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PREFACE

The image of stress corrosion I see

Is that of a huge unwanted tree

Against whose trunk we chop and chop,

But which outgrows the chips that drop;

And from each gash made in its bark

A new branch grows to make more dark

The shade of ignorance around its base,

Where scientists toil with puzzled face.

(S. P. Rideout, 1967)[1 ]
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ABSTRACT

Chloride induced stress corrosion cracking (CISCC) is one of the most vulnerable weak-

nesses for the widely used austenitic stainless steel in many industries. The complex nature

of CISCC involves mechanical, electrochemical, and microstructural perspectives. The ob-

jective of this thesis is to assess CISCC phenomenon in austenitic stainless steel from the

mechanical and crystallographic perspective, specifically on the effect of local strain and

stress and anisotropic plastic deformation. Austenitic stainless steel 304L test coupons are

bent in four-point bending fixtures to obtain tensile stress for CISCC, followed by corrosion

experiment in boiling magnesium chloride solution. Stress state of the sample is evaluated by

finite element analysis (FEA) and X-ray Diffraction Crystallography (XRD) prior corrosion

test. Cross section of the cracked region are analyzed with Electron Backscatter Diffrac-

tion (EBSD) to analyze the relationship between CISCC behaviors and crystallographic

features in the sample. Schmid factor and Taylor factor are used to quantitatively evalu-

ate CISCC initiation and propagation behavior. It is learned that in polycrystalline FCC

stainless steel, mismatch of Schmid factor and Taylor factor values in adjacent grains along

crack path governs CISCC propagation susceptibility and path selection. Crack propagation

factor competition model is proposed based on observations from EBSD maps, incorporat-

ing Schmid factor and Taylor factor mismatch, electrochemical condition of crack tip, and

anisotropic properties.
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1. INTRODUCTION

Austenitic stainless steel is one of the most commonly used materials for structural applica-

tion in marine, defence, aerospace and nuclear industries due its high corrosion resistance.

However, the one factor that limits extended application of austenitic stainless steel is its

susceptibility to chloride induced stress corrosion cracking (CISCC) [2 ].

One of the most significant concerns raised in recent decade that drew tremendous atten-

tion to SCC susceptibility of austenitic stainless steels is spent nuclear fuel canister failure.

There are currently more than a hundred operating nuclear reactors in the United States,

many of which have been in operation for multiple decades [3 ]. During the routine operation

of these nuclear power plants, spent nuclear fuel must be removed from the reactors and re-

placed with new fuel. The spent fuels are initially stored in spent fuel pools. However, as the

spent fuel pools are reaching capacity, independent dry storage canisters were licensed by nu-

clear regulatory commission for additional storage capacity. Right now, there are over 2000

dry canisters in service and stored in separate concrete overpacks for radiation shielding [4 ].

According to the spent fuel storage concept, the decay heat of spent nuclear fuels dissipates

through the canister wall by air cooling. Thus, the canister wall is in direct contact with

moist air containing salt particles and suffers from chloride-induced stress corrosion cracking

(SCC) from the deliquesces of deposited sea salts [5 ]. The Nuclear Regulatory Commission

(NRC) normally provides 20 years initial license for the facilities to use dry canisters storage

and part of the reason. As the initial license for most canisters are now approaching its end,

many facilities are applying for license extension. But the problem for the safety evaluation

is that it is almost impossible to take the canister out of the concrete overpack for inspection

and repair because of the high radiation level. And also current regulations prohibit trans-

portation of canisters with even particle cracks because of safety. Thus, solving the SCC

problem of these dry canisters is critical and urgent nowadays.

SCC phenomena has a long history that dates back to the early twentieth century, leading

to many explosion of steam engine boilers and it was also serious problem in the failure of

firearms during both world wars [6 ]. The expensive failures of various systems have drawn a

great scientific exploration on the topic since then. But well rounded theoretical mechanisms
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were not proposed until 1950s and even after another 70 years of study, scientists have not

arrived at a universally agreed theory to explain the mechanisms of how the three factors

work to induce SCC. In the recent two decades, SCC research has been divided into more

specialized factors controlling SCC phenomena. The objective of this thesis to assess CISCC

initiation and propagation in austenitic stainless steel from a mechanical and crystallographic

perspective.
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2. BACKGROUND

2.1 Stress Corrosion Cracking (SCC)

2.1.1 Introduction

SCC is a type of Environmentally induced Cracking (EIC) that describes the growth of

brittle cracks due to the simultaneous action of a stress (nominally static and tensile) and

a reactive environment [7 ][8 ][9 ][10 ]. The susceptibility is further influenced by the rate of

solution renewal, oxide rupture, and passivation at the crack tip as shown in Figure 2.2 [11 ].

Within the EIC family, SCC is often distinguished from fatigue corrosion by constant or

monotonically increasing loading condition versus cyclic loading [12 ][13 ]. Typical character-

istics of SCC include [6 ][14 ][15 ]:

1. Normally ductile alloys in inert environment usually fracture and fail in a brittle man-

ner.

2. highly corrosion resistant alloys are very susceptible to SCC when stress exists (e.g.

stainless steel is almost immune to boiling MgCl2, but is highly susceptible to TGSCC

when tensile stress exists).

3. Cracks are highly localized in transgranular (TG) or intergranular (IG) form, branched

and usually perpendicular to the stress direction.

4. SCC is also an electrochemical process and resistance of SCC depends on alloy com-

position and electrode potential.

5. SCC behavior shows strong dependence on microstructure and surface condition.

6. SCC environment is different for different alloy.

2.1.2 Models for SCC mechanisms

Over the past century, there have been various universal models attempted to explain

SCC phenomena, but even though many of them may apply to particular systems, they are

not universally applicable to every environment-alloy combination [16 ][17 ][7 ][18 ][19 ]. Here is
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a brief summary of past models proposed and how they are developed and evolved over the

years.

Film Rupture Model

Film rupture mechanism (FRM) is the one of the oldest SCC mechanisms proposed by

Mears [20 ] first in 1944 and confirmed by Logan [21 ] later in 1952.

When the stress is high enough, protective film will be broken by plastic deformation

and the fresh exposed metal will become electronegative with respect to the filmed region.

If such exposed material is connected to filmed areas by a conducting liquid, e.g., drops of

liquid containing dissolved gases or salts, a short-circuited electrolytic cell will generate [20 ].

As the size of the film-free region is generally very small compared with the filmed area,

the current density over the anodic film-free area is high, and corrosion will proceed at a

rapid rate until a readjustment of stresses permits repassivation. Stress corrosion will thus

proceed along alternative paths until the stress concentration at the particular path under

consideration becomes sufficient to rupture the protective film again [20 ].

Logan’s report agrees generally with the ”film rupture mechanism” idea proposed by

Mears, his result shows that only minor plastic deformation is needed for film to rupture and

expose film-free substrate, rather than tearing of the underlying metal [21 ]. In summary,

Logan’s FRM model is that SCC is caused by repetitive electrolytic reaction between film-

free (anodic) substrate and passive film (cathodic) when stress is sufficient to rupture the

passive film. Local stress will be adjusted based on the dissolution of the metal and when

film reformation condition is satisfied, the dissolution reaction will become repetitive.

In 1972, Vermilyea outlined the prediction of crack propagation rate based on Logan’s

FRM model while assuming homogeneous metal [22 ]. Vermilyea quantified the crack growth

to creep strain between film rupture and repassivation. The model he proposed is:

l̇ = L

tc
(2.1)

where l̇ is the rate of crack propagation, L is the metal loss depth of each film-rupture cycle,

and tc is the time between repassivation and new film rupture at critical strain ε̇.

17



Slip-Dissolution Model

The conceptual mechanism of film rupture model was not experimentally validated until

1988 by Andreson and Ford [23 ]. Their model assumed Faraday’s 2nd law governed the

oxidation reactions (dissolution, repassivation and corrosion advance) that led to crack ad-

vancement at crack tip after film rupture, as shown in Figure 2.3 . The protective film was

ruptured repetitively by increasing strain in the underlying metal, when film fracture strain

was reached[24 ]. The periodicity tf can be calculated based on the fracture strain of the

passive film and strain rate at crack tip. The growth rate of the model was summarized in

a general form [23 ]:

(da
dt

) = f(n)(dε
dt

)n
ct (2.2)

where (da
dt

) is the crack growth rate, n is a parameter representing environment and

material chemistry effect on oxidation, and (dε
dt

)n
ct is the crack tip strain rate.

The environmental and chemical factor f(n) is later correlated to oxidation/repassivation

current density i(n) as [25 ][26 ]:

f(n) = ( MzρF )i(n)dt (2.3)

where: M is the metal’s atomic weight, z is the valence state, ρ is density, and F is

Faraday’ s constant. The oxidation/repassivation current density i(n) decays exponentially

with time t.

Smith and Staehle gave a good demonstration of how slip step initiates local dissolution

in Figure 2.4 [27 ][28 ].

To distinguish characteristics of SCC under this model, Visualisation of surface topog-

raphy, pitting, surface dissolution and formation of a passive film, can be measured directly

[29 ].
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Film-induced Cleavage Model

Film-induced cleavage model was first proposed by Edeleanu and Forty to explain the

sudden and discontinuous appearance of crack traces during brittle fracture in the α-brass

immersed in ammonia solution [30 ]. Based on their optical microscopic observation of the

crack, repetitive brittle cracking is triggered by selective dezincification and embrittlement

on surface, propagated freely until halted at slip band. Their observation of discontinuous

cracks was later confirmed in scanning electron microscope (SEM) by Beavers and Pugh [31 ].

Beavers and Pugh also illustrated the model schematically, as shown in figure 2.6 [9 ]. Their

results showed that cracks propagated on {011} planes, rather than {111}, with surface

steps on (11̄1) and (111̄) alternatively. The fact that step faces were {111} slips planes

indicated that steps were formed by shear rather than tearing. The discontinuity of the

crack indicated that crack tip must be completely re-passivated, rather than continuously

disarrayed by elastic strain, before subsequent rupture and propagation.

Modern film-induced cleavage models were advanced by Newman and Sieradzki from both

mechanistic and electrochemical perspectives. They concluded that dealloyed or oxidized

thin films must be involved with crack initiation based on the crack advance event (AE)

acoustic frequency they reported [32 ]. The active path along which the crack propagates is

cyclically generated as film disruption and rebuild alternate with each other, and propagation

is controlled by the slip characteristics of the substrate metal. This strain-generated active

path mechanism typically leads transgranular cracking [33 ].

Corrosion Enhanced Plasticity Model (CEPM)

Magnin proposed the corrosion enhanced plasticity model (CEPM) in 1996 [34 ][35 ], and

subsequently reviewed by Chateau in 2002 [36 ][37 ]. CEPM tries to explain the zig-zag micro-

fracture along alternating {111} slip planes of austenitic stainless steels in Cl− solutions. In

this model, local fracture occurs in the enhanced plasticity region from the formation of dislo-

cation pile-up along slip-planes. When pile-up is hindered by obstacles, like Lomer–Cottrell

locks, local stress is severely intensified and leads to decohesion. In the presence of hydro-
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gen at crack tip, local cohesion energy is further decreased and decohesion is eased [36 ].

Schematic illustration of Magnin’s CEPM model is shown in Figure 2.5 [35 ].

2.1.3 Controversy

There are many more models proposed over the years assessing various alloys in different

environments. Yet, the above four models are main focus studying CISCC of austenitic

stainless steels [14 ][2 ]. Among these four models, there is controversy between continuous

(slip dissolution) and discontinuous (CEPM) TGSCC mechanism, depending on the final

fractography. Zhu builds another comprehensive model with continuous major cracking from

anodic dissolution and discontinuous secondary cracking from local fracture (fractography

shows river pattern) [38 ]

Although under a particular testing condition one mechanism may be valid, an alteration

of the system variables could lead to operation of a different mechanism. Indeed, two or more

mechanisms may be operating simultaneously.

2.2 Effect of Various Factors on SCC Phenomena

Mechanical, environmental and metallurgical factors have been shown to relate to CISCC

growth [11 ][15 ][39 ]. Staehle has done an excellent job summarizing the empirical relationship

between SCC depth and various factors, as shown in Figure 2.1 [40 ]. Effect of different factors

will be discussed based on past literature below.

2.2.1 Mechanical Factors

TGSCC has been shown to be driven by localized deformation with environmental cor-

rosion assistance [41 ][42 ]

Stress Intensity Factor

The applied stress intensity (K) is a function of the uniform stress and the crack length

[43 ]:

K = σ
√

πaf(a) (2.4)
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where σ is macroscopic flow stress, a is crack length, and f(a) is dimensional factor.

For a constant-stress test, the stress intensity increases as crack propagates longer. For

low-strength materials, higher K leads to a significant plastic zone ahead of the crack tip

[11 ].

2.2.2 Microstructural Factors

Phase Transformation

For austenitic stainless steels, like 304 and 316, Martensite transformation tends to be

induced by plastic strain along grain boundaries and facilitated by hydrogen permeation

[2 ]. For IGSCC, martensite at grain boundaries are specifically responsible for hydrogen

embrittlement because of its high hydrogen diffusivity and permeability nature [44 ][2 ]. Me-

chanically, strain-induced martensite transformation leads to work-hardening and causes

higher susceptibility to SCC as dissolution rate of martensite is much higher than austenite

[45 ].

Grain Size Effect

Grain boundary has higher energies and thus is more chemically active [15 ]. Higher den-

sity of grain boundaries increases the reactivity of the surface through increased electron

activity and diffusion. Besides, SCC typically involves electrochemical competition between

passivation–repassivation kinetics of passive film formation and hydrogen diffusivity in the

matrix, which is responsible for hydrogen-assisted SCC failure [46 ]. Increased surface re-

activity coupled with more sites for oxide film nucleation of grain-refined materials lead to

more rapid formation of protective layers [47 ][48 ], which will protect the crack path from

blunting and induce rapid brittle cracking. In addition, electron work function (EWF) de-

creases with decreased grain size. Reduced atom coordination causes a surface to have a

lower work function, which eases electron removal and adsorption of corrosion species [49 ].

Faster diffusion of hydrogen along grain boundaries can drive the crack propagation and

cause accelerated failure in materials with finer grain [46 ].
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Stacking Fault Energy (SFE)

Stacking Fault Energy (SFE) significant affects slip, twinning and ε-martensite transfor-

mation during deformation in FCC structure system [50 ][51 ][52 ]. In regard of deformation

behavior, SFE value is divided into three categories:

1. SFE > 50 mJ/m2: plasticity dominated by slip

2. 15-18 mJ/m2 < SFE < 50 mJ/m2: plasticity dominated by twinning and slip

3. SFE < 15-18 mJ/m2: plasticity dominated by ε-martensite and slip.

Austenitic stainless steel 304 has low (< 20mJ/m2) SFE at temperature below 100K

and moderate (20-45 mJ/m2) SFE at temperature between 100 and 300 K [53 ][54 ]. In

this moderate range of SFE, twin nucleation and growth are eased because of dissociation

preference of perfect dislocation. Besides, easier dissociation inhibit cross-slip and induces

more dislocation pile-ups against obstacles [50 ], which assists SCC growth.

2.2.3 Environmental Factors

Hydrostatic Energy

Hydrogen diffusion and adsorption increase local energy that decrease stress required

for crack to propagate [37 ]. Hydrogen segregation in the hydrostatic stress field of edge

dislocations and the resulting asymmetric stress relaxation on the slip plane will decrease

resolved shear stress, which is related to dislocations having a non-zero edge component [55 ].

This hydrostatic interaction between hydrogen and dislocations are referred as ”hydrogen

softening” that ease the stress cracking [36 ].

Temperature

The fracture type for SS304 in boiling Magnesium Chloride solution is reported to be

transgranular at higher temperature (416K or higher) and intergranualar at lower temper-

ature (408K) [2 ]. As temperature increases, both hydrogen absorption and escape rate

increase whereas the amount of hydrogen entry decreases, leading to a overall decrease of
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hydrogen entry. [56 ]. On the other hand, as test temperature increases, the dissolution rate

of metallic substrate increases. At high temperature, when dissolution rate is higher than

hydrogen entry rate, TGSCC will dominate over IGSCC [2 ].

Meisnar et.al [57 ] used transmission Kikuchi diffraction to study the tip chemistry and

effect of temperature on crack growth rate in SS316 under PWR primary water environment.

It was discovered that crack growth rate increases with temperature increase in the range

of 250C - 320C, but decreases with temperature at higher temperature up to 360C. Higher

oxidation and diffusion rate was attributed to the positive correlation between CGR and

temperature.

2.3 Schmid Factor and Taylor Factor

Schmid factor is the direct parameter that determines the shear stress required to activate

the most active slip system, assuming isostress equilibrium [58 ], as shown in Equation 2.3 

[59 ].

σy = τCRSS

m

m = cosφ · cosλ

where σy is yield strength of the grain, and τCRSS is the critical resolved shear stress on

the active slip plane. High Schmid factor indicates less stress is required to provide sufficient

shear stress on the active slip system [59 ]. Grains with high Schmid factor are oriented with

easy slip step to break passive film to initiate brittle cracking across GB [7 ][60 ][27 ].

On the contrary, Taylor factor is derived based on the assumption of isostrain condition in

polycrystalline [58 ]. It is typically used to correlate macroscopic flow stress and the resolved

shear stress, assuming multiple slip systems share same shear stress as alternative to each

other [61 ].
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σxdεx = τdγ

M = dγ

dεx

= σx

τ

where σ is the macroscopic flow stress, ε is the grain strain, γ is the shear strain on each

slip plane, and τ is the shear stress on active slip planes.

Low Taylor factor indicates that less shear strain is required to accommodate the overall

tensile strain [62 ]. Thus, crack propagation is facilitated with reduced dislocation pile-up

and localized strain at the grain boundary before a grain with low M. Meanwhile, because

of the isostrain assumption, Taylor factor can also be used to evaluate grain specific stress

in terms of macroscopic stress, as demonstrated in Equation 2.5 .

σhkl = Mhkl

Maverage
· σaverage (2.5)

where σhkl is grain specific stress, Mhkl is the Taylor factor of the grain, and Maverage is

the average Taylor factor for the randomly oriented sample, which is 3.067 for FCC poly-

crystalline as calculated by Taylor [59 ]. Grains with high Taylor factor experience higher

stress than its surroundings, leading to more strain hardening and higher dislocation density

to maintain strain compatibility with the neighbouring grains [63 ][59 ][64 ].
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Figure 2.1. Generalized correlation of various factors with SCC penetration depth
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Figure 2.2. Schematic illustration of the interdependence of environmental,
metallurgical, and stress conditions required for stress corrosion cracking [11 ]
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Figure 2.3. Illustration of oxidation charge density versus time for a strained crack tip
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Figure 2.4. Schematic illustration of slip dissolution model for crack initiation
and propagation [27 ]
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Figure 2.5. Schematic illustration of corrosion enhanced plasticity model
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Figure 2.6. Schematic illustration of film-induced cleavage model for crack propagation
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3. EXPERIMENTAL

3.1 Sample Material and Weld

Two hot rolled SS304L (UNS S30403) sheets of 3mm thickness with composition shown

in Table. 3.1 were used to prepare the specimens. Following Canister Mockup report by SNL

[65 ], 30-degree bevels were prepared on sheet edges. Gas tungsten arc welding (GTAW) was

performed following parameters in Table 3.2 with SS308L (UNS S30880) filler. A schematic

diagram for the welded sample is depicted in Figure 3.1 . The welded sheet was sectioned

using laser beam to 105mm X 18.5mm following ASTM G39 standard with welding bead in

the middle and ground flat afterward [66 ].

3.2 Metallurgical Preparation

To prepare samples for mechanical and microscopic examination, part of interest on

the sample was sectioned by diamond circular saw to minimize deformation and residual

stress introduction. All of the samples were sectioned such that fusion zone, heat affected

zone (HAZ), and base metal were included, as represented by green box in Figure 3.1 . To

obtain optimal edge retention, samples were pressed-mounted in graphite-blend conductive

mounting resin with the cross section facing out. The press mount was conducted at 200 ◦C,

3000 PSI for 12 minutes. Mechanical polishing was done on BUEHLER EcoMet30 semi-

automated polishing system with the following procedure:

1. 360 grit SiC paper, 20N force, 200 RPM, 2 mins

2. 600 grit SiC paper, 20N force, 200 RPM, 2 mins

3. 800 grit SiC paper, 20N force, 200 RPM, 2 mins

4. 1000 grit SiC paper, 20N force, 200 RPM, 1 mins

5. 1200 grit SiC paper, 20N force, 200 RPM, 1 mins

Final mirror-like polishing was done by vibratory polishing with 0.05um colloidal silica for

4 to 6 hours. To avoid residual silica, after vibratory polishing, samples were immediately
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transferred into micro-organic soap solution and ultrasonic cleaned for 15 minutes. Final

cleaning was done by ultrasonic cleaning with Acetone and Isopropanol, followed by air-blow

drying.

3.3 Four Point Bending Test

To simulate the residual tensile stress for SCC initiation, four point bending test was

conducted following ASTM G39 standard [66 ]. The loading fixture was made by highly

corrosion resistant Hastelloy C-276 superalloy. To avoid generation of superimposed galvanic

current, the contact points between the sample and the fixture are supported by teflon pillars,

as shown in Figure 3.5 . The sample was first loaded into the fixture and indented by the

loading bolt, as shown in Figure 3.2 . Longitudinal tensile stress is applied to the convex

side of the sample as the loading bolt is screwed to indent the sample. To calculate stress

applied, deflection of specimens was determined by separate strain gauge. Maximum tensile

stress applied on the test coupon’s convex side was calculated based on the equation [66 ]:

σ = 12Ety
(3H2 − 4A2) (3.1)

where σ is maximum tensile stress, E is modulus of elasticity, t is thickness of specimen,

y is maximum deflection (between outer supports), H is distance between outer supports, A

is distance between inner and outer supports

In addition, indentation force can also be converted from tensile stress by:

σ = 3PL
4bd2 (3.2)

where P is Indentation load, L is Outer support span, b is Width of the sample, d is

thickness of the sample.

Each sample’s dimension were measured, and maximum deflection was calculated by

reading the strain gauge on the apparatus. Because plastic deformation involves localized

dislocation motions and is hard to quantify based on macroscopic measurement, the calcu-

lation of this standard only applies to the elastically stress scenario. However, as part of the
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primary goal of this research was to simulate real SCC condition of SNF canisters, based

on the deep hole drilling measurements of residual stress in the mockup report [65 ][67 ], 380

MPa maximum residual tensile stress was implemented for the four point bending test.

After samples were loaded with the bending fixture, they were set in air at least few days

before performing corrosion to allow depassivation.

3.4 Boiling Magnesium Chloride Corrosion Test

Boiling magnesium chloride corrosion test has been a standard test method for testing

SCC susceptibility for various stainless steel for many years after its introduction in 1945

[68 ][69 ]. Boiling magnesium chloride corrosion test for this thesis was performed on pre-

pared samples to understand stress cracking corrosion susceptibility in Advanced Materials

Laboratory at University of New Mexico and the setup is shown in Figure 3.3 . The cooling

system ran cooled DI water through the condenser to cool the water vapor from the boiling

of the MgCl2 solution and maintain the stable boiling temperature continuously. The boiling

solution was made by adding DI water to reagent grade magnesium chloride hexahydrate

flake in the boiling flask. From the relationship between boiling points of MgCl2 solutions

at one atmosphere pressure and solution concentration [70 ], to maintain the required 155.0

± 1.0°C (311.0 ± 1.8°F) boiling temperature, the concentration of the MgCl2 solution was

set to 54.3 wt%. To make the desired solution, 1200.0g magnesium chloride hexahydrate

flake was measured and loaded into the boiling flask with 30.0mL DI water and 2000 glass

beads as boiling aid. Two of the test coupons were placed once in the flask vertically and the

system was sealed and brought to boil. To adjust the boiling temperature to desired value

after the boiling was stable, 10.0mL DI water (if want to decrease boiling temperature) or

5.0g MgCl2 hexahydrate flake (if want to increase boiling temperature) was added carefully

through the side trap on top of the boiling flask. Temperature of the boiling solution was

monitored and recorded via the thermometer inserted into the solution every half hour to

make sure temperature is stable and within the desired range.

After every 6 to 8 hours of boiling, specimens were taken out and cleaned to check for

crack initiation. The outer surface that was under tensile stress was examined under optical

microscope at 20X-50x, as specified in ASTM G36 standard [68 ]. After micro cracks were
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found on sample surface, samples were ultra-sonicated in DI water followed by nitric acid to

remove corrosion product.

3.5 Electron Microscopy Characterization

The Scanning Electron Microscope (SEM) is one of the most commonly used charac-

terization instruments in both academic and industry, because of its high resolution and

magnification, wide range of imaging capability, and large depth of focus [71 ]. SEM uses a

focused high-energy electron beam to scan sample surface and collects the signals produced

from the interaction between electron and matter to obtain high-resolution images. As the

electron beam interacts with the sample, it will go through elastic and inelastic scatterings,

emitting various signals, as shown in Figure 3.4 [71 ][72 ]. Even though there are many dif-

ferent types of signals generated, not all of them will be detected and used. Most of the

commonly used signals are secondary electron (SE) and backscattered electron (BSE). SE is

a type of low energy electrons produced from ionization of specimen atoms caused by inci-

dent electrons. It can reveal the topology of the sample with good signal to noise ratio. BSE

results from the elastic scattering of of the primary electrons. Typical scattering angle ranges

from 0 - 180 degrees. Because the yield of backscattered electrons is proportional to atomic

number, BSE is often used to reveal elemental distribution [71 ]. In addition, scattering angle

and yield of BSE are also sensitive to crystal structure, which leads to the introduction of

electron backscatter diffraction (EBSD) for crystallographic characterization.

Since its automation [73 ], EBSD has become an major technique to analyze texture

and anisotropic properties of polycrysatlline materials. A mirror-polished sample needs

to be tilted to a high angle (70° in this thesis) in the SEM. Upon interaction with the

specimen, electrons experience initial elastic scattering and two cones of diffracted electrons

for each crystal lattice are produced when Bragg condition is satisfied [74 ][75 ]. A phosphor

screen is placed horizontally close to the sample to capture a wide angle of the diffracted

electron. When the diffracted cones enter the phosphor screen, ”Kikuchi band” forms and

corresponds to specific family of crystal lattice planes. These Kikuchi bands will be calculated

and compared with theoretical data of different phases and crystallographic orientations by

EBSD software (EDAX OIM V8 in this thesis) automatically. In recent decades, 3D EBSD
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was developed by consecutive slicing and EBSD scanning to reveal 3D topography of crystal

lattices [76 ][77 ][78 ].

In this research work, SE and EBSD are mostly used for topographic and crystallographic

analysis. An FEI (now Thermo Fisher Scientific) Quanta 650 FEG SEM was used for

EBSD scanning. The voltage of the SEM was set at 20kV, and the current was 5nA for

the electron beam. Dwelling time and step size are set to be 1ms and 0.3-2.5 um/pixel.

Neighboring confidence index (CI) was set to be above 0.1, and neighboring grain tolerance

angle was 3◦. EDAX OIM 8 was used for data analysis. In this thesis, all electron microscopy

characterization and analysis were performed on the cross section of the sample in Figure

3.1 , as sample surface defined as the convex sample side in the bending fixture.

3.6 Finite Element Analysis

To gain better understanding of the stress distribution over the test coupon, finite element

analysis was performed on standard dimension coupon models. FEA simulation was done

in ABAQUS by 3DS Academy. Because the weld was single pass, heat-affected zone (HAZ)

was assumed to be symmetrical over the welding bead [79 ]. Mechanical properties listed in

Table 1 were used in the modeling. Four rigid bars were modeled rigid and the middle two

bars indented to apply desired residual stress to the specimen, as shown in Figure 3. The

outside surface of the middle, which is the welding bead, on the specimen experienced the

highest tensile stress, as expected from the real canister wall case. The FEA model informed

us the calculated indentation displacement needed for reaching desired 400 MPa residual

tensile stress in our real 4-point bending fixture loading.

3.7 X-ray Diffraction Crystallography (XRD)

X-ray Diffraction Crystallography

According to ASTM G-36 [68 ], residual stress calculated from equation 3.1 is only valid

in elastic region. To verify the amount of residual stress introduced by four-point bending

test, XRD measurement was done on the sample surface in lateral direction starting from the
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center weld zone. Pulstec u-360 XRD was used for the residual stress measurement because

of sample size constraint.

In this thesis, all of the XRD residual stress measurement was performed on the sample

convex surface as in the bending fixture.
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Table 3.2. TIG welding parameters
Interpass temperature (°F) Current (A) Voltage (V)

Pass 1 75 110 12
Pass 2 266 110 12
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Figure 3.1. Schematic diagram of GTAW welded sample
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Figure 3.2. 4-point bending test setup
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Figure 3.3. Apparatus for boiling magnesium chloride corrosion test at UNM
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Figure 3.4. Signals generated by interaction between electron beam and sample [71 ]
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Figure 3.5. Four-point bent sample in the bending fixture
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4. RESULTS

4.1 X-Ray Residual Stress Measurement

XRD residual stress measurement is performed in the lateral direction on the as-received

and four-point bent sample surface. As shown in Fig 4.1 , As-received sample shows only

moderate compressive residual stress in the HAZ and base metal. From the calculation

of equation 3.1 , maximum tensile stress (380 MPa) is applied at the center of the weld

zone. However, in the weld zone of 380 MPa stressed sample, large (around -400 MPa)

compressive residual stress is detected. This is attributed to inaccurate measurement caused

by the irregular shape of the weld bead. The accuracy of XRD measurement is closely

related with surface flatness [80 ]. On the contrary, the rest section of the sample is flat,

and XRD measurement showed decreasing tensile stress from sample center towards end.

External stress applied by four-point bending is calculated as the difference between the

residual stress of the as-received and the four-point bent sample, as shown in Figure 4.2 .

4.2 FEA Simulation

An illustration of the final FEA simulation for four-point bent sample is shown in Fig-

ure 4.3 . Most of the tensile stress concentrates near the center of the convex side of the

sample. Specifically, the area with the highest tensile stress (red level) is between the two

supporting beams, as shown in Figure 3.5 . Simulated residual stress is also plotted in Figure

4.2 to compare with the actual stress applied from XRD measurement. It is observed that

simulated stress is the same between supporting pillars (+/- 22.5 mm). In HAZ zone, XRD

measurement is consistently around 100 MPa lower than simulated result. As the current

FEA simulation only simulate elastic deformation behavior, this difference indicates plastic

deformation happens during bending. In weld zone, because of the inaccurate XRD stress

measurement, the calculated external stress is also not representative. However, since the

XRD measurement in HAZ, which is the major part of the studied area, is consistently lower

than simulation, it is reasonable to assume external load applied in the weld zone is also

lower than the simulation. There are two purposes for FEA simulation: 1. FEA model is

used to confirm the amount of residual stress applied by bending fixture and verify the pres-
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ence of plastic deformation during the loading. 2. FEA result indicates convex surface of the

sample share the same maximum principal tensile stress between the middle two supporting

bars. (This helps to unify the stress intensity calculation in fracture mechanics)

4.3 Crack Statistical Analysis

After corrosion, crack location and frequency are recorded by examining cross section

of the sample under SEM. The number of cracks in weld zone and HAZ is normalized by

the length of the area because they share the same width, as shown in Figure 4.4 . A total

of 138 cracks are found near the center of the sample, with 31 cracks in weld zone and

107 cracks in HAZ. 35 cracks of interest morphology are picked for further crystallographic

analysis with EBSD. Most of the cracks are less than 10 um (microcrack). From EBSD

analysis, these microcracks just showed crack initiation with limited propagation within

the initiation grain. Both of the weld and HAZ had macrocracks (larger than 20 um) that

propagated perpendicular to the tensile stress direction. However, the chance for microcracks

to propagate and grow further is limited because of insufficient local stress and strain [6 ][81 ].

From the crack density, it is observed that weld zone is less susceptible than HAZ. Further

characterization and analysis in the following sections are heavily focused on HAZ, because

of limited access to the EBSD images on weld zone.

From the EBSD analysis, among all scanned cracks, only 8% of the crack initiation is

intergranular (IGSCC), and 92% of the initiation is transgranular (TGSCC), whereas crack

propagation is all TGSCC for both weld and HAZ. Limited IGSCC existence is attributed

to the low carbon content in the UNS SS304L substrate. Ultra-low carbon content in the

material limit sensitization during cooling and carbon segregation on grain boundaries [82 ].

IGSCC is thus suppressed because of insusceptible GB in the current corroded sample.

4.4 SEM Characterization Results

Crack morphology: as shown in Figure 4.5 , cracks show typical cleavage appearance

that clearly cross grain boundaries and pass through grains, indicating the brittle nature

of the TGSCC. Overall, cracks are perpendicular to the tensile stress direction, as applied
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by the bending fixture. Most of the microcracks exhibit limited branching; on the contrary,

developed macrocracks show moderate branching intersection, like crack C60 in Figure 4.16 .

Developed cracks propagate in a zig-zag pattern in twins. As EBSD results later show

that crack orientation changes every time cracks enter and exit grain twins, as marked on

the bottom in Figure 4.15 and Figure 4.16 . Because slip systems in twins are mirrored as

the original grain, crack orientation deviation in every twin is a direct evidence that crack

propagates along slip planes, which is {111} for FCC crystals. Cross-section view of river

pattern marks are also observed as discontinuous coalescence in certain grains, as marked

on the top in Figure 4.15 and Figure 4.16 .

4.5 EBSD Characterization Results

From the EBSD images, the average grain size for HAZ and weld zone are 56.3 um and

431 um respectively. Because of edge round off and charging of mounting epoxy, the very

edge of the corroded sample could not be indexed by EBSD detector. The information of

the beginning portion (5-10 um) of crack initiation is thus not accessible, as indicated by the

constant black or noisy zones on the bottom of the EBSD images. Most cracks are TGSCC,

clearly passing through GBs. To help visualize the crack pattern, sketchy crack paths are

drawn over the EBSD map. To better aid the observation of crack details, SEM images of

corresponding crack are resized and arranged, such that it matched exactly with adjacent

EBSD map. Red arrows indicate the crack propagation direction and tensile stress direction

is marked on the top. Example EBSD maps for cracks with special crack propagation

phenomena are listed at the end of this chapter 4.14 , 4.15 , 4.16 , 4.17 .

As shown in Figure 4.12 , both dendritic austenitic structure and δ ferrite interdendritic

structure are observed. During the cooling process after the weld, primary δ ferrite developed

from solidification at high temperature, and then transformed to γ austenite as temperature

decreases [67 ]. However, because of the rapid cooling rate, diffusion controlled δ-γ trans-

formation couldn’t complete and σ ferrite retained within grains and near grain boundaries

[83 ][84 ][67 ].

As shown in Figure 4.14 4.15 4.16 4.17 , twinning distributes homogeneously in different

grains across the whole HAZ. coincident site lattice boundaries (CSL) are marked as black
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grain boundaries in the EBSD maps. Since Austenitic stainless steel has a moderate SFE

between 100K to 300K [53 ][54 ], plastic deformation is accommodated mainly by slip and

twinning.

4.5.1 Grain Orientation Analysis

Grain orientation of individual grains on sample surface and crack path are extracted from

EDAX OIM software and mapped in inverse pole figure (IPF) via MTEX [78 ] in Matlab.

All of the orientations are observed with pole normal to the cross section side of the sample.

For reference, Schmid factor and Taylor factor distribution on IPF map by Hosford are also

included, as shown in Figure 4.7a 4.7b [59 ].

Figure 4.6a shows the grain orientation distribution of grains on the sample surface that

are free from cracks initiation. It is observed that the sample surface is randomly oriented

with no orientation concentration.

Figure 4.6b shows the grain orientation distribution of grains on the sample surface that

exhibit SCC initiation. It is observed that {011} orientation is not favored for TGSCC

initiation, whereas {111} and {011} are moderately preferred for in-grain crack initiation.

When combined with Figure 4.7b , it is found that most TGSCC initiation grains have middle

(> 2.9) and high (> 3.3) Taylor factor.

Arrows are used to connect the grain pairs on sample surface with IGSCC initiation. Be-

cause of the function availability in MTEX, an arrow had to be used. However, the direction

of the arrow didn’t indicate the preferred grain orientation, since IGSCC is characterized by

grain boundary condition. It is shown that most grain pairs laid along the {001}−{111} di-

rection, with no {011} grains involved. Due to the fact that IGSCC is minority in the current

corrosion result ( 8% of total cracks), the fundamental focus of discussion and investigation

would be oriented towards TGSCC.

Figure 4.6c shows the grain orientation distribution of grains on the crack path. Arrows

are used to connect TGSCC grain pairs and show the propagation direction. It is observed

that most transgranular crack propagation lies along the {001} ↔ {111} direction. When

combined with Figure 4.6b , it is observed that grain pairs along the {001} ↔ {111} direction

have different values for both Schmid and Taylor factors.
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4.5.2 Schmid Factor and Taylor Factor

Schmid factor and Taylor factor distribution of grains on sample surface and crack path

are individually calculated by EDAX OIM software and recorded in Figure 4.9a , 4.9b , 4.10a ,

and 4.10b . The frequency is normalized to the length of the corresponding weld and HAZ.

From Figure 4.9b , most of the grains on sample surface have high Schmid factor (> 0.42).

As compared with Figure 4.9a , since the Schmid factor distribution of initiation grains share

similar negative skewness, it is summarized that no preference of crack initiation is found

with Schmid factor alone. On the other hand, Figure 4.10b shows a slightly negative skewed

distribution of Taylor factor among all surface grains. According to Figure 4.10a , crack

initiation didn’t show direct preference for Taylor factor value alone, too.

4.5.3 Schmid Factor and Taylor Factor Mismatch

Since most of the cracks are TGSCC, to understand the effect of local strain and stress

difference on crack propagation, difference between Schmid factor (m) and Taylor factor (M)

of all grain pairs along the crack path are recorded in Figure 4.8 . The mismatch values

is calculated by subtracting m and M of the previous grain from the following grain in

a cracked grain pair. In FCC structure, Schmid factor and Taylor factor are empirically

inverse to each other, and exactly reciprocal to each other on {001} and {111} orientations

[59 ]. Grains with low m and high M behave as ”hard” grains because they are generally

more resistant to plastic deformation and exhibit more strain hardening [59 ][85 ]. On the

contrary, ”soft” grains are characterized by high m and low M. For example, for all cases in

the second quadrant, crack propagates from a high m, low M grain (soft) to a low m and

high M grain (hard).

SCC propagation grain pairs concentrate in the second and forth quadrants, indicating

grains with opposite Schmid factor and Taylor factor difference are more susceptible to

SCC propagation. Branch intersection describes the case that crack branching intersects

with current viewing plane, resulting in discontinuous appearance, as shown in Figure 4.16 .

Crack detour is categorized as when a crack ”detours” in adjacent grains other than grains

on its original path, as marked in Figure 4.17 . It only happens when the crack is confronted
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by a grain with higher Taylor factor (indicating larger local shear stress in the following

grain), regardless of Schmid factor. Crack jump describes the case when a crack jumps over

another grain on its path, as marked in Figure 4.14 . Only one case of crack jump is detected.

On Figure 4.8 , it shows crack jump happens between two grains with large (> 1.0) Taylor

factor difference, but the Schmid factor of the grains are similar. Lastly, crack mostly stops

at GB before a harder grain (lower m and higher M).
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Figure 4.1. XRD residual stress measurement
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Figure 4.2. FEA simulation and XRD measurement of external stress applied
by four-point bending fixture
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Figure 4.4. Crack density distribution of corroded sample
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Figure 4.5. Crack Morphology Reveal after FIB polishing
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(a) (b)

(c)

Figure 4.6. IPF grain orientation distribution for (a)surface uncracked grains;
(b) surface SCC initiation grains; (c) TGSCC propagation grain pairs

55



(a) (b)

Figure 4.7. (a)Schmid factor; (b) Taylor factor distribution on IPF map of
FCC structure [59 ][86 ]
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Figure 4.8. Schmid factor and Taylor factor mismatch between adjacent
grains on crack path
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(a) (b)

Figure 4.9. Schmid factor distribution for (a)surface initiation grains; (b)
surface uncracked grain
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(a) (b)

Figure 4.10. Taylor factor distribution for (a)surface initiation grains; (b)
surface uncracked grain
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Figure 4.11. Orientation legend for IPF figures in EBSD
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Figure 4.12. EBSD image of weld zone
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Figure 4.13. Crack Propagation Behavior Demonstration: a. Crack Propa-
gation; b. Crack Detour; c. Crack Stop
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Figure 4.14. EBSD and SEM map of C48 crack with grain orientation,
Schmid factor, and Taylor factor labeled. Notice the crack jump circled on the
SEM image
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Figure 4.15. EBSD and SEM map of C54 crack with grain orientation,
Schmid factor, and Taylor factor labeled. Notice the crack plane deflection
circled on the bottom and Branch intersection on the top
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Figure 4.16. EBSD and SEM map of C60 crack with grain orientation,
Schmid factor, and Taylor factor labeled. Notice the crack jump circled on the
right
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Figure 4.17. EBSD and SEM map of C68 crack with grain orientation,
Schmid factor, and Taylor factor labeled. Notice the crack detour circled on
the top
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5. DISCUSSION

5.1 Intergranular Strain and Stress Mismatch Controlled Cracking

SCC typically grows along the slip plane as energy expenditure is minimized [35 ][34 ][38 ][17 ].

TGSCC has been shown to be driven by localized plastic deformation with environmental

corrosion assistance [41 ][42 ]. Criterion of slip system activation by dislocation motion and

pile-up against obstacles, either Lomer locks [36 ] or, in this thesis, grain boundaries, is

assessed below as represented by Schmid and Taylor factor.

Schmid factor is the direct parameter that determines the shear stress required to activate

the most active slip system, assuming isostress equilibrium [58 ], as shown in Equation 5.1 

[59 ].

σy = τCRSS

m
(5.1)

where σy is yield strength of the grain, and τCRSS is the critical resolved shear stress on the

active slip plane. High Schmid factor indicates less stress is required to provide sufficient

shear stress on the active slip system [59 ]. Grains with high Schmid factor are oriented with

easy slip step to break passive film to initiate brittle cracking across GB [7 ][60 ][27 ].

On the contrary, Taylor factor is derived based on the assumption of isostrain condition in

polycrystalline materials [58 ]. It is typically used to correlate macroscopic flow stress and the

resolved shear stress, assuming multiple slip systems share same shear stress as alternative

to each other [61 ].

M = dγ

dεx

= σx

τ
(5.2)

where σ is the macroscopic flow stress, ε is the grain strain, γ is the shear strain on each

slip plane, and τ is the shear stress on active slip planes.

5.1.1 Crack Propagation

As shown in last chapter, from Figure 4.9a and 4.10a , direct correlation between initiation

and Schmid/Taylor factor alone is not found. However, from Figure 4.8 , correlation between

crack propagation and m/M mismatch is shown. Most the crack propagation grain pairs are

allocated in the the second and forth quadrants of the map, indicating a ”hard ↔ soft” pair
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preference. Both Schmid factor and Taylor factor describe plastic deformation in the grain

[85 ][59 ].

Low Taylor factor indicates that less shear strain is required to accommodate the overall

tensile strain [62 ]. Thus, crack propagation is facilitated with reduced dislocation pile-up

and localized strain at the grain boundary before a grain with low M. Meanwhile, because

of the isostrain assumption, Taylor factor can also be used to evaluate grain specific stress

in terms of macroscopic stress, as demonstrated in Equation 5.3 .

σhkl = Mhkl

Maverage
· σaverage (5.3)

where σhkl is grain specific stress, Mhkl is the Taylor factor of the grain, and Maverage is

the average Taylor factor for the randomly oriented sample, which is 3.067 for FCC polycrys-

talline as calculated by Taylor [59 ]. Grains with high Taylor factor experience higher stress

than its surroundings, leading to greater strain hardening and develops a higher dislocation

density to maintain strain compatibility with the neighbouring grains [63 ][59 ][64 ].

Thus, as the crack propagation pairs are dominantly ”hard ↔ soft” combination, crack

propagation mechanism across GB is different with ”hard → soft” and ”soft → hard” con-

dition. In the ”hard → soft” scenario, high Schmid factor in the soft grain indicates higher

shear stress on the slip plane and low Taylor factor indicates less shear stress is required

for the active slip systems to be activated. Thus, it is easy for the soft grain to nucleate

dislocations and form slip steps at the crack tip [35 ][36 ][27 ]. On the other hand, in the ”soft

→ hard” scenario, based on the observation that most cracks stop at GB and crack branch

intersections start and end at GB, it is assumed crack rate is decreased and ”paused” at the

GB, while a speed competition between three factors for crack propagation towards high M

grains is postulated:

1. Dislocation nucleation and motion are driven by stress in the high M grain to enter

and interact with plastic zone ahead of crack tip [43 ][87 ].

2. Aggregation of chemical species, e.g. Chloride ion, or hydrogen adsorption reduce the

critical energy required for crack tip opening [88 ][36 ].
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3. Dislocation motion and emission in surrounding softer (high m and low M) grains other

than the hard grain at the crack front.

In the first case, since high Taylor factor grains deform by stress concentration and strain

hardening, hardened region is susceptible to brittle fracture and local yielding when disloca-

tion is injected [63 ][64 ]. As crack pauses in front of a high M receiving grain, dislocation piles

up in the cracked high m grain and intensifies the local strain at the GB. If case 1 wins with

faster dislocation pile-up rate, crack will propagate through the GB receiving original path.

In the second case, when crack blunts as the propagation rate decreases, sufficient corrosive

ions (Cl−) or hydrogen are transported to the crack tip to maintain SCC electrochemical

condition, e.g., electroneutrality, local acidity, and electro-potential [89 ][7 ][90 ][91 ]. Adsorbed

hydrogen can also act as a pin point for dislocation to intensify local stress within the grain

[37 ]. If case 2 wins with sufficient ion/mass migration rate, crack will also propagate through

the GB receiving original path. In the third case, when adjacent grains have sufficient dis-

location accumulation and slip system is activated to form slip step, crack will propagate

through the adjacent grain, detours around the hard grain. One thing to notice is that SCC

is 3D indeed, but the current EBSD only shows a 2D view on one specific plane. Thus, in

the EBSD map of detour cases, e.g., Figure 4.17 , crack detour looks like a discontinuous

separation from the main path.

In Figure 4.8 , branch intersection also concentrates in the second and forth quadrants,

demonstrating the 3D nature of crack propagation along slip planes. These discontinuous

branches are caused by the shear of ligaments connecting coplanar crack branches that are

not fully developed laterally yet [92 ][93 ][77 ]. In the case where the current viewing plane is

offset from the intersection plane (X-Y plane) of Figure 5.1 by distance h in the -z direction,

the distance between two adjacent crack coalescence on current plane can be estimated by

D = h*sinα. However, with limited access to 2D EBSD map, it is hard to confirm the 3D

propagation pattern of these discontinuous cracks. 3D X-ray tomography via 3D FIB slicing

will help further investigate this phenomena. Yet, it is observed that all of the intersection

start and end at GB, indicating cracks pause at GB waiting for propagation criteria to be

met, as discussed earlier.
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5.1.2 Crack Stop

Other than propagation, most cracks are found to ”stop” at the GB exactly when cor-

rosion experiment is terminated. From the mismatch map (Figure 4.8 ), it is observed that

crack ”stop” cases concentrate in the second quadrant, which is soft→ hard grain pair. This

further validates the earlier assumption that crack pauses at GB with harder grain (low m,

high M) and the ”waiting time” before postulated competition is finished. The two outlier

of the stop case may be attributed to large α and β between the crack plane and slip plane

in receiving grain, which retards crack propagation [94 ].

5.1.3 Crack Detour

C68: Figure 4.17 is an example for crack detour from its expected propagation path. The

cyan (-5 5 -2) grain is expected to be the next grain where the crack propagation through

from the green (2 -15 8) grain. However, as marked by black crack path, crack avoids the

cyan (-5 5 -2) grain. In stead, it takes an alternative route through the purple (-3 5 3) grain

and returns back to the original path in the pink (2 1 -1) grain.

It is noticed that the cyan (-5 5 -2) grain has higher Taylor factor than all of the sur-

rounding grains. Equation 5.3 indicates that stress in a specific grain is inversely related

with its Taylor factor because of the isostrain constraint by its surrounding grains. Thus,

it is expected that cyan (-5 5 -2) grain experiences has lower stress within and less shear

stress for its slip system be to activated, compared with its neighbors. As described in case

3 in section 5.1 , dislocation nucleation and emission in the neighbor purple (m=0.5, M=2.8)

grain is faster than the hardening of the cyan (-5 5 -2) grain and dissolution at GB between

the green and cyan grains. Thus, crack detours in the adjacent purple grain, in stead of

the cyan grain. While SCC is 3D in nature, EBSD can only provide 2D view of the crack

structure on the plane exposed. Thus, it’s very likely that in the TD direction, crack are

still connected and propagating in the original green (2 -15 8) ↔ pink (2 1 -1) path. In

the current LD-ND plane, crack is confronted by the high M cyan (-5 5 -2) grain that has

insufficient shear stress to activate slip systems, and thus detours through neighbor grains

around it.
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5.1.4 Crack Jump

Crack jump potentially belongs to the same category of crack detour phenomena. The

crack jump observed in Figure 4.14 is attributed to the limited stress at the GB between

the cyan (14 -5 -12) and orange (1 27 4) grains. The two grains have similar Schmid factor,

but the Taylor factor for the orange grain is much higher than the cyan one. Thus, the

softer orange (1 27 4) grain experience less shear stress for its slip system be to activated,

when crack tip approaches the GB. Besides, On the current plane, only a dendrite of the

orange grain is enclosed in the cyan grain, suppressing dislocation motion and slip activation.

Thus, it is reasonable to presume that crack propagation passes around the orange grain and

follows the same slip system within the cyan grain.

In summary, inter-grain m and M mismatch intensifies the local strain and stress in front

of the crack tip, leading to dislocation motion and emission along slip systems and plastic

deformation.

5.2 Schmid and Taylor Factor Controlled Crack Propagation Within Grain

The combination of Schmid factor and Taylor factor not only explains crack path across

GB, but also within grains.

Due to the availability of slip systems at GB, depending on the α and β between the

crack and GB, slip system with highest Schmid factor may not be readily activated and

crack crosses GB along the secondary slip system. However, as crack propagates within the

grain, when it encounters the slip system exposed to higher shear, crack will twist and kink

to follow the dominant direction .

When Taylor factor is high, it indicates that more stress is required for multiple slip

system to be activated and become alternative to each other [62 ][85 ]. In such grains, it is

easier for crack to encounter slip systems with similar shear along its propagation path once

local stress within grain is sufficiently high. Thus, it is easier for crack to show zig-zag or

twisted appearance in high-M grains than low-M grains. The cyan (14 -5 -12) grain in Figure

4.14 has low Taylor factor (2.5) and high Schmid factor (0.46) combination. From the SEM

image, it is observed that crack has very brittle appearance, indicating crack follows single
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activated slip system with no alternation along the path. Similar trend is observed in the

navy (2 3 4) grain (m=0.5, M=2.7) in Figure 4.15 that the crack path is brittle and straight

too. On the contrary, in the cyan (1 2 2) grain (m=0.43, M=3.64) in Figure 4.16 , and navy

(-3 4 2), (-2 4 -3) grains (m=0.45, M=3.03), (m=0.43, M=3.05) in Figure 4.15 , cracks show

striation and river pattern [95 ] with secondary microcrack branches.

However, there are still outliers in the mismatch map, e.g., for crack stop at GB and

branch intersection. This indicates that local strain and stress incompatibility, as represented

by Schmid factor and Taylor factor, are not sufficient to comprehensively describe and predict

SCC behaviors. Thus, other factors must be considered when evaluating SCC phenomena.

5.3 Grain Orientation

As SCC involves heavily with plasticity deformation, anisotropic property of each grain

plays an important role in plastic behavior and crack growth [96 ][93 ]. When combining Figure

4.6b with 4.7a and 4.7b , it is seen that both Schmid factor and Taylor factor are noticeably

different between the {001} − {111} pair for IGSCC initiation. This is further confirmed in

the mismatch map in Figure 4.8 . In addition, {011} has the lowest planar density (0.177
R2

)

and is thus the softest orientation family in FCC structure [86 ]. On the contrary, {001} and

{111} have higher planar density (0.25
R2

and 0.29
R2

) and are harder grains [97 ]. Thus, {001}

and {111} grains are not as good at accommodate local stress as {011} and intensify the

local strain. Difference of the deformation properties between the adjacent grains led to

local strain gradient and higher grain boundary energy, increasing the susceptibility of GB

for SCC [98 ][99 ]. Because IGSCC is suppressed by the ultra-low carbon impurity content,

mechanical properties, e.g., strain incompatibility, between adjacent grains are attributed to

the IGSCC in current results of this thesis [100 ] [62 ][101 ].

From Figure 4.6c , it is observed that most propagation happens in pairs along the

{001} ↔ {111} direction. When combined with Figure 4.7a and 4.7b , both Schmid factor

and Taylor factor are different between the propagation pairs marked by arrows in Figure 4.6c 

along {001} ↔ {111} direction. As discussed in section 5.1 , inter-grain m and M mismatch

intensifies the local strain and stress in front of the crack tip, leading to dislocation motion

and emission along slip systems and plastic deformation in the high m grain. Thus, it is
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expected that grain pairs between {001} and {111} orientations ease the crack propagation,

compared with combinations along other orientations.

On the contrary, crack initiation on the surface doesn’t have the constraint of slip system

activation position approaching crack front. When the convex side of bent sample is loaded

with uniaxial stress, grains on the sample surface experience different level of local stress,

depending on the Taylor factor of each grain [59 ]. As Equation 2.5 indicates, stress in a

specific grain is inversely related with its Taylor factor because of the isostrain constraint by

its surrounding grains [59 ]. From Figure 4.7b , {011} and {111} regions have higher Taylor

factor than the {001} region. When comparing with Figure 4.6b , it is noticed that most of

the TGSCC initiation grains fall in the middle (> 2.9) and high M (> 3.3) region. Thus,

higher grain specific stress increases the opportunity for slip to activate and break surface

passive film, which triggers the SCC initiation.
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Figure 5.1. Schematic illustration of the crystallography system for crack
plane deflection calculation
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6. CONCLUSIONS AND FUTURE WORK

SCC crack propagation is a complex problem that involves energy (hydrostatic), stress and

strain (fracture mechanics), grain orientation (α and β), and chemical (hydrogen and chlo-

ride effect), temperature, from Staehle’s model [102 ]. Through this thesis, it has been shown

that slip system controlled local strain, stress, and structure anisotropy can explain TGSCC

initiation and propagation behavior from a mechanical perspective. Crack slows down at

grain boundary and waits for one of the following three propagation criteria to be met: a.

Mechanical fracture from dislocation pile-up induced plasticity; b. corrosion ion species re-

duce cohesion energy of atoms at crack tip; c. slip step formation in surrounding grains

resulting alternative propagation path. However, no quantified model of this propagation

criteria has been proposed systematically. Combined with new advances of fracture me-

chanics in micron and sub-micron level, the energy and stress balance controlling SCC crack

propagation is worth further investigation and development.

Main takeaways from this thesis are:

1. Similar to local strain incompatibility in adjacent grain pairs in IGSCC, TGSCC crack

propagation is also controlled by local strain and stress state on GB and within cracked

grains, competing with other factors, e.g., crack plane inclination, surface boundary

modification by electrochemical reactions.

2. Schmid factor and Taylor factor can qualitatively describe the interaction between slip

system and crack path in both macroscopic and microscopic manner.

3. Accurate and comprehensive quantitative modeling of preferential crack propagation

pattern involves various aspects being considered, such as mechanical (local strain and

stress) and crystallographic, as discussed in this thesis, and many other described by

Staehle [8 ]

As SCC involves many different factors, taking all of these factors into account when pre-

dicting and comprehensively modeling SCC is almost impossible. To further comprehensively

understand and predict SCC, more in-depth numerical modeling and simulations around all
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aspects, together with the power of non-linear optimization, can help us to systematically

understand SCC from multi-dimensions.

76



REFERENCES

[1] R. W. Staehle. (1969). Fundamental aspects of stress corrosion cracking : Proceedings
of conference september 11-15, 1967, the ohio state university department of metallur-
gical engineering, undefined, [Online]. Available: /paper/Fundamental-aspects-of-
stress-corrosion-cracking-%3A-Staehle/cbfa06abeefb47487813d5119b93873b0f00e44a .

[2] O. M. Alyousif and R. Nishimura, “The stress corrosion cracking behavior of austenitic
stainless steels in boiling magnesium chloride solutions,” Corrosion Science, vol. 49,
no. 7, pp. 3040–3051, Jul. 1, 2007, issn: 0010-938X. doi: 10.1016/j.corsci.2006.
12.023 . [Online]. Available: http://www.sciencedirect.com/science/article/
pii/S0010938X07000248 .

[3] G. S. Was and T. R. Allen, “Chapter 6 - corrosion issues in current and next-
generation nuclear reactors,” in Structural Alloys for Nuclear Energy Applications,
G. R. Odette and S. J. Zinkle, Eds., Boston: Elsevier, Jan. 1, 2019, pp. 211–246, isbn:
978-0-12-397046-6. doi: 10.1016/B978-0-12-397046-6.00006-X . [Online]. Avail-
able: http://www.sciencedirect.com/science/article/pii/B978012397046600006X .
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