquisition could be completed within a day. 

 EBSD measurements have also been performed on the 24h SCC-cracked C-ring 

specimen by our collaborators at University of Toronto. EBSD measurements were done 

on a Field Emission SEM using a Nordylys detector ( Oxford Instruments), and Channel 

5 HKL software. An accelerating voltage of 20 keV and a beam current of 20 µA were 

used during the pattern acquisition. The electron beam was scanned across the sample 

surface in a raster motion, and orientation data were obtained at 1 µm intervals, from 

which local mis-orientation maps were calculated. The method of calculating local mis-

orientation has been described in section 2.3.3. Prior to EBSD measurements, the sample 

surface around the crack was electropolished in order to reduce the contribution of 

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

 The neutron diffraction measurements were performed on the control bar sample 

in Chapter 3 by our collaborators at Queen’s University. The strain measurements were 

performed on the L3 beam line at the Canadian Neutron Beam Centre (CNBC) at Chalk 

River Laboratories (CRL) using a monochromatic beam and a 32-wire position sensitive 

detector. Diffraction intensity measurements were made for four hkl peaks (111, 200, 

220, 311) in five directions, the three principal directions: the rolling direction (RD), the 

transverse direction (TD) and the normal direction (ND) and two more in the RD-ND 

plane at 30 and 60 degrees from the RD. The directions RD, TD and ND are the exact 

equivalents of the principal directions x, y and z in the PXM method. Two wavelengths 

were used to keep the range of 2θ (PHI) angles small. For the {111} and {200} 

measurements the wavelength (λ) was 2.37Å and for the {220} and {311} measurements 

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

 

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 = 0.35564 ± 0.00004 nm is determined from 

the neutron diffraction pattern of the Alloy 600 control sample (no tensile stress applied). 

This value is the average of the lattice parameter values calculated from all the measured 

d-spacings for the control sample (five values for four types of hkl planes). The 

uncertainty is the sum in quadrature of the standard deviation of the values and the 

average uncertainty of the values, which arises from the peak fitting and wavelength 
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calibration. The PXM and neutron diffraction data were all processed using this as the 

reference lattice spacing. The sample tensile directions with respect to the coordinate 

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

2.6 Other Instruments 

 Optical microscopy was performed using Zeiss Axioplan Compound Microscope 

and Zeiss Discovery V8 Stereomicroscope at Surface Science Western (SSW). Scanning 

electron microscopy (SEM) coupled with energy dispersive X-ray analysis (EDX or 

EDS) was performed using Hitachi S-5400 FESEM equipped with Quartz XOne EDX 

system at SSW and the LEO (Zeiss) 1540XB FIB/SEM at the Western 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 objective of our study is to determine the 

micro-strain distribution in Alloy 600 prior to and during the SCC initiation using the 

PXM method. The first step was to assess the reliability of PXM method for the 

measurement of the magnitude and distribution of mechanical strains in Alloy 600. PXM 

data will be compared to that from neutron diffraction and EBSD. In this chapter, PXM, 

neutron diffraction and EBSD measurements were made on samples of the alloy that had 

been stressed uniaxially. Contents presented in this chapter are excerpted from a 

previously published paper and a progress report [82-84]. 

3.1 Brief Review of Experimental (Samples & Techniques) 

 Samples studied came from a bar of Alloy 600, described in Chapter 2, that had 

been machined into tensile test specimens. These test specimens had been uniaxially 

stretched to 0%, 1% and 10% extensions; the 0% sample served as an “as received” 

(control) reference. The end-bar tensile sample and mid-bar tensile sample were 

respectively cut from the end and the middle part of 1% extension bar, which is actually 

plastically strained to 0.5% (refer to Figure 2.1). The samples to be analyzed by various 

techniques were cut from these test specimens and their surfaces prepared using methods 

described in Chapter 2. 2D PXM scans were run on all samples and one in-depth (3D) 

scan was carried out for the end-bar strained sample at APS. All measurements were 

carried out on areas denoted by Au or Pt metal fiducial marks. Neutron diffraction 

measurements were made on the control and end-bar strained samples, while EBSD 

measurements were only carried out on the mid-bar strained sample. The PXM patterns 

collected from the 10% extension sample was found to be unindexable, as there was 

extensive plastic deformation produced in this sample. 
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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 end-bar 1% strained samples, 

using an x-ray beam spot size of 1×1 µm2 and a step size (lateral resolution) of 2 µm. The 

PXM data was indexed using lattice parameter d0 = 0.35564 ± 0.00004 nm obtained from 

the control sample analyzed by neutron diffraction. The resulting orientation and strain 

maps are shown in Figures 3.1 and 3.2, respectively. In the orientation map different 

colors represent different orientations with respect to a chosen directional pole (in this 

case [111]). The orientation of grains can be identified from the color legend. In the 

strain map, a strain scale from -5 to 5 (× 10-3) is adopted, corresponding to a color scale 

from deep blue (most compressive) to red (most tensile). Areas with a green color are 

relatively strain free. Some black areas are seen, resulting from non-indexing, which is 

mostly due to the existence of high plastic deformation or the confusion of the indexing 

process because of several overlapping grains. Also shown is a plot of “von Mises (VM) 

strain” for each area studied. 

 Inspection of the principal deviatoric strain component maps from the control and 

the end-bar samples (Figures 3.1 and 3.2) clearly shows lower strain in the control strain 

component maps compared to the end-bar strained sample. The VM maps also register 

this difference. Closer inspection of the 2D strain components for the end-bar strained 

specimen (Figure 3.2) shows compressive strain for the xx component (εxx) of many 

grains and tensile strain for some of the zz component (εzz). 

 An in-depth (3D) 44 µm line scan with lateral resolution of 2 µm and depth 

resolution of 1 µm was also collected from the end-bar 1% strained sample within the 2D 

scanned area (see blue line in Figure 3.2). The 3D map probes to a depth of over 60 µm 

into the bulk material. The resulting in-depth orientation map and corresponding strain 

maps are shown in Figure 3.3. Again, most grains exhibit compressive εxx strains. There 

is no measurable difference in the elastic strain magnitudes or directions from the surface 

region to the interior; however surface/bulk differences 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 

180×180 μm
2
. The color legend for OM is on the top of the OM map, while the color legend with a scale of -5 to 5 (x10

-3
) 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 180×160 μm
2
. 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. 
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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 200×200 μm
2
. The color legends for the OM and strain maps are the same as in Figure 3.1. 



41 

 

 

 

 2D PXM scans were also collected from the mid-bar strained sample in March 

2007 at APS. Figure 3.4 shows the resulting orientation map and strain maps. This region 

had a grain structure quite different from the relatively regular grain size of the end-bar 

and the control samples; the orientation image in Figure 3.4 is dominated by one or more 

large grains surrounded by a cluster of smaller ones. 

 According to the color scale, the two strained samples in Figures 3.2 and 3.4 

obviously have bigger VM strain than the control sample in Figure 3.1, which matched 

the expected results. It is also noted that mid-bar sample shows bigger VM strain than 

the end-bar sample.  

 Table 3.1 listed the average strain for the scanned area of all samples. It is 

important to note the degree to which even small compressive and tensile elastic strains 

are able to be differentiated by PXM. Such elastic strain cannot be measured by EBSD; 

therefore PXM has a major advantage in the study of SCC cases where strain direction 

can indicate the probability of a subsequent mechanical failure. 

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

 εxx εyy εzz εxy εxz εyz εVM 

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 diffraction was made on the end-bar 

strained sample. The reference coordinate systems of PXM and neutron diffraction can 

be found in Chapter 2 (Figure 2.4). The directions RD, TD and ND in neutron diffraction 

are the exact equivalent of εxx, εyy and εzz in the PXM method. 

 Table 3.2 lists the average elastic normal strains along the RD, TD, and ND as 

measured by neutron diffraction on the end-bar sample. Listed in this table are the 

average normal strains calculated from the angular diffraction peak shifts of four planes 
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aligned along each of the RD, TD, and ND directions. The uncertainties in the calculated 

strain values are large and may be partly caused by uncertainty in the peak fits and from 

wavelength calibration. For any given direction in the material, the normal strain along 

that direction is different for the different crystal systems, i.e., (200) compared to (220) 

or (111) (Table 3.2). This reflects the elastic anisotropy of this polycrystalline Alloy 600 

[85].  

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

Direction hkl Strain (µε) 

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 

TD 

 

111 -34 ± 244 

200 135 ± 189 

220 -199 ± 148 

311 -53 ± 108 

 PXM (Figure 3.2) had observed compressive εxx strains for most orientations, 

while the normal strains measured from the four planes parallel to the RD in neutron 

results are all compressive. Thus, the PXM result is confirmed by neutron diffraction 

from a qualitative point of view. For a more precise comparison between specific 

neutron measurements and the Laue measurements for individual grains, crystal rotation 

matrices were used to determine the angular relationships between specific <hkl> 

directions in the grains and the measurement directions used in neutron diffraction. Five 

grains were selected for comparison with the neutron diffraction results (numbered 1 to 5 

in the Figure 3.2). The principal strains εxx, εyy, and εzz, correspond to the RD, TD, and 

ND of the sample respectively. Table 3.3 gives the averaged strain values from the five 

grains identified in Figure 3.2. Directions of planes with a low angle to one of the 

principal directions were used for comparison. These directions for each of the five 

selected grains are underlined in Table 3.4. For these five grains, the appropriately 

oriented principal deviatoric strain component values from PXM, averaged over the 

grain, were compared to neutron diffraction strain measurements, averaged over many 
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grains, with one direction in common. For example, if a particular plane direction (from 

all measured plane directions) from PXM shows the lowest angle to the ND, the neutron 

diffraction strain measurement for that plane direction oriented in the ND is compared to 

the principal strain component measurement, εzz, for that grain. The results are shown in 

Table 3.5. The uncertainties for PXM strain data were calculated as the standard 

deviation of the strain values from all the data points within 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(µε) G1 G2 G3 G4 G5 

εxx -1038 ± 285 -1225 ± 464 -715 ± 218 -1224 ± 223 -1073 ± 333 

εyy 426 ± 415 834 ± 784 -180 ± 376 263 ± 341 457 ± 402 

εzz 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 30.4 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(µε) Measured Laue strain(µε) 

1 ND <220> 128 ± 114 εzz = 614 ± 421 

2 ND <220> 128 ± 114 εzz = 394 ± 361 

3 TD <220> -199 ± 148 εyy = -180 ± 376 

4 ND <220> 128 ± 114 εzz = 962 ± 225 

5 ND <111> -112 ± 273 εzz = 618 ± 180 
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 Grains 1, 2 and 4 exhibit similar strain patterns (all tensile in z direction or ND). 

The neutron diffraction measurements indicate that the tensile strain in ND occurs for 

grains with <220> oriented to ND. Grain 1, 2 and 4, in fact, have a <220> that is close to 

the ND (14, 23 and 13 degrees off respectively) and the principal deviatoric strain 

component in the z direction from PXM does in fact show tensile strain. However, the 

neutron diffraction and PXM strain results from Grain 4 do not fall within the 

uncertainty. Grain 3 has the lowest angle with the <220> in the TD (6 degrees). Neutron 

results indicate that the <220> is compressive in the TD and the PXM results indicate 

compressive strain in the principal y direction. Grain 5 has the lowest angle in the 

principle z direction with <111>, which seems not to correlate with the neutron result. 

Neutron results indicate that grains with <111> parallel to ND show compressive strain 

and the PXM results indicate tensile strain in z direction. 2D PXM results thus correlate 

well with the neutron results in 3 of the 5 cases described above. 

3.2.3 3D PXM Comparison with Neutron Diffraction 

 The levels of strain from neutron diffraction were on the order of 100x10-6 

(100µε) and agree with the levels of strain measured by 3D PXM (Figure 3.3). Neutron 

diffraction results indicated compressive strain in the RD for the measured specific 

lattice strains (see Table 3.2). Inspection of the principal deviatoric strain component 

map (Figure 3.3) in the tensile or x-direction (εxx) reveals largely compressive strain 

across many grains. Again, the same comparison as the 2D PXM has been done for 3D 

PXM in the grains and the measurement directions used in neutron diffraction (refer to 

Figure 2.4 for comparison of reference coordinate systems). Five grains from the 3D 

PXM results exhibiting higher levels of strain were selected for comparison with the 

neutron results. These 5 grains are labeled in the PXM orientation map shown in Figure 

3.3. Calculated orientations of the four directions (111, 200, 220, 311) for the 5 selected 

grains from the 3D PXM measurements (refer to Figure 3.3) to RD, TD and ND are 

shown in Table 3.6. 

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

for comparison. These directions are highlighted in red in Table 3.6. For these 5 grains, 
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the appropriately oriented principal deviatoric strain component values from PXM, 

averaged over the grain, were compared to the neutron diffraction strain measurements, 

averaged over many grains, with one direction in common. Large variations in strain 

values across the grains were noted during the PXM measurements which are reflected in 

the uncertainties. The results are shown in Table 3.7. 

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

Grain Direction RD TD ND 

1 
〈200〉 75.6 66.2 28.2 

〈220〉 63.8 48.3 53.0 

〈111〉 89.8 62.9 27.0 

〈311〉 70.2 43.1 53.6 

2 
〈200〉 88.3 9.1 81.0 

〈220〉 77.9 53.1 39.5 

〈111〉 68.0 63.6 35.6 

〈311〉 77.7 34.1 58.7 

3 
〈200〉 60.8 75.1 33.5 

〈220〉 42.4 67.2 56.6 

〈111〉 71.3 80.4 21.2 

〈311〉 47.1 82.8 43.8 

4 
〈200〉 45.9 45.1 45.6 

〈220〉 74.2 84.7 16.7 

〈111〉 79.7 61.1 31.0 

〈311〉 59.1 47.3 58.2 

5 
〈200〉 66.2 26.8 78.4 

〈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(µε) Measured Laue strain(µε) 

1 ND <200> 

ND <111> 

466 ± 254 

-112 ± 273 

εzz = 936 ± 1045 

2 TD <200> 135 ± 189 εyy = 556 ± 1677 

3 ND <200> 

ND <111> 

466 ± 254 

-112 ± 273 

εzz = 1134 ± 1123 

4 ND <220> 128 ± 114 εzz = 619 ± 691 

5 TD <200> 

ND <111> 

135 ± 189 

-112 ± 273 

εyy = 906 ± 646 

εzz = 40 ± 468 

 Grains 1 and 3 are oriented similarly and exhibit similar strain patterns. In the 

table, ND has almost the same angles with both <200> and <111>. Neutron results 

indicate that grains with <200> parallel to ND show very high tensile strain (466µε ± 

254), while grains with <111> show compressive strain (-112µε ± 273). In total, if grains 



46 

 

 

 

are oriented between these two directions, they should still show tensile strain (466 > 

112). 

 Grain 2 exhibits high tensile strain in the y or TD direction, which correlates with 

the neutron diffraction results. The neutron diffraction measurements indicate that the 

high tensile strain in TD should occur when grains with <200> oriented to TD. Grain 2, 

in fact, has <200> that is close to the TD (9 degrees off) and the principal deviatoric 

strain component in the y direction from PXM does in fact show tensile strain. 

 Grain 4 has the lowest angle with the <220> in the ND. Neutron diffraction 

results indicate that the <220> is tensile in the ND and the PXM results indicate tensile 

strain in the principal z direction. 

 Grain 5 shows tensile strain in the y or TD direction, and compressive strain in 

the z or ND direction (Figure 3.3). From the angle conversion shown in Table 3.6, TD 

has the lowest angle with <200> and ND has a similar low angle with <111>. Neutron 

diffraction results indicate tensile strain of <200> in the TD and compressive strain of 

<111> in the ND.  

 The neutron diffraction and 3D PXM strain measurements agree within 

uncertainty. It should also be recalled that Laue measures only deviatoric strain while 

neutron diffraction measures total strain. 

3.2.4 PXM Comparison with EBSD 

 The comparison between PXM and EBSD was made on the mid-bar strained 

sample. In Figure 3.5, the orientation maps obtained by PXM and EBSD are compared. 

Grain boundary patterns obtained are, at first glance, quite similar although the spatial 

resolution of EBSD is superior. However, some small differences between the 

orientation maps (OMs) are noted. Some of the small, thin grains shown in the EBSD 

orientation map are not visible in the PXM orientation map; this is likely due to 

differences between the spatial resolutions of the two techniques. As well, the large grain 

on the left of the PXM orientation map (pink grain) exhibits features (regions in blue 

color) which are not observed seen in the orientation map from EBSD. It should again be 
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mentioned that PXM detects material to much greater depths than EBSD and these blue 

regions most likely arise from an underlying grain. 

Composite strain maps of the above-mentioned region, obtained by PXM and 

EBSD, are compared in Figure 3.6. For PXM, composite elastic strain is calculated from 

all elastic strain component values using the VM formula; for EBSD the composite strain 

is determined from the measured area density of low angle lattice mis-orientations 

relative to those measured in standard strained samples- effectively measure of plastic, 

not elastic strain. From a close inspection of both images, it is not possible to see much 

similarity. Some high strain features appear common to both, such as in regions A, B, C, 

and D. Other high strain regions do not coincide in both images. While some of the 

disaccord may result from differences in depths sampled by the two techniques, the main 

difference likely stems from the fact that the strains mapped by PXM are largely residual 

elastic while those from EBSD are completely plastic. 

PXM data were also used to assess qualitatively the range of local plastic 

deformation within region A in the upper left hand corner of the image field in Figure 

3.7, Laue patterns are shown for locations having (a) high elastic strain (24 × 10-3), (b) 

low elastic strain (3.4 × 10-3), (c) near the grain boundary (3.8 × 10-3) and at the grain 

boundary (3.7 × 10-3). Some dislocation walls are detected in the high elastic strain and 

none in the adjacent low elastic strain region. However, most of the plastic deformation 

is found in the vicinity of the grain boundary, as also can be seen in the EBSD map. 
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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. 

 

Figure 3.6 Comparison of PXM and EBSD composite strains for the mid-bar sample.  
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3.3 Summary 

 Both 2D and 3D PXM strain information for a 0.5% plastically strained sample 

(end-bar sample) has been compared to that obtained using neutron diffraction. The 

principal strain directions in the alloy were determined to have mostly compressive 

strains that were on the order of 100 × 10-6 (100µε); this agrees with the levels of strain 

measured in individual grains by PXM. The comparison between neutron diffraction 

results and PXM involved an identification of grains in the PXM strain maps whose 

directions come closest to the directions measured by neutron diffraction. It must be 

realized that the neutron diffraction results are an average strain for thousands of grains 

in the sample while the PXM results are for single grain. Even for a single grain, strain 

varies across the grain and must be averaged. With these differences in mind and with 

 

VM strain
a  24.2×10-3

b  3.4×10-3

c  3.8×10-3

d  3.7×10-3

VM strain
a  24.2×10-3

b  3.4×10-3

c  3.8×10-3

d  3.7×10-3

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. 
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the uncertainties in both PXM and neutron diffraction measurements, the agreement of 

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

 PXM and EBSD measurements were also compared for another region of the 

0.5% plastically strained sample (mid-bar sample). The elastic strain distribution, 

determined by PXM, had some areas that corresponded to the strain distribution 

measured by EBSD, but most areas did not correspond. This discrepancy results from the 

origin of the strain data; EBSD derives its information from plastic strain information, 

while PXM measures the elastic strain directly from lattice parameters.  

 In short, the results from the PXM are consistent with measurements made by the 

well-established neutron diffraction and EBSD. Besides, 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 for the microstrain 

measurements of Alloy 600, by comparing with other methods - neutron diffraction and 

EBSD. To fully understand the capability of the PXM method, this chapter presents the 

detailed analysis of PXM results from uniaxially stressed samples. The elastic strain 

study has already been discussed in Chapter 3, so this chapter will focus on plastic 

deformation analysis. The present content is extracted mainly from a previous written 

progress report [84]. 

4.1 Brief Review of Experimental (Samples & Techniques) 

 Two tensile samples, the mid-bar and end-bar samples, as well as the control 

sample were studied by PXM at APS. Sample preparation and the experimental setup 

were described in section 3.1. Note that the mid-bar sample is from the middle part of the 

tensile stretched bar, while the end-bar sample was cut from the end of the gauge part of 

the tensile bar. The two samples were electropolished in 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 and two tensile samples. The 

resulting orientation and strain maps have been shown in Chapter 3 (Figures 3.1 - 3.3). 

As discussed in Chapter 3, the composite (von Mises) strains from the two tensile 

samples are obviously bigger than that from the control sample (see Table 3.1). Another 

point we made in Chapter 3 is that the mid-bar sample shows a generally higher strain 

than that of the end-bar sample; this is likely due to the decreased intensity over which 

the stress is expressed.  
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 However, there is an indication from the color maps that the strain is somewhat 

different in different grains and that there is a grain-orientation dependence of the strain. 

In the mid-bar sample (Figure 3.4), the large grain centered in the OM image shows 

atypically high tensile strain compared to the mildly compressive strain in the 

surrounding grains. 

4.2.2 Plastic Deformation Study 

 We have examined the local elastic and plastic strains adjacent to grain 

boundaries within the end-bar sample. The GB mis-orientation angles between some of 

the boundaries have been measured and are indicated in Figure 4.1. 

 
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 between the mis-orientation angles, the 

elastic strain found on each side of the boundaries, and evidence for dislocations within 

either grain. The elastic strains are represented as VM strains averaged over the entire 

grain. The evidence for dislocations and dislocation walls comes from any streaking of 

the diffraction spots and splitting in the case of dislocation walls [68, 86]. If there 

happens to be more than one slip system in play the streaks can curl. Splitting of a streak 
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is evidence of the presence of dislocation walls. The formation of dislocation walls is 

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

 In Figure 4.1, a number of different boundary mis-orientations are shown. Five 

cases are present below in which the diffraction spot shapes in adjacent grains are 

evaluated with respect to the mis-orientation of the grain boundary and the elastic strain 

gradients.  

 Case 1 (see Figure 4.2 below) has a Ʃ13b (27.79°<111>) CSL grain boundary, 

according to Brandon’s criterion (∆θ≅θ0Σ
-1/2, where θ0≅15°) [19]. Grain 1 shows more 

evidence of dislocations than Grain 2 as indicated by the increased elongation and clear 

splitting of the diffraction spot particularly near the grain boundary. With very little 

streaking of the diffraction spots in Grain 2, it appears that dislocations do not pass 

through this boundary. 

 
Figure 4.2 Case 1: A Ʃ13b 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 degree (Σ3) mis-orientation twin 

boundary based on Brandon’s criterion. In this case, slight streaking is found through 

both grains; dislocation walls are seen on the Grain 4 side and at least two separate slip 

systems on the Grain 3 side are seen from curling of the streak. Thus both sides of the 

twin appear to have comparable densities of dislocations. 

 
Figure 4.3 Case 2: A 60 degree mis-orientation (Σ3) from the 2D PXM data of the end-bar sample. 
Streaked diffraction spots are found close to the twin boundary on either side, but not near the grain 
centres. 
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 Case 3 (Figure 4.4 below) also involves 60 degrees (Σ3) angular mis-orientation. 

VM (mostly elastic) strain is twice as great on grain 6 compared to grain 5. Also, 

splitting of the streaks in both grains on either side of the grain boundary is evident. 

Streaking occurs in different directions and this indicates that the lattices are bending in 

different directions in the two grains. Based on the shape of the diffraction spots, it can 

be qualitatively mentioned that there appears to be no big difference in plastic strain 

distribution on both grains. Therefore dislocations appear to pass through this boundary. 

 

Figure 4.4 Case 3: A 60 degree mis-orientation (Σ3). Dislocations are found on both sides of the twin 

boundary. 
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 In Case 4 (Figure 4.5 below) the presence of dislocations in the vicinity of a low 

angle (12 degree) boundary is investigated for opposing grains having only a small 

difference in elastic strain. Streaking is evident in both grains, however, the streaks are 

split for Grain 8, indicating that the dislocations are accumulating and forming 

dislocation walls. 

 

 
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 nature of dislocations was investigated 

in the vicinity of the sample where the high dislocation density resulted in heavily 

distorted diffraction patterns that were difficult to index. It is not possible to determine 

the angular mis-orientation between the Grain 9 and 10 due to the heavily distorted 

crystal structure at the boundary. Although the elastic strains in the two grains are 

similar, as indicated by the similar magnitudes of VM strain, there is a major difference 

in the degree of elongation of the diffraction spots on either side of the boundary. Grain 

10 has significantly more elongation and splitting (see image d in particular) indicating 

the formation of significant dislocation cell walls than Grain 9. This situation probably 

occurs because the mis-orientation between the two grains suppresses the nucleation of 

geometrically necessary dislocations in Grain 9. The situation depicted in Figure 4.6 

illustrates the considerable lattice bending that results from local dislocation build up 

with a “soft” grain that is favorably oriented for slip. The high local dislocation density 

at certain high angle grain boundaries is thought to be the primary precursor for the 

initiation of intergranular stress corrosion cracking in Alloy 600 during service in a high 

temperature aqueous environment. In this particular case it appears as if grain 10 appears 

close to yielding. 

 

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. 

 

a

fe
b c

d

a b c

d e f

‘salmon’ coloured grain on left (a-c)

‘mauve’ coloured grain on right (d-f)

9

10

VM strain
9 3.9×10-3

10 4.4×10-3

a

fe
b c

d

a

fe
b c

d

a b c

d e f

‘salmon’ coloured grain on left (a-c)

‘mauve’ coloured grain on right (d-f)

9

10

9

10

VM strain
9 3.9×10-3

10 4.4×10-3



58 

 

 

 

 It is possible to model the direction of the slip systems associated with the 

diffraction streaks from grain 10. Seven streaked diffraction spots from Grain 10 were 

simulated by Dr. R. Barabash of ORNL, shown in Figure 4.7. The simulation modeled 

the displacement of all atoms in a self-consistent field [68, 86]. The resultant simulation 

showed that the observed pattern could be well fitted by a plastic flow model with 

dislocations that glide along two slip systems having the same Burgers vector ]011[=b  

and dislocation lines: ]211[1 =τ  and ]211[2 =τ  that results in an overall rotation 

around the ]011[  axes. 

 
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 useful working example of PXM 

abilities to measure the intimate microscopic properties of dislocations in a complex 

stress field: dislocation directions, dislocation density, the presence of dislocation walls, 

rotation axes and Burgers vectors can all be determined by a careful assessment of the 

diffraction spots. EBSD can also identify regions of high dislocations, and from this infer 

the presence of local plastic strains [87]. However, the strain information available from 

EBSD is limited to a measure of the dislocation density (with some calibration 

necessary), and not more intimate properties of the structure that can lead to a complete 

modeling of systems during crack initiation and propagation.  
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 Cases 1-4 (Figures 4.2 - 4.5) illustrate less strong interactions between grains. 

Case 1 (Figure 4.2) is a Ʃ13b boundary with some dislocations within one grain, but not 

in the adjacent one. According to the theory of Palumbo and Aust [16] the coincident site 

lattice (CSL) at the boundary for this angle is sufficiently small (low sigma) that it is 

energetically difficult for dislocations to glide across the boundary. On the other hand, 

the 60 degree angles between the grains in Cases 2 (Figure 4.3) and 3 (Figure 4.4) could 

be construed as a Ʃ3 boundary across which dislocations glide with relative ease. This 

seems to be the case here: streaks with the same general direction are found throughout 

both grains. This localization in the GB region could be tied to a finite but low energy 

barrier that slows dislocation glide at the grain boundary, but does not arrest it 

completely. In Case 3 (Figure 4.4), there is also presumably the same CSL between 

grains that permits dislocation glide at the boundary, but with a greater differential in 

elastic strain, the dislocations are more generally distributed throughout the grains. Case 

4 (Figure 4.5) is a very low angle boundary that is commonly treated as Ʃ1 CSL GB and 

a high probability of dislocation glide. This appears to the case since the streak patterns 

on both sides of the boundary seem identical. Dislocations further into the grain appear 

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

 Comparisons were also made between strain measured from the PXM patterns 

from regions located near the free surface and regions located up to 60 µm below the free 

surface of the 1% strained sample. Figure 4.8 shows the orientation map obtained at 

depths from less than 10 µm to over 60 µm below the free surface. Diffraction spots from 

regions at several depths from the free surface are also shown in Figure 4.8. The degree 

of elongation of the diffraction spots is significantly greater (indicating higher 

dislocation density) in the regions near the free surface compared to the regions far 

below the free surface. This is attributed to the effect of mechanical polishing on 

increasing the amount of plastic strain in the region extending several micrometers 

beneath the sample surface. 

The fact that PXM allows significant plastic strain differences to be detected 

between surface and bulk of the material is an important and useful observation. Strains 

produced by any form of surface preparation will have an important influence on the 
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propagation of cracks and it is important that these be able to be distinguished from bulk 

effects. This is a major advantage of PXM compared to neutron diffraction which is bulk 

sensitive and to EBSD which is so surface sensitive that exacting preparative protocols to 

remove damaged material from the outermost surface. PXM 2D maps are less affected 

by surface preparation than are these by EBSD, because the information depth is greater 

(see Table 1.4). PXM in-depth measurements are even more 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 shown its capability of 

detecting the strain distribution (elastic and plastic) introduced to Alloy 600 sample by a 

low uniaxial tensile stress (nominal 1% strain).  

 The elongation and splitting of PXM spots was compared for grains separated by 

grain boundaries of several angular mis-orientations. Similar dislocation densities, 

operating on the similar slip systems, were found on both sides of Ʃ3 boundaries while 

considerable differences in the degree of elongation and splitting of diffraction spots 

occurred between grains that were separated by boundaries with other angles. This has 

important implications for predicting local regions in the microstructure that are 

susceptible to the initiation of intergranular stress corrosion cracking in the Alloy 600.   

OMOM
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 Elongation of the PXM diffraction spots from regions at several depths from the 

free surface of the end-bar sample indicates that the degree of plastic strain, and hence 

the local dislocation density, is significantly greater in the region extending less than 10 

µm below the free surface compared to the regions far below the free surface. The 

elongation of the diffraction spots can be modeled by using simple simulation of two 

dislocation systems. This is attributed to the effect of mechanical polishing on increasing 

the amount of plastic strain in the region extending several micrometers beneath the 

sample surface. The fact that PXM can detect significant differences in the plastic strain 

between surface and bulk of the material is an important and useful observation for 

helping us understand the depth beneath a polished surface of a ductile metal that is 

affected by the metallographic preparation process. The plastic strain produced by any 

form of surface preparation will have an important influence on the propagation of 

cracks and it is important that these be able to be distinguished these affects from those 

of other metallurgical factors. This is a major advantage of PXM compared to the 

neutron diffraction technique.  

 The PXM technique appears to have the latitude and accuracy necessary to 

measure strain patterns caused before and during stress corrosion cracking (SCC): the 

ability to distinguish compressive and tensile strains is 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 determining the susceptibility to SCC 

of alloys in different product forms, such as tubing, rods and bars. In contrast to the 

relatively simple stress pattern in the uniaxial tensile samples, local mechanical stresses 

in SCC-cracked C-rings arise from many sources. Some of these are introduced by the 

action of the external force of the SCC on surface irregularities and the chemical energy 

released during reaction between solution and metal. Others come from rolling and 

swaging processes used in tube preparation. Before undertaking studies of strain 

distribution in samples cracked by SCC similar studies were carried out on an "as 

received" C-ring. Two such studies were done: one (unstressed C-ring) where the C-ring 

contained only those elements of strain that were caused during manufacture of the Alloy 

600 tubing; a second one (stressed C-ring), immediately following the application of a 

torsional stress that was produced by the tightening of clamp surrounding the C-ring. 

This chapter presents the analysis of PXM results from these two samples: before and 

after stress application. This material has been previously published [88]. 

5.1 Brief Review of Experimental (Samples & Techniques) 

 C-ring samples were prepared from mill-annealed Alloy 600 tubing according to 

ASTM standard G-38, as described in section 2.2.2. The same area (refer to Figure 2.3) 

from the cross-section of the C-ring before and after applying strain was studied using 

PXM at ALS.  

5.2 Results and Discussions 

The beam spot size was approximately one micron, and a step size of one micron 

was used to take PXM measurements over a sample area of 40×70 points (microns) for 

the analyses, before and after stress. Care was taken to analyze the same area on the 

sample before and after stress, although the correspondence is likely not accurate to a 

micron. The resulting orientation maps (OM) and von Mises equivalent strain maps 
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(VM) for the C-ring sample before and after stress are presented in Figures 5.1 (b) and 

(c) respectively. In Figure 5.1(a), the sample positioning in the beamline and its 

coordinate system are also presented. The tensile stress direction is along the y direction 

as labeled, which should theoretically yield a tensile deviatoric strain in y direction (that 

is, εyy > 0). The sample outer edge of the apex is located to the right hand side of the OM 

and VM maps. The black areas within the maps are a result of failure to index the Laue 

images either due to the existence of extreme plastic deformation or lack of Laue spots if 

the analyzed area is beyond the sample edge. 

 
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 stress showing the crystallographic 

direction of each grain with respect to the [111] pole, indicate similar grain structure, 
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however changes are apparent after the application of the stress. These changes were 

studied in detail and will be described in the next section. 

According to the scale used in the VM maps (Figures 5.1 (b) and (c)), regions of 

low VM strain are characterized by green while the highest strain regions for the applied 

scale are indicated by red. Comparison of the VM maps before and after the application 

of stress, indicates an increase in VM strain after stressing as more red areas were 

obviously observed in VM map of the stressed C-ring.  

The deviatoric strain component maps were also obtained for the C-ring sample 

before and after stress, these are presented in Figure 5.2 (a) and (b), respectively. The C-

ring stress loading direction and the sample coordinate system (see Figure 5.1(a)) predict 

that the principal deviatoric strain component, εyy, should show tensile strain.  Indeed the 

principal deviatoric strain component, εyy, does show high tensile strain throughout much 

of the analysis area. The εxx and εzz both show mainly compressive strain with a few 

regions of tensile strain, so to balance the εyy tensile strain. All principal deviatoric strain 

component maps show higher magnitude of strain after the application of the stress. 

The deviatoric shear strain component map, εxz, exhibits highly strained areas 

before strain application, and  somewhat elevated strain after the applied stress. The 

other two deviatoric shear strain component maps of εxy and εyz are more difficult to 

interpret in terms of strain levels, however, it appears that the highly strained areas in the 

maps before stress application have shifted to other areas after the stress application. 
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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. 

 
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 and after stress application, are 

presented in Figures 5.3 (a) and (b), respectively. Comparison of the pole figures reveals 

an apparent higher density of spots in the pole figures after the application of stress. A 

more correct interpretation is that the spots are more widely distributed in the pole 

figures after stress application. The same general sample area (similar grain structure) 

and the same map size (40×70 data points) was collected in both cases, therefore the 

same number of spots would be arranged in the respective pole figures. Thus, 

comparison of the pole figures indicates that the sample has plastically deformed or 

undergone significant lattice rotation due to the stress application. 

To investigate this further, ThreeDimX_RayMicroscopy was used to zoom in on 

the [111] pole figure in order to investigate the extent of lattice rotation through one of 

the grains. The results from this exercise for the C-ring sample, before and after stress 

application, are presented in Figures 5.4 (a) and (b), respectively, showing the (i) OMs 

for the grain, and the accompanying (ii) zoomed-in pole figures and (iii) color scales.  

 
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 pole figures. It is clear that the spots 

in the pole figure for the grain shown after the stress application (Figure 5.4(b), i and ii) 

are more widely dispersed than in that before stress application (Figure 5.4(a), i and ii). 

The grain has undergone significant lattice rotation due to the stress application and this 

is further highlighted in the respective OMs for the grain before and after stress. There is 

a larger color gradient exhibited in the grain after stress application. Grain rotation 

increases from approximately 2° to 5° after stress application, according to interpretation 

using the color scale. 

5.2.3 Peak Study 

Comparison of the OMs before and after stress application revealed differences 

(Figure 5.1). It appears that some of the grain structure has been disrupted due to the 

applied stress. The grains which will be discussed are labeled in letters (see OMs 

represented in Figures 5.5 (a) and (b)). The grain labeled as P appears to have been 

disrupted in some regions and replaced with grain structure belonging to grains T or S 

depending on the region. It is important to note that these Laue measurements are not 

depth resolved and that we are getting information from depths up to 60 µm. Keeping in 

mind that the analysis depth is approximately 60 µm for this Ni alloy and that the 

average grain size is approximately 20 µm, we are likely sampling more than one grain 

for each measurement or data point.  

Laue patterns are very sensitive to the presence of dislocations. The density of 

dislocations and the way in which they are organized can be determined from the Laue 

patterns [57, 68, 86, 89]. GNDs can cause lattice rotation which gives rise to streaking of 

the Laue patterns. In later stages of plastic deformation, the dislocations will organize 

themselves into walls in order to lower the stored energy. As discussed in section 1.1.1, 

the regions between dislocation walls are referred to as cells and they are relatively 

dislocation free. The formation of dislocation walls and 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 a1, 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 areas were examined for evidence 

of plastic deformation after the application of the stress. The (026) reflections from 

indexed Grain S are enlarged in Figures 5.5 (a1), (a2), and (b1), (b2), and the 

approximate origins in the analysis areas are indicated by a1, a2, and b1, b2, in the OMs 

in Figures 5.5 (a) and (b). Although some plastic deformation is evident in the (026) 

reflection before stress, the reflections are markedly deformed after the applied stress, 

displaying streaking and splitting. The (026) reflection shown in (b1) exhibits very 

complex streaking and splitting, with at least 3 changes in the streaking direction, 

implying at least 3 activated slip systems. Laue measurements are not depth resolved; 

therefore these slip systems are likely active at different depths within the grain at this 

location. The splitting of the streaks indicates the formation 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 evidence of plastic deformation. 

The (-222) reflections from indexed Grain R are enlarged in Figures 5.5 (a3) and (b3), 

and the approximate origins in the analysis areas are indicated by a3 and b3 in the OMs 

in Figures 5.5 (a) and (b), respectively. Although the (-222) reflection shows moderate 

streaking (Figure 5.5 (a3)), this reflection is markedly 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 structure of Grain R appears to have 

been disrupted after stress application, are presented in Figure 5.6. The approximate 

sample analysis area from which these Laue images originate, is represented by a blue 

triangle in the OMs in Figure 5.5. The Laue image shown in Figure 5.6 (a), before stress 

application, is indexed as grain R. The indexed reflections for grain R are encased by 

yellow boxes in the image, and the reflection hkls are specified after the letter R. The 

remaining reflections in the image are consistent with reflections from Grain S 

(comparison with an indexed image from Grain S) and the reflection hkls are also 

specified in the image. 

The Laue image shown in Figure 5.6 (b) (from approximately the same sample 

area as the image shown in Figure 5.6 (a)), after stress application, is indexed as grain S 

rather than grain R. The indexed reflections for grain S are encased by yellow boxes in 

the image, and the reflection hkls are specified after the letter S. The reflections 

consistent with grain R are very streaked and have moved vertically upwards in the Laue 

image from their original position before stress application, indicating marked lattice 

rotation or plastic deformation due to the applied stress. The reflection contributions 

from Grain R are too deformed for the software to index, and because there is 

contribution from Grain S, this Laue image gets indexed as belonging to Grain S rather 

than R.  

Laue images from the near surface of the sample were also examined and are 

presented in Figure 5.7. The approximate sample analysis area (Grain G), from which 

these Laue images originate, is represented by a blue star in the OMs in Figure 5.5. Four 

of the Laue spots indexed for grain G are labeled 1-4 for demonstration in Figure 5.7. 

These Laue spots are severely streaked after the stress application indicating marked 

plastic deformation. 

5.3 Summary 

PXM measurements were performed on the same cross sectional area of a C-ring 

specimen before and after applying stress. Compared to the unstressed C-ring, a 

significant tensile strain was observed in the y direction - the main stress axis direction 
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from the stressed C-ring as expected, as was a higher composite (von Mises) strain. This 

is very important information as a tensile stress/strain is usually an essential element for 

SCC to occur. In another words, one can predict that a crack would preferentially 

propagate along a direction within the xz plane, a direction perpendicular to the stress 

axis for this C-ring specimen when in a susceptible environment. 

Significant grain lattice rotation and pronounced plastic strain was noted. Similar 

grain structures were observed in OMs before and after stress, however, changes are 

noticeable, indicating lattice rotation. The application of pole figures were found very 

useful in this case where the same sized area was studied. The higher density of spots in 

the stressed C-ring sample indicates the sample has undergone high plastic deformation 

or significant lattice rotation due to the stress application. The zoomed-in pole figure 

study of a single grain also confirmed this. Shape changes of the Laue peaks from the 

same locations before and after stress were also investigated. Lattice rotation or high 

plastic deformation was demonstrated again as pronounced 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 been the study of strain 

distributions near cracks in Alloy 600 C-rings that were instigated by stress corrosion 

cracking (SCC). This chapter presents an assessment of the strain tensors and dislocation 

distributions around small cracks in Alloy 600 tubing that had been induced during 

electrochemically accelerated caustic corrosion in a high temperature autoclave. The 

content present is mainly extracted from previous published paper [88]. 

6.1 Brief Review of Experimental (Samples & Techniques) 

 The C-rings used for the investigation in this chapter were prepared by the same 

protocols as that used for the C-rings in Chapter 5. The methods used to cause SCC were 

described in section 2.2.3. Two examples of SCC-initiated cracks are discussed: one, a 

sample corroded for 6h (6h SCC-cracked C-ring) and a second corroded for 18h (18h 

SCC-cracked C-ring). After exposure cracks were identified in both 6h and 18h C-rings. 

The samples after exposure were embedded in Bakelite for mechanical polishing 

followed by electropolishing until a crack was observed on the cross section. Then the 

cross sectional area covering the cracks were FIB polished and cuts with Pt lines were 

made on both sides of the FIB polished area as marking. All studies were performed on 

these cross sectional cracks. It was observed that SCC was mainly happening within a 

narrow band around the apex of the C-ring samples, in which multiple crack initiation 

sites were observed. A typical crack from the 6h sample is about 15µm in length, while 

the crack for 18h sample is about 30µm. SEM images of these are shown in Figure 6.1. 

Both cracks are seen to propagate along grain boundaries, (intergranular SCC (IGSCC)), 

and mainly propagate along the C-ring thickness, a direction perpendicular to the main 

stress axis as predicted in the last chapter. Areas covering 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 70×162 µm2 for the 6h sample and 76×232 µm2 for the 18h sample 

covering the cracks shown in Figure 6.1 were scanned by PXM. The orientation maps 

and strain maps, along with their positioning in the beamline and their coordinate 

systems for both samples are presented in Figures 6.2 and 6.3, respectively. The crack 

path in the PXM orientation map (OM) was located by inspecting the SEM images of the 

crack area. The crack path was determined to be intergranular. The PXM OM was 

compared to the SEM image, and the grains along the crack path in the PXM OM map 

were identified. The grain dimensions in the two maps do not match exactly. This is 

likely due to the differences in analysis depths between the two techniques. The analysis 

depth of PXM for the Ni alloy is greater (~ 60 μm) than that of SEM (1-2 µm). As well, 

the sample is at a 45° tilt to the incoming x-ray beam during the PXM analysis. As a 

result, subsequent indexing of the Laue images may give slight differences in the grain 

boundary locations, as compared to those in the SEM images. 

crack
crack

(a)                                    (b)
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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 

(× 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 for the entire areas measured by PXM. 

Average εyy and VM strain are seen to have increased significantly from the unstressed to 

the stressed C-ring. After crack initiation, the average strain, particularly the εyy, 

decreases with the energy released as the crack opens and more branching occurs, and 

with the strain relaxation due to the heat in autoclave. εxx and εzz from 6h and 18h 

samples are both lower than those from the stressed C-ring sample as well. 

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

× 10
-3

 

 Unstressed  Stressed  6h-Crack  18h-Crack  

εxx 0.1  -0.7  0.1 -0.1  

εyy -0.1  1.5  0.1  -0.05 

εzz 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-rings were obtained from the PXM results presented in 
Chapter 5. Unstressed and stressed values are for the same original sample while 6h and 18h values are for 
different original sample. 

Of particular interest in the analysis below are the common patterns of strain 

found in both these examples in regions within and near the cracks. Figures 6.4 (a) and 

(b) show strain and orientation maps for the crack region (part of the surveyed area) for 

the 6h and 18h samples, respectively. The measurement of strain in the y direction 

(tensile stress axis direction) is particularly important, because it provides the best 

possible measure of strain direction as a result of crack opening and propagation. Tensile 

strains (shown as shades of red in the εyy map in Figure 6.4) would be expected for those 

regions that precede the crack, while strain direction(s) in the opened crack could be 

susceptible to several factors and thus less predictable. In fact, in Figure 6.4(a) (see inset 

above the εyy map) the deviatoric strain component εyy at the crack tip for the 6h 

specimen (arrow 'a') is somewhat tensile. Ahead of the crack tip, at the triple point 

(arrow 'b'), the (tensile) strain is higher, reaching a maximum of about 2×10-3. Such 

measurements are rendered approximate by the depth of the crack and the uncertainty of 

the position of the actual tip. The area near the tip of the branch crack is also tensile. 

Within the crack itself, and particularly at the crack mouth, the strains are found to be 

compressive (blue). In the case of the 18h specimen, Figure 6.4(b), a tensile strain is also 

seen at the crack tip with a magnitude near 5×10-3. This strain value is averaged over a 
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volume of several cubic microns; localized strain near the actual tip could be orders of 

magnitude higher. 

 

 

Figure 6.4 OMs, VM map and the y principal deviatoric strain εyy 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 εyy 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.  
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Statistically, the occurrence of tensile elastic strain in the grain boundary region 

is considered to be significant but not necessarily absolute. There are some other regions 

within Figure 6.4 (a) and (b) where high tensile strain is evident; however, most of these 

do not occur along grain boundaries. One exception to this is seen at point 'c' in the 6h 

sample: a region of high tensile strain extends along a grain boundary, beginning at the 

outer surface. Such a strain condition could have resulted from localized corrosion attack 

at the boundary followed by an accumulation of corrosion product oxides within the 

reacted boundary [90]. This will be discussed further below. Maps of composite (von 

Mises) strain are also shown in Figures 6.4 (a) and (b). While regions of high composite 

strain do occur along several of the boundaries, few of these exhibit a high εyy and are 

therefore not considered to have a significant bearing on the cracking process.  

6.2.2 Grain Boundary Study 

For both 6h and 18h cracks, the grain boundary mis-orientation angles along the 

crack paths were determined, along with the mis-orientation of grain boundaries that 

intersect the crack at triple points. It should be noted that the mis-orientation between the 

grains which had been adjoining along the crack boundary is slightly changed after the 

crack opened. The results are shown in Figures 6.4(a) and (b) for three triple points along 

each crack. The grain boundary angles fall between 34° and 60°. In every case, the main 

path of the crack is seen to follow the boundary with the lowest mis-orientation, although 

at some triple points, a short branch crack did follow a grain boundary with a higher mis-

orientation. This is an observation never reported before, however, it doesn’t conflict 

with the previous findings. Commonly, the low Ʃ grain boundaries are believed to be 

more resistant to SCC, which have relatively low energy. The energy of the random high 

angle grain boundaries (>15°) doesn’t show much differences, as seen in Figure 9 from 

[29]. Lin et al. [31] found that an increase in the special grain boundary (Σ≤29) 

frequency in Alloy 600, resulted in decreased susceptibility to intergranular corrosion. 

Gertsman and Bruemmer [29] studied the grain boundary character along IGSCC and at 

crack arrest points. While low angle boundaries (LABs<15°) and coincident site lattice 

(CSL)-related boundaries are generally considered to be crack-resistant, they found that 
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LABs may be susceptible to cracking. Only Σ3 boundaries were found to be crack 

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

One Σ3 boundary was identified along the crack paths of the 18h sample. This Σ3 

boundary is located at ‘triple point f’ along the 18h crack in Figure 6.4(b), and the crack 

only follows this boundary at the triple point for a short distance, preferring instead to 

follow the 35.8° grain boundary. The Σ3 grain boundary angle of 59.5° falls within 

Brandon’s criterion (∆θ≅θ0Σ
-1/2, where θ0≅15°) [19]. 

The distribution of dislocations within each grain adjacent to each crack locus 

was studied. Of particular interest was the “hard” and “soft” natures of each adjacent 

grain with the likelihood that dislocations present in one grain would migrate across a 

grain boundary to the adjacent grain as discussed in Chapter 4. In the case that migration 

does not occur, dislocations could pile up at the boundary and could potentially 

contribute to brittle fracture [91]. In the case of the 6h crack, the shapes of the indexed 

diffraction spots for a number of grains were followed from grain centre to edge and into 

an adjacent grain. In Figure 6.5(a2) the relationships of dislocations in Grains 4 and 5 are 

followed along a transgranular path just ahead of the crack tip. Within Grain 4, the 

indexed spots are consistently small and round, while in Grain 5 spots are streaked with 

the extent of streaking increasing as the grain boundary is approached. Grain 4 is thus 

regarded as “hard” and dislocations from “soft” Grain 5 would be likely to pile up at the 

boundary. This could be viewed as another factor contributing to the path taken by the 

main crack. Grains 1 and 2 are both considered “soft” (see page 56 in Chapter 4 for the 

detailed discussion about soft-hard nature of grains). Relatively similar streaked indexed 

spots are found on both sides of the boundary: this suggests that dislocations are able to 

be transmitted through the boundary and the possibility of pile up at the boundary is 

relatively less than for that between Grains 4 and 5. In fact, although some cracking 

along this boundary did occur, the process was truncated in favor of crack propagation 

along an adjacent hard-soft boundary. Another reason that the crack did not continue to 

follow the grain boundary between G1 and G2 is that this path is parallel to the stress 

axis and thus, follows an unfavorable direction with respect to crack propagation. 

Lehockey et al. [87] used Orientation Imaging Microscopy (OIM) to study the plastic 
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zones along an inner diameter (ID) crack in Alloy 600 steam generator tubing. They 

found that large stresses and therefore plastic zones must develop before the crack can 

propagate in directions towards the stress axis. Gertsman and Bruemmer [29] found that 

in some instances, a crack did not propagate even when it was favorably oriented with 

the stress axis.  

The dislocation distribution in the strained grain boundary c (in Figure 6.4(a)) 

was also examined. Along a line across the grain boundary the shapes of diffraction spots 

were examined for grains on each side of the grain boundary (not shown). These were 

found to be uniformly unstreaked and therefore provide evidence that dislocation pileup 

is low in the vicinity of the strained boundary. Thus, although the boundary is locally 

strained in an appropriate direction for cracking, the lack of dislocation pile up may have 

delayed or prevented crack initiation. 

In the vicinity of the 18h crack, similar studies of dislocation distributions 

between adjacent grains were also conducted. The crack initiated on the sample surface 

between G1 and G7, and then encountered a triple point after propagating between G1 

and G3. At this triple point between G1/G3/G2, the crack had two directional choices, 

both along unfavorable paths, parallel to the stress axis. In Figure 6.5(b), the hard-soft 

nature of a number of grains along the crack locus was determined. The shapes of 

diffraction spots across two important boundaries near the crack are shown. In Grain 3, 

long curved streaks are characteristic, with the streak length increasing near the 

boundary. In Grain 2, the spot shape is more rounded. Thus, along this line, it appears 

that dislocations are quite different on each side of the boundary, and this would suggest 

a boundary where dislocation pileup could occur. For the line that crosses the boundary 

just ahead of the branch crack (G1-G2), streaks of similar shape and direction are found: 

This suggests that there should be fewer dislocations to pileup at the grain boundary. 

Thus, on this basis, one would predict that cracking would be more favorable along the 

GG2-G3 boundary, while it goes a short distance along G1-G2 boundary. So, the 

presence of hard-soft boundaries may be one factor in determining 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 (a1) G1-G2, peaks from mid-grain G1 to mid-grain G2 following 

the arrow are displayed. Peak (i) is from the mid-grain G1and 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 (a1) 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 another factor to consider. It was 

observed (Figure 6.4) that the cracks tended to propagate along grain boundaries with the 

lower mis-orientation angle. Figure 6.4 (b, Point (e)), indicates that the grain boundary 

mis-orientation angle between G2-G3 is less than that between G1-G2. Thus, several 

factors need to be considered in determining the path of crack propagation, including the 

mis-orientation angle at the grain boundary, the direction of the stress axis and the hard-

soft nature of the adjacent grains. Guertsman and Bruemmer [29] also came to the 

conclusion that factors other than grain boundary crystallography must be considered in 

determining IGSCC susceptibility. They felt that chemical parameters must also be 

considered, along with the geometrical parameters. 

6.2.3 Schmid Factor  

The Schmid factors of grains on either side of the cracks were also calculated for 

the 6h and 18h SCC-cracked samples, and these are presented in Table 2. Schmid factor 

is a measure of the ease with which could become a slip system activated in a grain 

under a stress from a given direction. Generally, the slip system with the highest Schmid 

factor would be more likely to be the operating slip system in the material. West et al. 

[32] found that cracks occurred preferentially along grain boundaries with trace 

inclinations perpendicular to the stress axis and adjacent to grains with a low Schmid 

Factor. They stated that their model is more applicable to the study of crack initiation 

than propagation. The orientation maps of the 6h and 18h corroded and cracked samples 

in Figures 6.5 (a, b) do indicate that the crack is initiated at grain boundaries which are 

oriented more perpendicularly towards the stress axis. Table 2 presents Schmid factors 

for only those grains along the crack pathway. Schmid factors were also calculated for a 

number of surface grains within the sample analysis areas, away from crack initiation 

sites, in the 6h and 18h samples. The Schmid factors for 6 surface grains in the 6h 

sample ranged from 0.41972 to a high of 0.4860, with the lowest being that for the Grain 

6 (see Table 2) adjacent to the crack initiation site. The Schmid factors for 9 surface 

grains in the 18h sample ranged from 0.37817 to a high of 0.45796, with the lowest 

being that for Grain 7 adjacent to the crack initiation site. Thus, the Schmid factor of one 

of the grains adjacent to the crack at the 6h and 18h initiation sites was found to be the 
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lowest, compared to Schmid factors calculated for surface grains away from the initiation 

site, and also along the crack path into the bulk. While the results are barely statistically 

relevant, they are consistent with the model put forth by West et 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 G1 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 0.37817 

6.2.4 Local Mis-orientation (Plastic Strain) Study 

 Measurements of  plastic strain present in the microstructure were also conducted 

near the crack tip. In Figures 6.6 and 6.7, the magnitude of pixel-to-pixel 

crystallographic mis-orientation (local mis-orientation) is mapped with respect to the 

locus of the crack for both 6h and 18h C-rings, noting that only the area around the crack 

is enlarged and shown here. In Figure 6.6, the highest magnitude in local pixel-to-pixel 

angular mis-orientation (1.0-1.5 degrees) occurs along the crack path between G5 and 

G6, as well as ahead of the crack at the triple point G5/G6/G8. In Figure 6.7, the same 

phenomenon has been observed for the 6h sample. That is, the highest local mis-

orientation is found around the crack path and ahead of the crack tip, however, with a 

lower magnitude (0.5-1.0 degrees). The y tensors of the elastic strain reported in section 

6.2.1 (Figure 6.4) were also found to be elevated in the region ahead of the crack tip; 

however, the information provided by the local pixel-to-pixel 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. 

 

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 [001] pole figures of G5, G6, and 

G8 (Figures 6.6(b-f), respectively) were also investigated and compared to the respective 

grains in the local mis-orientation angle map (Figure 6.6(a)), and corroborate the 

findings from the mis-orientation angle map. An abrupt color change from purple on the 

right side of the dashed line in G8 (Figure 6.6(c)), to yellow to the left of the dashed line, 

at the triple point, indicates an approximate lattice rotation of 2.6 degrees, using the 

corresponding color scale. The dramatic color change in G6, from red-purple to green, 

towards the triple point, also indicates significant lattice rotation around the triple point. 

The red-colored region in G5 at the grain boundary with G6 (Figure 6.6(b); highlighted 

by arrow) corresponds to high pixel-to-pixel mis-orientation region in the mis-orientation 

angle map (Figure 6.6(a)). There is also significant lattice rotation towards the triple 

point. Grain G2 (Figure 6.6(e)) was also investigated as the mis-orientation angle map 

indicates a high degree of mis-orientation next to G6, near the triple point. The color 

change from red to green corresponds to an approximate lattice rotation of 4.5 degrees. 

In Figure 6.7 for 6h sample, the zoomed-in [001] pole figures of G5 and G7 (Figures 

6.7b-c) ahead of the crack tip were also studied. The color change in G5, from light blue 

to golden yellow, towards the grain boundary, indicates an approximate lattice rotation 

of 1.4 degrees, while an lattice rotation of ~ 2.1 degrees was found in G7 as the color 

changes from red on one side of the dashed line to green to the other side, using the 

corresponding color scale. From both cases, there is evidence of crystal rotations in the 

regions surrounding and ahead of the crack tip, which might result from the dislocation 

pile-ups in these areas. These localized strain fields coincide with the triple junction 

where crack arrest occurs and re-initiation requires a buildup of strains at the crack front. 

6.2.5 Ellipticity 

 The direction of major dislocation systems in the crystal is reflected in the angle 

of the streaking of the diffraction spots. We have devised a color scale that reflects the 

change in direction from the "vertical" streaks that are most normally observed in Laue 

pattern streaking in PXM measurements, owing to the dominating effect of the beam 

direction [68, 86]. This direction is assigned a red coloration: inclination of the streaking 

in one direction away from vertical (counter clockwise) is represented by a purple to blue 
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coloration, while streaking in the other direction (clockwise) results in a yellow to green 

coloration. The intensity of the color reflects the extent to which the streak is elongated 

(ellipticity). This ‘ellipticity’ map for the 18h sample is compared in Figure 6.8(c), with 

the orientation and local mis-orientation maps in Figures 6.8 (a) and (b), respectively.  

 
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 sample ellipticity map is enlarged in 

Figure 6.9(a), and examples of streaked Laue spots are shown in Figures 6.9(b-c). Of 

note in Figure 6.9(a) is the pink region at the first and second deviations in the crack 

path, and the yellow region in G2 at the triple point just ahead of the crack tip. These are 

regions where the dislocation systems are likely to be most complex (high plastic 

deformation) and thus might be expected to respond in a different manner to the stresses 

associated with crack propagation. A Laue spot from one of the indexed Laue images 

from the ‘pink’ region is highlighted in Figure 6.9(b), and is consistent with a tilt of 

14 microns 

90.00 degrees

(a) (b) (c)
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approximately 30° from the vertical in the counterclockwise direction, as indicated by 

the color scale. A Laue spot from the yellow region is highlighted in Figure 6.9(d), and is 

consistent with a tilt of approximately 30° in the clockwise direction. A Laue spot from a 

dark red region (region c in Figure 6.9(a)) which does not exhibit much streaking is 

shown in Figure 6.9c, and is consistent with the color wheel. 

 

Figure 6.9 (a) Magnification 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 dislocation system(s) present using a 

function recently implemented in XMAS. Compared to the modeling presented in 

Chapter 3, this is simplified modeling, without considering the splitting of the streaks, 

the density of GNDs, or the existence of multiple slip systems, but only the direction and 

the length of the streaks with one slip system. Therefore, the results from this modeling 

is far from satisfying the need to fit dislocations in a high stress area. However, it can 

still serve as an evaluation for degree of plastic deformation in the material. The 

modeling was applied to several Laue images from the 18h sample, but this was not 

2-44 -315224

(b) pink                                       (c ) dark red                           (d) yellow

b c

d

(a)
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successful for most of them, presumably owing to the complexity of the Laue spots. By 

contrast, the streaking in the interior of G2 was able to be modeled by a single screw 

dislocation system in the (-1-11) plane moving along a <-110> direction, showing in 

Figure 6.10. 

 

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 specimens produced intergranular 

stress corrosion cracking (IGSCC). Tensile strains with respect to the stress axis could be 

identified in regions ahead of the crack tip. The crack was found to have followed grain 

boundaries with the lowest possible angles of mis-orientation. The direction of crack 

propagation may also be affected by the stress axis direction and by the accumulation of 

dislocations between hard and soft grains. The Schmid factor of one of the grains 

adjacent to the crack at the 6h and 18h initiation sites was found to be the lowest, 

compared to Schmid factors calculated for surface grains away from the initiation site, 

and also along the crack path into the bulk. 

(a) Experimental                                                   (b) Simulated

-113 -115 -204 -113 -115 -204
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The use of the modified software – FOXMAS has significantly enhanced the 

information available on the crystal structure during the SCC process. First, the use of 

the mis-orientation information with PXM data provides a detailed measurement of 

plastic strains. From the local mis-orientation map of both 6h and 18h samples, a well 

defined region of plastic deformation is found at the triple point just ahead of the crack 

tip. Using the zoomed-in pole figures, the degree of the grain rotation was also estimated, 

which matches the change observed from the local mis-orientation. Second, the utility of 

the spatial mapping (ellipticity map) of changes to the shapes of diffraction spots has 

been demonstrated. Abrupt changes to the inclination of diffraction streaks within a 

particular region can signal a change in the operative dislocation systems, as shown by 

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

A simplified modeling method by XMAS was also used to simulate the Laue 

diffraction from the cracked samples. However, only diffraction from the interior of a 

relatively big grain in the 18h sample has been successfully simulated by a screw 

dislocation system in the (-1-11) plane moving along a <-110> direction. This is 

probably due to the complexity of the diffraction peaks around grain boundaries. 

In addition to strains identified with crack growth, other regions of high strain 

can appear as a result of the previous mechanical history of the sample. When more 

exacting studies of strain changes are required, it will be necessary to use pre-

characterized samples, so that only incremental strain effects 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 been the study of strain 

distributions near cracks in Alloy 600 C-rings that were instigated by stress corrosion 

cracking (SCC). In last Chapter, two C-ring samples with small cracks (~ 15 µm for 6h 

sample and ~ 30 µm for 18h sample) from the C-ring cross section were studied. This 

chapter presents studies around a massive crack (~ 500 µm in length) from a free surface 

in Alloy 600 C-ring that had been induced during electrochemically accelerated caustic 

corrosion in a high temperature autoclave. The content present 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 chapter was prepared by the same 

protocols as that used for the C-ring in Chapter 5. One of the flat end surface was then 

mechanically polished and FIB polishing was then conducted on a small area around the 

apex of the C-ring. Cuts and Pt lines using the ion beam were made on both sides of the 

polished area as markers of features in the microstructure where cracking was noticeable 

(see Figure 2.3 as a reference). The SCC test was then carried out on this C-ring 

according to the method described in section 2.2.3. After the exposure, multiple cracks 

were also found around the apex of the C-ring, as the 6h and 18h samples studied in 

Chapter 6. However, the length of the cracks observed in this sample is exceedingly 

bigger than those from 6h and 18h samples. Shown in Figure 7.1 is an SEM image of the 

cracks from the flat end surface of the 24h C-ring. Two massive cracks were observed 

with length of ~ 200 µm and ~ 500 µm, respectively. PXM studies have been done on 

both cracks, but only results from the ~ 500 µm were presented in this thesis. EBSD 

measurements were also performed on this same crack. Note that this SCC-cracked C-

ring sample is different from the ones in Chapter 6, because this crack is directly on the 

flat end surface – a free surface, not a cross-section. 
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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 µm, while site B is a crack with length of ~ 500 µm. 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 studied is from the flat end surface 

(free surface) without any further treatment after SCC test. This is probably one of the 

major reasons that the crack size is remarkably longer than those from the 6h and 18h 

samples (hundreds compared to tens of microns), as the crack grew on free surface with 

less constraint and a more direct corrosive environment compared to the 6h and 18h 

cracks, which were from the cross section of the C-ring. One other possible explanation 

for such long crack would be that cracks were initiated at multiple sites and then linked 

together to form a single main crack, which was proposed by Brisson et al. [93]. In 

Figure 7.2, SEM images of the whole crack and with a higher magnification from 

selected locations of the 24h crack were shown. The crack propagated along a main path, 

but a lot of branches were also observed. Meanwhile, some isolated crack segments were 

displayed on the surface (as indicated by circle in Figure 7.2), which might indicate 

unseen crack branches below the surface. From the magnified SEM in Figure 7.2, large 

oxide nodules and small oxides can be seen on the surface, which are believed to be the 

A B
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duplex-layer oxide as often observed by others [40, 94]. Combrade et al. [40] concluded 

that the oxide formed on Alloy 600 in primary PWR water at 360 °C was made up of two 

layers: (i) an external loose layer made of nickel ferrite, and (ii) an inner compact layer 

composed of two sublayers – an intermediate layer of a spinel-type, Cr-rich oxide and an 

internal layer of pure Cr2O3. Kim et al. [94] also observed the duplex-layer oxide on 

Alloy 600 in high temperature caustic solution. Thin oxide layer was also found along 

the side of the crack path, some of which was dried out and detached from the side of the 

crack. 

 

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 (× 10
-3

) with color changing 

from blue (compressive) to red (tensile) is used. 
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7.2.2 PXM Measurement  

An area of 580x100 µm2 covering the big crack (~ 500 µm in length) from the 

crack mouth to the tips of most branches of the crack shown in the SEM image (Figure 

7.3(a)) was scanned by PXM at ALS with a 1 µm step size. The sample coordinates with 

respect to the beam station was also shown on the SEM image in Figure 7.3(a). Since 

PXM detects the most intense crystalline feature within the outermost ~ 60 microns of 

the nickel alloy, the correlation of the crack pathway shown in the SEM image and the 

PXM based information, also required another confirming image of the crack path 

provided by the x-ray absorption image (see Figure 7.3(b)). Thus the path of the crack 

for most of its length could be superimposed on the remaining diffraction maps in Figure 

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

The [001] orientation map and the three principal deviatoric strain component 

maps are presented in Figure 7.3(c-d). For the most part, the main crack and its branches 

follow intergranular pathways. εxx and εyy show a combination of tensile and compressive 

strain all over the scanned area. High tensile strain was observed surrounding the big 

crack in εzz. No clear connection between this 24h crack and the deviatoric strain pattern 

is observed in contrast to the 6h and 18h samples (in Chapter 6). This is probably 

because of the high complexity of this crack. 

The orientation image shows that grains near the mouth of the crack are not 

indexed as completely as those in the sample interior; the black patches indicate regions 

that could not be indexed, which is usually because of the high plastic deformation. As 

shown in Figure 7.4, Laue images a - c are from locations of the black areas at sample 

surface towards the bulk. Image a at the very surface around the crack mouth showed a 

totally diffuse pattern without any noticeable diffraction peaks indicating that the 

material in this area is nano-crystalline. From Laue images b to c, there are very few 

Laue spots and the ones that are present are very large and fuzzy. This indicates that the 

crack mouth area is poorly crystalline (reduced long range order). As a comparison, the 

indexed Laue image d is showing more peaks and the spots are noticeably brighter. The 

streaking of the spots indicates the lattice rotation. 
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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 crystalline order in the crack mouth 

area can be obtained from the index quality map in Figure 7.5(a). The index quality map 

was also produced by FOXMAS, which maps the number of indexed spots for each Laue 

pattern. Grains near the crack mouth with green and yellow colorations were indexed 

using 7-8 diffraction spots. By contrast, at greater depths in the sample the number of 

diffracting spots was generally higher, with significant variance from grain to grain. 

Some grains (dark red) were indexed by as many as 15 spots. Near the crack mouth local 

degradation of the crystalline order may result from mechanical stresses during SCC, 

perhaps introducing point defects and dislocations, in addition to causing the complete 

loss of long range order in the black areas shown in Figure 7.4.  

The index quality map in Figure 7.5(a) also illuminates the grain to grain 

variations in crystal integrity. A grain that is able to be indexed with many spots (red) is 

more likely than not to have fewer dislocation systems and it may be more resistant to 

their transmission from neighbouring grains, i.e. ”hard” [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 (VM) strain map were also 

presented in Figure 7.5(b-c). A magnitude of 0 – 20 x 10-3 with color scale from green to 

red was used for the VM strain, while the local mis-orientation map adopted a color scale 

from blue to red indicating an angular magnitude of 0 – 2 degree. As described in 

Chapter 2, the local mis-orientation is a measure of plastic strain. A higher density of the 

relatively high mis-orientation angles usually indicates higher plastic strain. High plastic 

strain (high local mis-orientation) appears to correlate closely with the outlines of certain 

grain boundaries and not with others. Of particular note is a collection of bands of plastic 

strain in the upper left corner that extend from the surface to a depth of many tens of 

microns. Another prominent band extends inward from near the crack mouth. Such 
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bands may have resulted from the mechanical damage prior to or during the cracking 

event. No correlation can be discerned between the locus of the crack and the incidence 

of plastic stain. The composite (von Mises) elastic stain also showed higher strain around 

crack mouth. Although some correlation with the plastic strain in the region of the crack 

mouth, there are few other coincidences with each other or with the crack pathway, 

including areas near the tips of the crack network. 

However, judging from the color scale, a general decrease of VM strain and the 

plastic strain from the C-ring OD (outer dimension) towards the midplane was noticed, 

which is likely resulting from the torsional stressing of the C-ring. It is known that the 

stress through the thickness in such a C-ring sample changes from a maximum tension 

on outer surface to a maximum compression on the inner surface. There is a stress free 

axis (neutral axis) in between, which is more or less around the midplane of the C-ring. 

In Figure 7.5(d), the average VM strain at each depth was also calculated and plotted 

with the distance from C-ring OD, which again showed this decrease. 

7.2.3 EBSD Measurement 

In Figure 7.6, the EBSD orientation map and local mis-orientation map are 

presented along with those from the PXM measurement. EBSD measurements were 

performed in such a way that as much of the same area from the PXM scan would be 

measured. However, only a portion of the same area around the inner portion of the crack 

region was able to be obtained from EBSD measurements, mainly due to the highly 

plastically deformed area around the crack mouth, although electropolishing was applied 

once again before the scan. This is one of the advantages of PXM over EBSD, as 

discussed previously. 

For EBSD maps, the crack pathway is clearly delineated (as white) because the 

depth range sampled by the electron beam is only a few tenths of microns. Also, similar 

but not exactly the same grain structures were observed from the orientation maps of 

EBSD and PXM. In Figure 7.5(b), mis-orientation approaching 1 degree can be mapped 

along some of the grain boundaries by EBSD. As well, some mis-orientation appears to 

be associated with the crack itself, either as a result of local strains or from surface 
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roughness at the crack edge. In the case of the PXM map of plastic strain (mis-

orientation), the intensities shown result from an average of reflections coming from 

depths of several microns. Therefore, they are thought to be less affected by surface 

preparation. 

 

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 were produced by accelerated 

corrosion of Alloy 600 C-ring test specimen on the free surface. Such big cracks may be 

due to lower constraint and/or more corrosive environment of the free surface compared 

to the cross sectional cracks. Alternatively, multiple small cracks might be linked 

together to form a main crack with a considerable size. Duplex-layer oxides were 

observed on the surface. 
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From both PXM and EBSD studies of this crack, no obvious elastic strain or 

plastic deformation can be identified near any of the tips of the crack network, which is 

perhaps because the mechanisms of stress resolution were more complex for this crack. 

Another possible reason would be that the crack studied was covered by a thick oxide 

film, therefore the crack tips we determined from the SEM image might not be accurate, 

which in turn lead us to wrong locations for the expected high strain. In other words, a 

better way to study cracks would be fresh polished surfaces other than a surface covered 

with thick oxides.  

Though no connection between strain and crack tips were observed, the crack 

mouth did show very high loss of crystallinity, probably resulting from the defects 

caused by mechanical stress during SCC or the concentration of chemical activity. In 

addition, both elastic and plastic strain were found to decrease with the depth towards the 

midplane of the C-ring, which reflects the result from torsional stressing of the C-ring. 

The index quality map generated by FOXMAS was also found to be quite useful on 

differentiating the crystal integrity. Higher numbers of 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 polychromatic x-ray microdiffraction 

(PXM) was used to determine the microstructure and microstrain in Alloy 600 prior to or 

during the stress corrosion cracking (SCC) initiation. Two main objectives were set up. 

First, it was necessary to assess the reliability and limits of this relatively new technique 

for determining the magnitude and distribution of microscopic strains in Alloy 600. 

Second, the changes in microstructure and microstrain distribution needed to be studied 

before and after SCC crack initiation. These should contribute to a better understanding 

of the SCC mechanisms. 

8.1.1 Evaluation of PXM 

This first objective was accomplished by comparing the PXM data to those from 

more traditional techniques – neutron diffraction and EBSD. PXM, neutron diffraction 

and EBSD measurements were made on tensile bar specimens uniaxially stressed to 1% 

nominal strain, and were presented in Chapters 3 and 4. An unstrained control specimen 

was also measured by these techniques. 

PXM has been shown capable of detecting the strain patterns introduced to Alloy 

600 specimen by a low (1%) uniaxial tensile strain. These strains were also detectable by 

neutron diffraction and this well-calibrated method was used to validate the PXM 

technique. The principal strain direction in the alloy was determined to be mostly 

compressive that were on the order of 100 × 10-6 (100 µε); this agrees with the strain 

levels measured by PXM. A more precise comparison was done by identifying grains in 

PXM strain maps whose directions are closest to the directions measured by neutron 

diffraction. The strain direction and magnitude were found to be comparable to those 

measured by neutron diffraction. A comparison between PXM and EBSD mapping for 

the same alloy was less definitive; these two techniques measure different properties. 
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EBSD measures plastic strain which is deducted from local mis-orientation. At this point 

in our use of PXM no capability for such measurements existed; only elastic strains 

could be measured.  

PXM did show promise in its ability to detect some contributions to local plastic 

strains through the measurement of  the distribution of dislocations. This was done by 

studying the elongation and splitting of PXM spots. Of particular interest was the 

behavior of dislocations in adjacent grains across grain boundaries of differing angular 

orientations. Dislocations of similar densities and directions were found on both sides of 

low sigma and low angle boundaries. At other boundaries there was a sharp divide with 

complex dislocations appearing to be blocked by the boundary, causing structural 

damage in the “softer” grain. This could help to predict those  regions in the 

microstructure that may support crack propagation.  

The 3D PXM was found to be particular useful in detecting differences in the 

plastic strain between surface and bulk of the material. This capability of 3D PXM is 

rather important as the plastic strain produced by any form of surface preparation will 

have an influence on the propagation of cracks, which is important to be distinguished 

from those of other metallurgical factors. 

PXM has three advantages over EBSD techniques. First, using PXM, the strain 

resulting from both residual elastic and some level of plastic strain can be measured on a 

quantitative basis using changes to the lattice parameters; a separate measure of plastic 

strain information is obtained from any streaking of the diffraction spots and the local 

mis-orientation angles. Second, the information volume achieved by the x-ray beam is 

particularly appropriate for detecting strain information from intergranular interactions 

under typical stress corrosion conditions encountered by alloys used in heat transport. 

The PXM technique is able to measure strain directions; therefore compressive and 

tensile strains that occur during SCC are distinguishable and appropriate conclusions 

concerning the likelihood of failure can be reached. 

PXM also has advantages over neutron diffraction. Firstly PXM elasto-plastic 

measurements are specific to a microscopic region of a metal such as particular grain or 
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boundary; neutron diffraction involves the measurement of thousands of grains and 

therefore is an averaging measurement. As well, specific information concerning plastic 

deformation is not available from neutron diffraction. 

In short, the PXM technique appears to have the latitude and accuracy necessary 

to measure strain patterns caused before and during stress corrosion cracking (SCC). 

However, one should keep in mind that PXM is not a replacement for any other 

technique, as it is not as accessible due to the use of synchrotron radiation and very time-

consuming. This is also the main reason that the authors have not repeated the 

measurements on a same sample to check the reproducibility of the PXM data, which 

would be a good future work if enough beam time is available. Additionally, as one of 

the thesis examiners pointed out that a better way to evaluate the true accuracy of the 

PXM, would be using single or bicrystals to verify the true local strains instead of 

comparing PXM with other techniques. 

8.1.2 SCC Study 

The SCC study was performed on C-ring samples for the second objective, as C-

rings are versatile specimens for SCC test of all kinds of alloys in different forms. 

The effects of stress application to C-ring sample were first discussed in Chapter 

5. Compared to the unstressed C-ring, a significant higher tensile strain was observed in 

y direction – the main stress axis direction of the stressed C-ring as expected, so was a 

higher composite (von Mises) strain. Significant lattice rotation and pronounced plastic 

strain were also noted after stress, which were demonstrated by the study of pole figures 

and the peak shape changes of Laue images from the same locations of the C-ring 

specimen before and after stress. The confirmation of the tensile strain in y direction is 

rather important, as one can thus predict the preferential propagation direction of the 

SCC, that is, x direction when only considering the crack path on the cross sectional 

surface. Indeed, the cracks were found to propagate mainly along x direction in the SCC-

cracked C-ring samples studied in the following chapters. 
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Ideally, the same stressed C-ring should be used for the subsequent SCC study. 

However, different C-rings were used for the SCC test with different corroding time for 

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

In Chapter 6, two short intergranular cracks from the cross sectional surface of 

the C-rings induced by respectively 6h and 18h electrochemically accelerated corrosion 

in high temperature caustic solution were studied carefully by PXM. Tensile strains with 

respect to the stress axis were identified in regions ahead of the crack tip, so was the 

plastic deformation. The direction of the crack propagation was found to be mainly 

affected by three factors:  

(i) The grain boundary mis-orientation. The cracks were generally going 

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

(ii)  The stress axis direction. The GBs perpendicular to the stress axis would 

be the ones favorably oriented for cracking. However, cracks along GBs 

parallel to the stress axis, the unfavorable direction were also observed, 

which usually require large stresses or plastic.  

(iii)  The last but not the least is the accumulation of dislocations between hard 

and soft grains.  

In addition, the Schmid factor seems to play a role in the initiation of SCC. One of the 

grains adjacent to the crack initiation site was found to have the lowest Schmid factor 

compared to those calculated for surface grains and grains along the crack path. 

 In Chapter 7, a massive crack on the free surface of a C-ring sample with 24h 

corroding time was studied by both PXM and EBSD. In comparison with the cracks 

studied in Chapter 6, this crack is different not just because of longer corroding time, but 

more importantly its location. Being on a free surface with lower constraint and/or more 

corrosive environment was believed to be the main reason for such a big size crack. The 

other explanation would be that multiple small cracks were linked together and formed a 

main crack with considerable size. The strain study around the crack tip was less 

definitive than those for 6h and 18h cracks. No obvious elastic strain or plastic 

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

the ambiguity in the location of the crack tips due to the coverage of the oxide film. 

8.2.3 Use of FOXMAS 

Towards the end of this project, another task was established – to test and 

investigate the use of the under developing PXM data processing software FOXMAS. 

Besides the conventional orientation maps and strain maps, local mis-orientation maps, 

ellipticity maps and the index quality map generated by FOXMAS were found very 

useful.  

The local mis-orientation maps were produced with the same convention as those 

used in EBSD. They provide an intuitional view of the distribution of plastic 

deformation. The ellipticity maps assess the direction and length of streaks in a Laue 

image. Abrupt changes to the inclination of diffraction streaks within a particular region 

can signal a change in the operative dislocation systems, which can be easily discovered 

by the color in the ellipticity maps. The index quality maps provide information about 

numbers of indexed spots within each Laue image. They were found to be quite useful 

on differentiating the crystal integrity. Higher numbers of indexed spots indicate a harder 

grain with higher degree of crystalline order. 

Generally, FOXMAS has shown its capabilities on strain studies in Alloy 600 C-

rings. It is a comparable software for processing Laue 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 is to determine the microstrain 

distribution prior to or during the SCC initiation with the relatively new technique PXM. 

The work outlined in this study has shown that the local strains measured by PXM are 

quantitatively consistent with those from the more traditional technique neutron 

diffraction, while some qualitative correspondence was observed between PXM and 

EBSD. Moreover, the PXM has also presented its ability to access local plastic 
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deformation by assessing the streaking/splitting of the Laue peaks and the local mis-

orientation.  

The work presented in this thesis also exploited the PXM to the study of SCC in 

C-ring samples. From the study of two short cracks at the cross-sectional surface of the 

C-ring samples, local elastic strain as well as local plastic deformation were observed 

around and ahead of the crack tip, which agrees with the observations from previous 

studies. These localized strain fields coincide with the triple junctions where crack arrest 

occurs and re-initiation requires a buildup of strains at the crack front. As a comparison, 

the PXM study on the massive crack from a free surface of the C-ring sample was more 

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

Overall, the PXM has shown great promise in its ability to detect either elastic or 

plastic strains in uniaxially tensile samples and C-ring samples, as well as the changes of 

microstructure and microstrain induced by SCC. Indeed, the PXM has advantages over 

neutron diffraction and EBSD in SCC study, however, it should be only used as a 

complementary method to others because of its low accessibility.  

8.3 Future Work 

This thesis has shown the promise of PXM in studying the SCC in Alloy 600. 

Future works based on the studies undertaken in this thesis are described below. 

First, the 3D PXM measurements could be applied to the C-ring samples, 

especially around the crack tip area. As discussed before, the 2D PXM is able to give 

enough information about the microstructure and microstrain, however, it does show the 

effects of the accumulation from both surface and lower grains as the x-ray penetrates up 

to ~ 60 µm into Alloy 600 samples. Therefore, it is worth to apply 3D PXM at regions of 

interest (crack tip and the triple point ahead) to get a clearer view of the origin and 

distribution of the microstructure and strain, though fair amount of time would be 

required.  

Second, as mentioned before, the best way to study the SCC is to use a pre-

characterized sample, so no effects other than those from SCC will stand out. The 
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stressed C-ring studied in Chapter 5 is a good candidate for this purpose. However, to 

catch the moment for crack initiation, the C-rings are not good choices, as they were 

found to easily be cracked with length at tens microns even within 6h. A better candidate 

is a sample with very low residual strain before cracking, so it can be subjected to 

successive SCC test until a crack is found and characterize the sample at a same area 

between each exposure to follow the changes. A control bar sample with 12h the same 

SCC test as the C-rings was studied at the same time at ALS, for which the results were 

not shown in this thesis. No cracks were found with even 12h SCC test. From the maps 

shown in Figure 8.1, very low elastic strain and plastic deformation were observed. This 

sample is therefore a good one for the SCC initiation study.  

Third, a more careful study can be carried out on the 24h C-ring sample presented 

in Chapter 7. As discussed previously, the oxide film on the surface might be shielding 

the real crack tip, so what can be done is to remove the oxide film and relocate the crack 

tip. Then examine the PXM results with the new location of crack tip. The next step is to 

embed this C-ring and polish it until a cross-sectional crack is revealed, as the same 

procedure for the 6h and 18h C-ring. Then study this cross-sectional crack with PXM, to 

clarify the differences observed from the free surface crack 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 a 12h SCC test; (b-e) OM, index quality map, 
local mis-orientation map and ellipticity map of the area shown in the SEM image obtained from PXM.  

 

 

7 15

(a)

(b)

(c)

(d)

(e)
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Appendix I Angle calculation from PXM data for Chapter 3 

This appendix presents an example of calculation for the angle between a direction [111] 

in crystal coordinates system and the neutron diffraction coordinates RD, ND and TD 

from PXM data. 

Necessary input: the rotation matrix from crystal coordinates to sample coordinates. 

Example: 

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

 

The matrix ℎ��	−> 	��� is used for this calculation, as highlighted with blue box above. 

1. matrix ℎ��	−> 	��� 

���� ��� ������ ��� ������ ��� ���	 = �−2.1119308472 1.6937179565 −0.7674899101

−1.4791300297 −0.8263214231 2.2466287613

1.1268965006 2.0896139145 1.5104938745

	 

              ℎ, �, �	 = 	1,1,1 

2. Calculate 
111� from crystal coordinate system to sample coordinate system 
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11 12 131 11 12 13

1 21 22 23 21 22 23

31 32 331 31 32 33

* *

* *

* *

a h a k a lX a a a h

Y a a a k a h a k a l

a a a lZ a h a k a l

∗ + +     
     = = ∗ + +     

     ∗ + +     

 

1

1

1

-1.185702801

-0.058822691

 4.72700429

X

Y

Z

=
=
=

 

3. Calculate the angle to RD, TD and ND (show one calculation for RD). Referring to the 

Figure 2.4 in Chapter 2, the directions RD, TD and ND in neutron diffraction are the 

exact equivalents of x, y and z in PXM, which means RD = �10
0


, TD = �01
0


 and ND 

= �00
1


 in sample coordinate system in PXM. 

To RD 2 2 2X =1, Y =0, Z 0= , 

1 2 1 2 1 2 1
1 1 1

2 2 2 2 2 2 2 2 22 2 2
1 1 1 2 2 2 1 1 1

Y
cos

( ) ( ) ( )

X X Y Z Z X

X Y Z X Y Z X Y Z

φ + += =
+ + + + + +

 

So cos -0.243281001φ =  and the angle 104.080269=104.1φ =  

Then the same way to calculate the angle between 
111� to TD ( 2 2 2X =0, Y =1, Z 0= ) 

and ND ( 2 2 2X =0, Y =0, Z 1= ), we got 90.7 and 14.1 respectively. 
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Appendix II Calculation of Schmid factor from Laue data 

This appendix presents an example of the calculation of Schmid factor from Laue data 

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

Necessary input: Rotation matrix ������	
��
����� which rotates sample coordinate 

system to crystal coordinate system  

Calculation steps 

 

Figure A.1 Illustration of the geometry of slip in a cylinder. Note that α+β ≠ 90° in general. Adopted from 

Chapter 1 (Figure 1.3). 

1. Express stress vector in the crystal coordinate system  

��
����� = ������	
��
����� ∙ ������	                   

2. For every slip system calculate the following: 

���α ∙ ���β 

Where α is the angle between ��
����� and normal to the slip plane and  

β is the angle between ��
����� and slip direction.  

 

σ= F/A0

Slip plane 

normal

Slip direction

Slip plane

αααα ββββ

A0

A

Fr = Fcosβ

τr= Fr/A

= Frcosα/A0
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Example: 

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

 

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

blue box above. One calculation is shown as following. 

Known: stress axis in sample coordinate system 
010�, calculate Schmid factor for slip 

system �111�〈1�10〉. 
1) Calculate σcrystal 
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	σ�
����� = g�����	���
����� ∙ σ�����	 

              = � 0.72983			 0.67131			 0.12922

−0.67192			 0.66955			 0.31658

0.12600		 −0.31788			 0.93972

	 ∙ �01
0

	 

               = � 0.67131

0.66955

−0.31788				 

2) Calculate cosα     normal to slip plane is �=
���� 
cosα =

�������� ∙ ����������� ∙ |�|	 

= 	
� 0.67131

0.66955

−0.31788				 ∙ �
1

1

1

	
�0.67131� + 0.66955� + 0.31788� ∙�1� + 1� + 1�

	 

=
1.02298

√3 ∙�0.67131� + 0.66955� + 0.31788�
 

3) Calculate cosβ             slip direction is � = 
��� � 
cosβ =

�������� ∙ ����������� ∙ |�|	 

										= 	
� 0.67131

0.66955

−0.31788				 ∙ �
−1

1

0

	
�0.67131� + 0.66955� + 0.31788� ∙�1� + 1� + 0�

 

										= −0.00176

√2 ∙�0.67131� + 0.66955� + 0.31788�
	 

4) Schmid factor for slip system �111�〈1�10〉 is 

! = ���α ∙ ���β	 
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					= 1.02298 × "−0.00176#
√6 ∙ "0.67131� + 0.66955� + 0.31788�#	 

							= −	0.000735 

Take the absolute value, so ! = 0.000735 

5) Use the same method to calculate Schmid factor for all slip systems, take the highest 

number as the Schmid factor for this grain. Therefore, the Schmid factor for this grain is 

0.41311 with the most possible activated slip system �111�〈1�01〉. 
glide plane glide direction Schmid factor 

 

{       1,       1,       1} 

<      -1,       1,       0> 0.00073 

<      -1,       0,       1> 0.41311 

<       0,      -1,       1> 0.41238 

 

{      -1,      -1,       1} 

<      -1,       1,       0> 0.00119 

<      -1,       0,      -1> 0.23934 

<       0,      -1,      -1> 0.23814 

 

{      -1,       1,      -1} 

<       1,       1,       0> 0.17304 

<      -1,       0,       1> 0.12766 

<       0,      -1,      -1> 0.04539 

 

{      -1,       1,       1} 

<       1,       1,       0> 0.17497 

<      -1,       0,      -1> 0.04612 

<       0,      -1,       1> 0.12885 
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