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Abstract

Chloride induced stress corrosion cracking (CISCC) is particularly deleterious to

300 series stainless steels. Examples of CISCC have been reported on the surfaces

of Type 304, 304L, and 316L stainless steel components in a variety of environments

where chloride is present. Localized pitting generally precedes CISCC, and therefore

improving the pitting resistance of a material generally improves resistance to CISCC.

Friction stir processing is a proposed technique to repair and mitigate material chlo-

ride induced stress cracks by adding molybdenum to the base material. Molybdenum

improves pitting resistance and that is why it is used in this study. Friction stir pro-

cessed samples were made by adding 316L and molybdenum powder to 304L stainless

steel via friction stir processing. By using electrochemical techniques, an evaluation

of the friction stir processed samples was performed to evaluate corrosion resistant

qualities of the material. Cyclic polarization results suggests that the addition of the

molybdenum through FSP was not beneficial to pitting resistance of the samples.

The FSP 304L sample had a pitting potential around 0.3342 V whereas the FSP

304L+Mo sample only had a pitting potential of around 0.2872 V. Friction stir pro-

cessing was beneficial in decreasing the corrosion current and in the case of the FSP

304L+Mo increasing the linear polarization significantly. U-bend samples were also

made and tested in an open circuit potential and a 0.2 V static potential. The FSP

304L+316L and FSP 304L+Mo were more noble than the 304L in the open circuit

potential analysis and did not fail in the U-bend test yet the surface crack density

was higher in the FSP samples. The experiment was terminated at 2472 hours and

the FSP 304L+316L and FSP 304L+Mo were removed from the 2.5 M sulfuric acid

+ 0.5 M sodium chloride solution with no failure. By contrast, the 304L base U-bend

sample had a low surface crack density yet failed at 267.5 hours. The potentiostatic

analysis revealed that the FSP 304L+Mo sample had improved passivation kinetics.
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CHAPTER 1
Introduction

The Nuclear Regulatory Commission has identified chloride-induced stress corrosion

cracking (CISCC) of austenitic stainless steel dry cask storage systems (DCSS) as an

area of great concern. Dry storage systems are used for long-term storage of spent

nuclear fuels (SNF). The storage systems consist of stainless steel (SS) cylindrical

canisters encased in a concrete over pack The canister is fabricated using either AISI

304/304L type or 316/316L type austenitic stainless steel. The DCSS have passive

cooling capabilities that remove decay heat from the SNF but chloride salts carried by

the dust will deliquesce on the surface of the canister and attack the steel corrosively

through pitting and (CISCC). CISCC reduces the life of these DCSS significantly

and poses a threat of accidental breach of containment and release of radioactive

waste products. This thesis discusses as a solution to CISCC using a friction stir

repair technique that repairs and strengthens 300 series steel effected by CISCC.

This technique uses friction stir processing (FSP) to heal the crack and add elements

resistant to CISCC. Molybdenum will be added to 304L via FSP and then tested

using eletro-chemical techniques to compare its corrosion resistance to the 304L base

metal.

1.1 Thesis Outline

This thesis will be organized into three major sections

1. Background and Literature Review

2. Cyclic Polarization of Friction Stir Alloyed Austenitic Stainless Steel



2

3. U-bend Analysis of Friction Stir Alloyed Austenitic Stainless Steel

Background and Literature Review This section will expound on the problem

and the techniques used to solve the problem

Cyclic Polarization of Friction Stir Alloyed Austenitic Stainless Steel This

section will use the electro-chemical technique of cyclic polarization to highlight and

compare the material characteristics that make up corrosion resistance

U-bend Analysis of Friction Stir Alloyed Austenitic Stainless Steel This

section will use U-bend samples in open circuit potential and static potential to test

the materials resistance to CISCC

1.2 Objectives

The objectives of this thesis research are as summarized below.

1. Understand the pitting resistance effects of adding molybdenum and 316L via

friction stir processing.

2. Understand the CISCC resistance effect of adding molybdenum and 316L via

friction stir processing.
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CHAPTER 2
Background and Literature Review

2.1 Introduction

In the late 1970’s, as wet storage of spent nuclear fuel began to reach capacity, the need

for additional storage capability became apparent. Storage pools cannot be enlarged

because of the risk of compromising the structural integrity of the containment and

so the Nuclear Regulatory Commission (NRC) has allowed that spent nuclear fuel

(SNF) be stored out of wet storage in dry storage casks. There are two styles of dry

fuel storage used in the United States at this time, Dual-Purpose Canister (DPC)

systems and Bare fuel Cask storage systems. DPC’s are the most common type in

the United States with about 92% of SNF being stored in this type of system [1].

Dry storage of SNF is an essential part of the US nuclear program, yet there are

some risks associated with the integrity of the casks where research is lacking. The

NRC has identified chloride-induced stress corrosion cracking (CISCC) of the stainless

steel components of the cask as an area of great concern. Chloride salts in the air are

deposited on the surface of the austenitic stainless steel canister during the cooling

process. As the chloride salts deliquesce, the chloride induces corrosion attacks such

as pitting and CISCC. These attacks threaten the integrity of the dry storage systems

and risk breach of containment.

2.2 Dry Storage Casks

When SNF is removed from a reactor, it is placed into cooling pools to remove residual

from nuclear fission. Once the SNF has cooled sufficiently in wet storage, the fuel
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assemblies are placed in a borated aluminum baskets or “egg-crate” as can be seen

in in Figure 2.1. The design of the basket separates the fuel assemblies and aids in

excess heat removal. Once full, the basket is placed inside a steel canister and the

interstitial spaces are filled with an inert gas. The use of an inert gas is critical to

minimize the corrosive environment within the canister. Helium is generally used

because of its heat capacity but nitrogen has also been used. The steel canister is

then sealed shut with bolts or by welding [2].

Figure 2.1: Example of a free-standing upright design of a dry storage cask with
air inlets and outlets [3]

After being sealed the inner canister is placed inside a concrete and steel storage

cask, or overpack, with an air gap between the steel canister and the overpack, as

can be seen in Figure 2.2. James D. Werner in his CRS report for congress stated

that “as of December 2011, more than 67,000 metric tons of [spent nuclear fuel] in
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more than 174,000 assemblies, is stored at 77 sites (including 4 Department of Energy

(DOE) facilities) in the United States located in 35 states” [4]. Approximately 27% of

the SNF is stored in some form of dry storage cask, whether on concrete pads above

ground or in a vault. Convective airflow in the air gap, caused by the thermal gradient

due to decay heat and air inlets and outlets ducts cools the air gap between the steel

canister and the overpack. This feature of cooling the storage cask without power

makes it passively safe [4] but outside air that contains chloride salts is allowed to

deposit salts on the surface of the canister. These salts create a corrosive environment

which threaten the integrity of the containment.

Figure 2.2: A cross-section of a DPC that highlights the passive cooling system.
Adapted from [1]
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2.3 Chloride Induced Stress Corrosion Cracking

Chloride induced stress-corrosion cracking (CISCC), is one process by which the in-

tegrity of the cask is threatened. CISCC is a corrosion mechanism in which the

initiation and growth of cracks is exacerbated in a chloride-dominated corrosive en-

vironment, generally due to chlorine salts. The cracking typically develops following

the formation and growth of corrosive pits [5][6]. Stress corrosion cracks are micro-

scopic in early stages of development which makes it difficult to identify without the

use of special techniques. In 300 series stainless steel crack nucleation is heavily envi-

ronment dependant [7] [8] [9]. CISCC can manifest as intergranular or transgranular

depending on the material or environment. Mayuzumi et al observed that austenitic

steel that has been sensitized will nucleate intergranular cracks at ambient tempera-

tures but if the temperature is increased past 54 ◦C then transgranular cracking will

form [10]. For CISCC to occur, three conditions are generally required

1. A corrosive environment.

2. A material that is vulnerable to CISCC.

3. The material must be subjected to tensile stresses.

Corrosive Environment Because of the passive cooling features in a DCSS, the

steel canister is in direct contact with the atmosphere. The air that cools the DCSS

also contains salt particles, which are deposited on the surface of the steel [10]. De-

pending on temperature and humidity [11] the salt deposits will deliquesce and create

an aqueous chloride solution. Water is an essential component of CISCC and if absent

CISCC cannot be sustained [12]. Aqueous chloride solutions induces pit nucleation

because the chloride ions encourage passive layer break down by stimulating the oxi-

dation reaction [13] which causes dissolution of metal.
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M → M+ + e− (2.1)

Because chloride ions are so mobile in solution, they migrate to any area where

metal dissolution is high to balance the excess positive charge. This concentration of

metal ions and chloride ions creates insoluble metal hydroxide and free acid.

M+Cl− +H2O = MOH +H+Cl− (2.2)

As chloride ions concentrate to areas with high concentrations of metal ions this

can create a localized area of corrosion called a pit. Pitting corrosion is an extremely

localized form of corrosion that causes a hole or cavity in the metal as shown in

Figure 2.3. It is particularly deleterious to structural integrity because it can cause

failure with only a small percentage of mass loss. As pits nucleate they create an

autocatalytic process that perpetuates and exacerbates corrosion damage by depleting

the pit of oxygen which inhibits the reduction reaction shown in Equation. 2.3 [13]

[14]. The reduction reaction continues on the surface of the metal and suppresses

corrosion of the base metal surface.

O2 + 2H2O + 4e− → 4OH− (2.3)

2Cr +H2O → Cr2O3 + 6H+ + 6e− (2.4)

Despite this depletion of oxygen in the newly formed pit, the oxidation reaction,

Equation. 2.1, and hydrolysis reaction, Equation. 2.2, still continue. It is this

autocatalytic behavior that encourages pit growth. The pit creates a stress riser on

the surface of the metal which encourages the formation of cracks, and exacerbates the



8

Figure 2.3: (A) Chloride ions are attracted to the metal ions being dissolved and
are able to exploit defects in the passive layer; (B) The chloride ions accelerates the
oxidation and hydrolysis reaction creating a small pocket between the passive layer
and the bare metal; (C) This small pocket becomes autocatalytic and grows in size

production of free acid as shown in Figure 2.4. Once the internal stresses are sufficient

for a crack to form, it reveals bare metal free of any passive layer. This combined with

the anodic oxidation of chromium into chromium oxide which promotes a buildup of

acidity at the tip of the crack, encourages the crack to grow [12].

Material Vulnerable to CISCC 300 series stainless steels are particularly sus-

ceptible to CISCC in chloride environments. This may be because the protective

passive layer common in stainless steels protects the majority of the surface but the

slightest defect in the surface of the passive layer like an inclusions, tramp elements,

or a slip step can begin the autocatalytic effect of pit corrosion [15]. Examples of

CISCC have been reported on the surfaces of Type 304, 304L, and 316L stainless

steel components in chemical reactor vessels, urea plant vessels, rock climbing equip-

ment, and at nuclear power plants [16]. Although some localized pitting or crevice

corrosion generally precedes CISCC, the amount of pitting or crevice attack may be

so small as to be undetectable. stress corrosion is difficult to detect while in progress,

even when pervasive and can lead to rapid catastrophic failure of pressurized equip-

ment. The addition of molybdenum in austenitic stainless steel have been shown to
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Figure 2.4: As the pit continues to grow the stress riser induces a crack. The
confined volume of the crack tip encourages the anodic reaction Equation. 2.4 further
accelerating crack growth

improve corrosion resistance [17][18][19][8].

The use of materials resistant to CISCC could be used in future designs of casks to

mitigate the effects of CISCC. Research shows that materials with increased resistance

to pitting are more suitable for environments that encourage CISCC [5][10][12]. This

resistance can be described with the pitting resistance equivalent number (PREN)

[20].

PREN = %wtCr + 3.3× (%wtMo+ 0.5%wtW ) + 16×%wtN (2.5)

The larger the PREN the better a specific steel will be at resisting pit nucleation.

From Equation. 2.5 we see that additions of chromium, molybdenum, tungsten and

nitrogen will increase the resistance to pitting. Research performed by Mayuzumi et
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al provides evidence that stainless steel alloys with higher amounts of PREN elements

have improved resistance to pitting as shown in Figure 2.5. The pitting potentials

of UNS S31260 and UNS S31254 stainless steels were much higher than that of UNS

S30403 or UNS S31603. UNS S31260 and UNS S31254 have more chromium, molyb-

denum, tungsten and nitrogen compared with UNS S30403 or UNS S31603. UNS

S31603. UNS S31260 performed better than UNS S30403 and UNS S31260 against

CISCC, Therefore, it was concluded that the superior CISCC resistance is attributable

to the higher resistance to pitting corrosion of UNS S31260 and UNS S31254 SS [10].

We can theorize that the increased resistance to pitting corrosion is attributed to

increased levels of chromium, molybdenum, tungsten and nitrogen, which increases

the PREN of the material [17][18].

Figure 2.5: The pitting potentials of UNS S31260 and UNS S31254 SS [10]

Research also indicates that CISCC is initiated by breakdown of the passive film

on the surface by emerging slip steps. Stacking fault energy of the stainless steel

plays a vital role in the CISCC resistance. If slip planes are spaced widely apart as

determined by a low stacking fault energy (normally observed in 304 SS), the slip step

is sufficient to break the passive film completely and expose bare metal surface which

leads to oxidative dissolution as schematically illustrated in Figure 2.6. (a) and (b).
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The dissolution of bare metal exposed by passive film breakdown is considered to be

a rate determining step in the CISCC process [19]. When the stacking fault energy

is high, the slip planes are closely spaced due to cross-slip which leads to emergence

of finer slip steps as depicted in Figure 2.6 (c). The fine slip steps are not sufficient

to cause a complete breakdown of the passive film and therefore, no bare metal is

exposed. This process may delay occurrence of the SCC. Addition of boron, nitrogen,

and molybdenum could increase the stacking fault energy [21].

Figure 2.6: Relation between stacking fault energy – slip step and passivity break
down. Low stacking fault energy results in widely spaced slip planes and increased
slip steps that cause complete breakdown of passive film exposing bare metal surface
as depicted in (a) and (b). High stacking fault energy promotes cross slip (c) and
smaller slip steps (bottom right) that are not sufficient to cause complete breakdown
of the passive film and do not expose the bare metal surface [19].
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Internal Stresses There can be no CISCC if there is no stress within the ma-

terial. The stress state of the canister, particularly in the weld and the weld heat

affected zone (HAZ), where tensile stress in the canisters are expected to be the

most pronounced, can have an adverse effect on the materials resistance to CISCC

[5][11][16][22]. Research has shown that when conventional fussion welding is used,

weld toe has the most amount of stresses in the proximity of the weld and can be seen

in Figure 2.7[23]. The residual stresses from welding are likely sufficient for CISCC

[24]

Figure 2.7: Transverse residual stress on the main plate surface in a fillet joint type
weld. Note that the peak stress in the weld is located at the weld toe [23].

High stresses in the weld toe, alloying element segregation, and chromium depleted

zones degrade the corrosion resistance of the material [25] and encourage CISCC.

2.4 Friction Stir Alloying

Friction stir welding (FSW) is a solid-state joining process that uses frictional heat and

severe plastic deformation to weld two pieces of material together without melting
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the material. This technique was invented and patented in 1991 by The Welding

Institute (TWI) in the UK [26].

In FSW, a rotating tool with a non-consumable pin is inserted into the material

joint, and the tool is moved along the joint line, as seen in Figure 2.8. The frictional

heat generated by the tool softens the material and causes it to become plastically

deformed, allowing the two pieces to be joined together [27]. The tool also stirs the

material, producing a mixing effect that helps to homogenize the microstructure of

the joint and eliminate defects such as voids and porosity.

FSW is commonly used to join materials that are difficult to weld by traditional

fusion welding techniques, such as aluminum alloys, magnesium alloys, and copper

alloys. It is also used in applications where the welded joint must have high strength

and good fatigue resistance, such as in aerospace, automotive, and marine industries.

FSW has many advantages over traditional welding techniques, including lower dis-

tortion, reduced porosity, a narrower heat-affected zone, and improved microstructure

[27].

Welding parameters like tool rotation rate (ω), traverse speed (ν), and tool tilt are

critical to achieving a mechanically sound weld. Tool rotation generates the friction

required to heat the material and the mixing of parent material. By changing the

rotation rate the intensity of mixing and stirring can be controlled. Traverse speed

controls the method that mixed material is moved from the front of the tool to the

rear of the tool. Tool tilt changes how the shoulders are engaged and the degree of

mixing that occurs on the top surface of the weld [27].

Friction stir techniques are ideal for DPC’s because it introduces significantly less

stress than conventional joining techniques [27] [28]. Friction stir alloying (FSA) is a
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Figure 2.8: Friction stir welding process [27]

solid-state processing technique that uses frictional heat and mechanical deformation

to introduce an alloying element into the surface layer of a base material. This process

is similar to friction stir welding, but instead of joining two pieces of material together,

it modifies the surface layer of a single material.

In FSA, a rotating tool with an alloying element is inserted into the surface of the

base material, and the tool is moved along the surface. The frictional heat generated

by the tool softens the material and causes it to become plastically deformed, allowing

the alloying element to be mixed into the surface layer of the base material. The

tool also stirs the material, producing a mixing effect that helps to homogenize the

microstructure of the modified surface layer.

FSA is commonly used to improve the surface properties of materials, such as

wear resistance, corrosion resistance, and hardness. It can also be used to tailor

the surface properties of a material to a specific application, such as introducing a

biocompatible layer on a medical implant. FSA has many advantages over traditional

surface modification techniques, including a lower processing temperature, reduced

distortion, and a more uniform distribution of the alloying element.
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2.5 Ball Milling

Ball milling is a process where different elements, often in powder form, are me-

chanically alloyed to form homogeneous mixtures with custom elemental contents.

combined in a vessel called a vial. The vial is filled with a grinding media, balls made

from materials like 52100 steel (Figure 2.9), alumina, tungsten carbide, or agate to

name a few, and the sample elements that are intended for milling. During the ball

Figure 2.9: Ball mill vial[29]

milling process, the grinding media and the material to be ground are placed inside

the vial and are subjected to high-energy collisions caused by the rotating motion of

the mill. These collisions result in the reduction of the particle size of the material,

as well as the deformation and fracturing of the particles. The duration and inten-

sity of the milling process can be adjusted to achieve the desired particle size and

morphology.

Ball milling can be used to produce a wide range of powders, including metal

powders, ceramic powders, and composite powders. It is an effective method for

producing powders with a narrow size distribution and a high degree of homogeneity,

which is important in many applications of powdered metallurgy.
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CHAPTER 3
Localized Corrosion of Friction Stir Alloyed Austenitic

Stainless Steel

Abstract

stainless steels, particularly 300 series, are susceptible to chloride induced stress cor-

rosion cracking (CISCC) in chloride environments. Examples of CISCC have been

reported on the surfaces of Type 304, 304L, and 316L stainless steel components in a

variety of enviroments where chloride is present. Localized pitting or crevice corrosion

probably precedes CISCC, and therefore improving the pitting resistance of a material

should improve resistance to CISCC. Friction stir processing is a proposed technique

to repair and strengthen material that has developed chloride induced stress cracks

by adding molybdenum to the base material. By using Electro-chemical techniques,

an evaluation of 304L that has been friction stir process with molybdenum has been

performed. Research suggests that the addition of molybdenum should improve pit-

ting resistance but the results do not agree. The results suggests that the addition of

the molybdenum through FSP was not beneficial to pitting resistance of the samples

but was beneficial in decreasing the corrosion current and in the case of the FSP

304L+Mo increasing the linear polarization significantly. These improvements are

important because it slows down the corrosion kinetics. Cyclic polarization did re-

veal that the FSP 304L sample did show the most improvement in pitting potential

when compared with the other samples.
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3.1 Introduction

The Nuclear Regulatory Commission has identified chloride-induced stress corrosion

cracking (CISCC) of austenitic stainless steel dry cask storage systems (DCSS) as an

area of great concern. Dry storage systems are used for long-term storage (up to 100

years) of spent nuclear fuels. These DCSS are made of 300 series austenitic stainless

steel that has general corrosion resistance but are particularly susceptible to chloride

induced corrosion. Examples of CISCC have been reported on the surfaces of Type

304, 304L, and 316L stainless steel components in chemical reactor vessels, urea plant

vessels, rock climbing equipment, and at nuclear power plants [1].

Because of the passive cooling features in a DCSS, the steel canister is in direct

contact with the atmosphere. The air that cools the DCSS also contains salt parti-

cles, which are deposited on the surface of the steel [2]. Depending on temperature

and humidity [3] the salt deposits will deliquesce and create an aqueous chloride so-

lution. Water is an essential component of CISCC and if absent CISCC cannot be

sustained [4]. Aqueous chloride solutions induces pit nucleation because the chloride

ions encourage passive layer break down by stimulating the oxidation reaction [5]

which causes dissolution of metal.

M → M+ + e− (3.1)

Because chloride ions are so mobile in solution, they migrate to any area where

metal dissolution is high to balance the excess positive charge. This concentration of

metal ions and chloride ions creates insoluble metal hydroxide and free acid.
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M+Cl− +H2O = MOH +H+Cl− (3.2)

As chloride ions concentrate to areas with high concentrations of metal ions this

can create a localized area of corrosion called a pit. Pitting corrosion is an extremely

localized form of corrosion that causes a hole or cavity in the metal as shown in

Figure. 2.3. It is particularly deleterious to structural integrity because it can cause

failure with only a small percentage of mass loss. As pits nucleate they create an

autocatalytic process that perpetuates and exacerbates corrosion damage by depleting

the pit of oxygen which inhibits the reduction reaction shown in Equation 3.3[5] [6].

The reduction reaction continues on the surface of the metal and suppresses corrosion

of the base metal surface.

O2 + 2H2O + 4e− → 4OH− (3.3)

2Cr +H2O → Cr2O3 + 6H+ + 6e− (3.4)

It is known that localized corrosion, like pits, act nucleation sites for cracks to form

[7] [8] [9]. Friction stir processing (FSP) is a proposed method for repairing cracks

and strengthening the base metal of the DCSS against pit formation. Using FSP

techniques, beneficial elements can be added to the base metal to improve resistance

to CISCC. Research shows that materials with increased resistance to pitting are more

suitable for environments that encourage CISCC. This resistance can be described

with the pitting resistance equivalent number (PREN) [10].

PREN = %wtCr + 3.3× (%wtMo+ 0.5%wtW ) + 16×%wtN (3.5)
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Molybdenum is added to 304L stainless steel via FSP and the newly processed

material will be tested using the electro-chemical technique cyclic polarization. By

using this analytical method, we can show if the proposed treatment will improve

resistance to chloride induced corrosion.

3.2 Materials and Procedures

304L powder was ball milled with molybdenum powder to create a homogenized

mixture with elevated amounts of molybdenum. Parameters are given in Figure. 3.1.

Table 3.1: Ball mill parameters

Powder size Charge ratio Charge contents Surfactant Mill time Mill type
304L: 15-53 µm 13:1 304L: 9.66g Stearic acid: 0.11g 60 Hours Planetary
Mo: 35-45 nm Mo: 0.74g

After the ball milling process is completed, the powder is formed, pressed and

sintered using the parameters given in Figure. 3.2. After the pellets are sintered,

they are they are placed into a 0.5 inch thick plate of 304L stainless steel plate that

has been prepared with holes, like the one seen in Figure. 3.2, to accept the pellets.

This steel plate meets the ASTM A240/A240M-15 standard for pressure vessels and

general applications and the composition of the 304L plate used is given in Table 3.3.

The plate is then friction stir processed with compacts of 316L and the ball milled

mixture of 304L with molybdenum. The composition of the samples being tested can

be found in Table 3.4.
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Figure 3.1: Pellets of ball milled 304L+Mo after sintering

Figure 3.2: 304L plate with holes drilled to accept pellets
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Table 3.2: Press and sinter parameters

304L+Mo 316L
Pressure (mt) 0.6 0.6

Pressure hold time (min) 1 1
Sinter temperature (◦C) 750 750

Sinter time (min) 90 90
Heating rate (◦C/min) 12 12

Dwell time (min) 30 30
Density (g/cm3) 6.21 4.84

Table 3.3: Composition of 304L Plate provided by steel mill

Element C Si Mn P S Ni Cr Mo N Cu Fe
Percent Weight 0.025 0.34 1.33 0.026 0.001 8.05 18.19 0.27 0.070 0.36 Bal

Table 3.4: Composition of samples to be tested

Sample Compact Composition (%wt) %wt of Mo in bulk sample
FSP 304L+Mo 304L: 97.75% Mo: 2.25 % 0.688
FSP 304L+316L 316L: 100% 0.5

FSP 304L N/A N/A
304L N/A N/A

3.2.1 Grain Size

Microstructure analysis of the samples was done using etching techniques developed

by Frederick C. Bell and Daniel E. Sonon at the U.S. steel corporation, research lab-

oratory [11]. Generally electrolytic etching in oxalic acid is the standard for revealing

grain structure in austenitic stainless steel but if the steel is annealed then the etchant

preferentially attack twins and not the grain boundaries. Therefore electrolytic etch-

ing using a 60% nitric acid solution was used. To prepare samples for electrolytic,

they were ground using silicon carbide grinding paper starting at 180 grit and ending

in 1200 grit. Polishing was performed using 3 µm and 1µm polycrystalline diamond

suspension. For electrolytic, the power supply was set to a no-load voltage of 1 V.

Each sample was submersed in a 60% nitric acid solution using stainless steel tweez-
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ers. The negative side of the power supply was attached to a 304L stainless steel

cathode with dimensions of 7x1.5x1 cm. The positive side of the power supply was

connected to the tweezers holding the samples. After submersion, the power sup-

ply was adjusted so a current density of 10 mA/cm2 was maintained. Samples were

etched for four minutes, rinsed in deionized water, then methanol. A light microscope

was used to determine if the grain structure was sufficiently etched. If under etched,

samples were etched again for two minutes. After etching, samples were examined

using a light microscope and ASTM standard E112-96 [12] for determining average

grain size was used. Several micrographs were taken using an optical light microscope

of each sample to obtain a statistically sound estimate of the grain size.

s = [
Σ(Xi −X)2

n− 1
]1/2 (3.6)

95%CI =
t ∗ s√

n
(3.7)

%RA =
95%CI

X
∗ 100 (3.8)

The circular intercept procedure from ASTM E112-96 was used to determine the

mean lineal intercept value, l̄. Statistical analysis was performed using standard de-

viation (Equation 3.6), 95% confidence interval (Equation 3.7), and relative accuracy

(Equation 3.8). The ASTM E112-96 standard recommends that the relative accu-

racy is 10% or lower to be considered acceptably precise for most purposes. The

mean planar grain size (d̄) is about 12% larger than l̄ [13].
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3.2.2 Experimental Set Up

Analysis was performed using a Gamry interface 1000 poteniostat. Using a silver/sil-

ver chloride reference electrode and a platinum wire as the counter electrode. Two

electrolytes were used, 3.5%wt sodium chloride to simulate sea water and 2.5 M sul-

furic acid with 0.5 M sodium chloride.

Figure 3.3: Experimental set up

Corrosion samples were cut from the bulk plate as shown in Figure 3.5. Samples

were cleaned with acetone before being soldered with a wire. This wire is how the

sample will be connected to the potentiostat. Each sample was 1 cm2 and mounted

in acrylic. Samples were polished to 3 micron diamond polycrystalline suspension for

cyclic polarization. If any porosity could be seen with the light optical microscope,

nail polish was used to create a resist to prevent any porosity from skewing the results
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Figure 3.4: (a) front view of the experiment (b) Side view of the experiment

from the cyclic polarization.

Figure 3.5: Bulk sample before sectioning into corrosion sample. Red dashed lines
indicate where the corrosion sample was sectioned

Table 3.5: Cyclic polarization parameters and values for 3.5%wt sodium chloride

Parameter Value
Initial E(V) -0.25 vs Eoc

Apex E(V) 0.7 vs Eoc

Final E(V) -0.25 vs Eoc

Foward Scan (mV/s) 0.1667
Sample Period (s) 1
Sample Area (cm2) 1
Density (g/cm3) 7.87
Equivalent Weight 20.12
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Figure 3.6: Sample mounted in acrylic and polished with 3 micron diamond poly-
crystalline suspension

Table 3.6: Cyclic polarization parameters and values for 2.5 M sulfuric acid with
0.5 M sodium chloride.

Parameter Value
Initial E(V) 0 vs Eoc

Apex E(V) 1.6 vs Eoc

Final E(V) 0 vs Eoc

Foward Scan (mV/s) 0.1667
Sample Period (s) 1
Sample Area (cm2) 1
Density (g/cm3) 7.87
Equivalent Weight 20.12
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3.3 Results and Discussion

A major factor for determining how well an austenitic stainless steel will do in an

environment with chloride is to evaluate the pitting potential, Ep, and the pitting

protection potential, Epp. The pitting potential is linked to a materials resistance

to CISCC [2] and characterizes the resistance of metals to pitting corrosion and,

therefore can be considered as a measure of susceptibility of different metals and

alloys to pitting corrosion in aggressive environments. The more noble the value of

Ep, the more resistant the alloy is to pitting [8] [14]. At potentials below the pitting

protection potential, pits are very unlikely to form. Pits that form between Ep and

Epp are metastable and are just as likely to passivate as they are to grow. When the

potential increases past Ep, the pits become stable and no longer passivate. Corrosion

potential, Ecorr, provides us with a general idea of the performance of a material. The

more noble it is, the better it is generally at resisting corrosion. Linear resistance

helps describe the rate of corrosion. Where Rp is equal to the linear resistance of the

material, K is a material unique value that defines the units of the corrosion rate,

and EW is the equivalent weight of the material. From these equations we can see

that the larger Rp value, the slower the corrosion rate for the given material.

Icorr =
1

Rp

βaβc

2.303(βa + βc)
(3.9)

Corrosion Rate =
Icorr ·K · EW

dA
(3.10)

It is difficult to label a material as corrosion resistant because the potential at which

the material operates may be different based on where the material is used. Any
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judgments based on the experimental results will be for this experiment specifically

but we can draw general insight about the material based off the results.

3.3.1 Cyclic Polarization with 3.5%wt Sodium Chloride Elec-

trolyte

The use of 3.5%wt sodium chloride electrolyte will provide a reasonably suitable

environment to replicate the environment that the DCSS are in. The values obtained

from the cyclic polarization tests are displayed in Table 3.7.

304L While 304L does have general corrosion resistance for this experiment it per-

formed the worst of the four samples. From Table 3.7. we see that Ecorr, Ep, and the

passive region are the least noble. Figure 3.7 reveals very little frenetic oscillations

in the current density during the cyclic polarization test which is to be expected be-

cause the base metal comes directly from the foundry and should be free of porosity

or inclusions that might cause the passive layer to be weak

FSP 304L FSP 304L had the best Ep of the four samples and a large passive

region. The cyclic polarization graph reveals oscillations in the current in the passive

region, as the potential approaches a maximum, and as the potential drops off after

the maximum potential. This behavior is indicative of a weak passive layer from

porosity or inclusions. This might be caused by improper friction stir rotational or

translational speeds.

FSP 304L+Mo FSP 304L+Mo had the worst Ep of the friction stir processed

samples, but it’s Icorr and linear resistance were the best of the four. This is indicative

of slow corrosion rates as defined be Equation 3.9 and 3.10. Figure 3.7 reveals small
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amounts of oscillation in the current density but overall smoothness during the cyclic

polarization test.

FSP 304L+316L With only a 3.7 mV difference in Ep when compared with the

FSP 304L sample, and the second best Icoor, the FSP 304L+316L sample performed

well in the cyclic polarization test using the 3.5%wt sodium chloride. Figure 3.7 shows

many oscillations in the current density throughout most of the cyclic polarization

test. This provides additional evidence of surface defects which detract from corrosion

resistance

Figure 3.7: Superimposed graph of all samples using cyclic polarization and 3.5%wt
sodium chloride solution

Table 3.7: Averaged values derived from cyclic polarization on prepared samples

Parameters 304L FSP 304L FSP 304L + 316L FSP 304L + Mo
Ecorr(V) -0.1533 ± .0268 -0.154 ± 0.0205 -0.0681 ± 0.0459 -0.03243 ± 0.00117
Ep(V) 0.0421 ± .0409 0.3342 ± 0.0365 0.3305 ± 0.0254 0.2872 ± 0.1209
Epp(V) -0.1021 ± .1616 -0.1819 ±0.0443 -0.1972 ± 0.00541 -0.4776 ± 0.0977

Bottom of Passive Region (V) -0.0988 ± 0.0222 -0.01668 ± 0.02990 -0.0156 ± 0.0207 0.0181 ± 0.0302
Top of Passive Region(V) 0.0419 ± 0.0417 0.332 ± 0.3182 0.3051 ± 0.0598 0.2872 ± 0.1209

βa(V/Decade) 0.1025 ± 0.0272 0.2681 ± 0.2105 0.2223 ± 0.1442 0.0695 ± 0.00242
βc(V/Decade) 0.0901 ± 0.0302 0.2758 ± 0.2455 0.09397 ± 0.03431 0.0501 ± 0.00637

Icorr(A) 1.132 ×10−7± 0.4621 ×107 1.8× 10−7± 1.41×10−7 7.183 ×10−8± 2.516 ×10−8 1.15×10−8± 0.078×10−8

Linear Resistance (Ω) 89.8×103± 30.2×103 242 ×103± 139×103 218 ×103± 234×103 1100 ×103± 187×103
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3.3.1.1 Microstructure after Cyclic Polarization

After cyclic polarization with the 3.5%wt sodium chloride electrolyte solution, mi-

crographs were taken of the surface of each sample to ascertain any visual corrosion

damage. It was expected to see damage in the form of pits but the size and morphol-

ogy were unclear before observing the samples. Samples were cleaned in an ultra-sonic

cleaner in deionized water to remove as much corrosion products that might be obscur-

ing the surface and the pits. A light optical microscope at the lowest magnification

was used to inspect the surface of each sample and identify any areas of corrosion

damage. The entire sample surface area was examined using a 5X objective, when

pits were identified the 10X and 50X objective were used to reveal the details of the

pits. The 304L and FSP 304L samples, Figure 3.8 and Figure 3.9. respectively, did

not have much visual sign of corrosion damage. The small dark spots are too small

to affirm as pits using the light optical microscope but because of the test performed

it is logical to theorize that these are pits. Their small size does not fully reveal the

extent of the damage, this could be the small opening to a much larger void (see

Figure 2.3A).

Upon examining the FSP 304L+Mo and FSP 304L+316L large pits were discov-

ered, see Figure 3.10, 3.11, and 3.12. These pits are substantially larger than the

other pits observed in the 304L and FSP 304L samples. One of these types of pits

was found on the FSP 304L+Mo sample and two were found on the FSP 304L+316L

sample. The remaining surface of the FSP 304L+Mo and FSP 304L+316L samples

was almost completely devoid of the small dark spots that were found on the other

samples. Fontana and Green[5] suggest that pits act as sinks for corrosion and “pro-

tect” the rest of the surface from corrosion damage. Which is likely the reason why

these two samples have less pit density of small pits.
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Figure 3.8: Optical light micrograph of 304L after cyclic polarization with 3.5%wt
sodium chloride electrolyte using a light optical microscope

Figure 3.9: Optical light micrograph of FSP 304L after cyclic polarization with
3.5%wt sodium chloride electrolyte using a light optical microscope
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Figure 3.10: Light optical micrograph of FSP 304L+Mo after cyclic polarization
using 3.5%wt sodium chloride solution
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Figure 3.11: Light optical micrograph of FSP 304L+316L after cyclic polarization
using 3.5%wt sodium chloride solution
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Figure 3.12: Light optical micrograph of FSP 304L+316L after cyclic polarization
using 3.5%wt sodium chloride solution
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3.3.2 Cyclic Polarization with 2.5 M Sulfuric Acid and 0.5

M sodium chloride

Cyclic polarization techniques using 2.5 M sulfuric acid and 0.5 M sodium chloride

were applied to the four samples to explore what corrosion resistance if any was

gained by friction stir processing or friction stir alloying with molybdenum. All four

test performed very similarly, results can be seen in Table 3.8, with the best Ep, 1.030

V, coming from FSP 304L, yet only 10 mV separate it from the worst result of 1.020

V from 304L+316L.

Table 3.8: Values derived from cyclic polarization on prepared samples using 2.5 M
sulfuric acid and 0.5 M sodium chloride

Parameters 304L FSP 304L FSP 304L+316L FSP 304L+Mo
Ecorr(V) -0.3679 -0.3805 -0.3356 -0.3632
Ep(V) 1.021 1.030 1.020 1.029
Epp(V) 1.021 1.030 1.020 1.029
ICrit(A) 0.036 0.030 0.015 0.018

Lower Bound of Passive Region (V) 0.04224 0.0623 0.048 0.0413
Upper bound of Passive Region(V) 1.021 1.030 1.020 1.029

In the passive region of the FSP 304L+Mo sample, there is oscillation in the

current which may suggest some porosity or inclusions weakening the passive layer.

The FSP 304L sample also has some oscillation, but it is much smoother than FSP

304L+Mo. This may indicate that there is still porosity or inclusions but not to the

same degree as the FSP 304L+Mo sample. When comparing results from Table 3.7

and Table 3.8 there is a large disparity between many of the values. Ecorr in the

sulfuric acid and sodium chloride solution was significantly less noble when compared

with the 3.5%wt sodium chloride solution. The Ecorr of the FSP 304L sample having

a difference of 214.6 mV between the two electrolytes, yet when comparing Ep, the

sulfuric acid and sodium chloride solution resulted in a value 695.8 mV more noble

than that of the 3.5%wt sodium chloride solution. This result may be because of
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Figure 3.13: Superimposed graph of cyclic polarization tests using 2.5 M sulfuric
acid and 0.5 M sodium chloride solution

the ability sulfate has in water, causing a higher ordering of water molecules. Some-

times called water structure makers or kosmotropes [15][16], some anions like sulfate

(SO−2
4 ) produces a high electric fields at short distances, binding the water molecules

strongly and slowing down the migration of chloride anions in the aqueous solution.

The kosmotrope dominated solution restricts pitting nucleation by slowing down the

migration of chloride, or other halides anions, to the bare metal. Kosmotropes are

more likely to adsorb on the surface of the passive layer, causing a pseudo-passive

layer that resists pit nucleation [17]. This kosmotropic behavior suggests the reason

for the noble Ep while the Ecorr is so low when using the the sulfuric acid and sodium

chloride electrolyte.
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Figure 3.14: Light optical micrograph taken of etched 304L.

3.3.3 Grain Size

The application of ASTM E112-96 revealed that the friction stir processed samples

had a reduced grain size when compared with the 304L, see Figure 3.9. This is

congruent with the results from other research [18], [19], [20].

Table 3.9: Microstructure details of 304L samples before FSP, after FSP, and FSP
with the addition of 316L and molybdenum.

304L FSP 304L FSP 304L+316L FSP 304L+Mo

l̄ (µm) 19.60 3.93 3.08 5.20

d̄ (µm) 22.35 4.40 3.45 5.82

s (µm) ±12.94 ±2.43 ±2.02 ±3.87

95% CI 1.85 0.33 0.29 0.46

% RA 8.29 7.52 8.38 8.83
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Figure 3.15: Light optical micrograph taken of etched FSP 304L.

Figure 3.16: Light optical micrograph taken of etched FSP 304L+316L.
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Figure 3.17: Light optical micrograph taken of etched FSP 304L+Mo

3.3.4 Surface Defects

While polishing the samples, surface artifacts were observed using the optical light

microscope. The first artifacts observed were comet tails, as seen in Figure 3.18

and 3.19. The comet tails started to appear during 800 grit portion of the grinding

process. Comet tails occur adjacent to inclusions or pores [21] or when an inclusion

is pulled out of the sample [22]. Porosity and inclusions are possible with friction

stir processing [23] [24]. The second surface artifact observed was what appeared

as small dark spots on the surface of the sample, as can be seen in Figure 3.20.

The concentration of surface artifacts varied between samples from only visible with

a scanning electron microscope, like Figure. 3.22, to visible to the naked eye like

in Figure 3.21. Scanning electron microscopy and energy dispersive spectroscopy

revealed in Figure 3.22 that these dark spots are evidence of porosity and powder

that did not become homogenized within the base metal [25].
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Figure 3.18: Comet tail observed after 800 grit grinding paper using light microscope
at 10X
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Figure 3.19: Comet tail observed after 800 grit grinding paper using light microscope
at 50X
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Figure 3.20: Surface artifacts observed in FSP 304L+316L after 1 µm diamond
suspension
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Figure 3.21: Photograph taken of FSP 304L+Mo sample with surface inclusions

Figure 3.22: Scanning electron image of: (A)Backscatter electron image of the
surface of the FSP 304L+316L sample and (B)Secondary electron image of the surface
of the 304L+Mo sample.
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3.4 Conclusion

Prior research suggests that the addition of molybdenum should improve pitting re-

sistance but the results do not agree. The results obtained in this study suggests that

the addition of the molybdenum through FSP was not beneficial to pitting potential

of the samples but was beneficial in decreasing the Icorr and in the case of the FSP

304L+Mo increasing the linear polarization resistance significantly. These improve-

ments are important because it slows down the corrosion kinetics. Cyclic polarization

did reveal that the FSP 304L sample did show the most improvement in Ep when

compared with the other samples. While the exact reason is beyond the scope of this

thesis, research suggests that a reduction of grain size in Fe-Cr alloys can improve

corrosion resistance because the increase in grain boundaries provides faster diffusion

of Cr into the passive layer but the research community is not unanimous on this

subject. Another possible reason for the improvement of corrosion resistance is that

friction stir welding introduces low angle grain boundaries in the material which have

been shown to improve corrosion resistance . In future work, the parameters of the

friction stir process should be examined to determine if there is an ideal technique

for mixing additives into Fe-Cr alloys. An examination of the limits of molybdenum

that can be added via friction stir processing would also be of great importance to

the research community.
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CHAPTER 4
U-bend analysis of Friction Stir Alloyed Austenitic Stainless

Steel

Abstract

300 series stainless steels are particularly susceptible to chloride induced stress cor-

rosion cracking (CISCC) in chloride environments. Examples of CISCC have been

reported a variety of enviroments exposed to chloride salts. Localized pitting or

crevice corrosion probably precedes CISCC, and therefore improving the pitting re-

sistance of a material should improve resistance to CISCC. Friction stir processing is

a proposed technique to repair and strengthen material that has developed chloride

induced stress cracks by adding molybdenum to the base material. FSP samples were

made by adding 316L and molybdenum powder to 304L stainless steel and then U-

bend tested. The FSP 304L+316L and FSP 304L+Mo were more noble in the open

circuit potential analysis and did not fail in the U-bend test yet the surface crack

density was higher in the FSP samples. The FSP 304L+316L and FSP 304L+Mo

were removed from the 2.5 M sulfuric acid + 0.5 M sodium chloride solution intact

after 2472 hours with no failure. By contrast, the 304L U-bend sample had a low

surface crack density yet failed at 267.5 hours. The potentiostatic analysis revealed

that the FSP 304L+Mo sample had improved passivation kinetics.
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4.1 Introduction

The Nuclear Regulatory Commission has identified chloride-induced stress corrosion

cracking (CISCC) of austenitic stainless steel dry cask storage systems (DCSS) as

an area of great concern. Dry storage systems are used for long-term storage (up

to 100 years) of spent nuclear fuels. These DCSS are made of 300 series austenitic

stainless steel that has general corrosion resistance but are particularly susceptible to

chloride induced corrosion. Examples of CISCC have been reported on the surfaces

of Type 304, 304L, and 316L stainless steel components in chemical reactor vessels,

urea plant vessels, rock climbing equipment, and at nuclear power plants [1]. Friction

stir processing (FSP) is a proposed method for repairing CISCC and strengthening

the base metal of the DCSS. Using FSP techniques, beneficial elements can be added

to the base metal to improve resistance to CISCC.

CISCC is difficult to detect while in progress, even when pervasive and can lead to

rapid catastrophic failure of pressurized equipment. it is difficult to alleviate the envi-

ronmental conditions that lead to CISCC. The level of chlorides required to produce

CISCC is very low. The atmospheric contaminants responsible for CISCC generally

come from NaCl or MgCl2. Chloride contamination may come from concrete, like

MgCl2, or exposure to marine or industrial locations[2]. Because casks are generally

located near bodies of water, because the reactor requires a water source for cooling,

and casks are made with concrete it is extremely difficult to eliminate chloride con-

tamination. In operation there can be evaporative concentration or a concentration in

the surface film on a heat-rejecting surface. Tensile stress is one parameter that might

be controlled. However the residual stresses associated with fabrication, welding, or

thermocycling, rather than design stresses, are often responsible for SCC, and even

stress-relieving heat treatments do not completely eliminate these residual stresses [3]
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Research shows that materials with increased resistance to pitting are more suitable

for environments that encourage CISCC. This resistance can be described with the

pitting resistance equivalent number (PREN) [2].

PREN = %wtCr + 3.3× (%wtMo+ 0.5%wtW ) + 16×%wtN (4.1)

This project will add molybdenum to 304L stainless steel via FSP and then test

the newly processed material using U-bend techniques. By using these analytical

methods, we can show if the proposed treatment will improve resistance to chloride

induced corrosion.

4.2 Materials and Procedures

304L powder was ball milled with molybdenum powder to create a homogenized

mixture with elevated amounts of molybdenum. Parameters are given in Figure 4.1.

Table 4.1: Ball mill parameters

Powder size Charge ratio Charge contents Surfactant Mill time Mill type
304L: 15-53 µm 13:1 304L: 9.66g Stearic acid: 0.11g 60 Hours Planetary
Mo: 35-45 nm Mo: 0.74g

After the ball milling process is completed, the powder is formed, pressed and

sintered using the parameters given in Figure 4.2. After the pellets are sintered,

they are they are placed into a 0.5 inch thick plate of 304L stainless steel plate that

has been prepared with holes, like the one seen in Figure 4.2, to accept the pellets.

This steel plate meets the ASTM A240/A240M-15 standard for pressure vessels and

general applications and the composition of the 304L plate used is given in Table 3.3.

The plate is then friction stir processed with compacts of 316L and the ball milled
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Figure 4.1: Pellets of ball milled 304L+Mo after sintering

mixture of 304L with molybdenum. The composition of the samples being tested can

be found in Table 3.4.

Table 4.2: Press and sinter parameters

304L+Mo 316L
Pressure (mt) 0.6 0.6

Pressure hold time (min) 1 1
Sinter temperature (◦C) 750 750

Sinter time (min) 90 90
Ramp up (◦C/min) 12 12
Dwell time (min) 30 30
Density (g/cm3) 6.21 0

Table 4.3: Composition of Sandia 304L plate

Element C Si Mn P S Ni Cr Mo N Cu Fe
Percent Weight 0.025 0.34 1.33 0.026 0.001 8.05 18.19 0.27 0.070 0.36 Bal

Table 4.4: Composition of samples to be tested

Sample Compact Composition (%wt) %wt of Mo in bulk sample Dimensions (mm)
FSP 304L+Mo 304L: 97.75% Mo: 2.25 % 0.688 114 x 15.5 x 1
FSP 304L+316L 316L: 100% 0.5 114 x 15.5 x 1

304L N/A N/A 114 x 15.5 x 1
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Figure 4.2: 304L stainless steel plate with holes drilled so that corrosion resistant
elements can be added via pellets

4.2.1 Grain Size

Microstructure analysis of the samples was done using etching techniques developed

by Frederick C. Bell and Daniel E. Sonon at the U.S. steel corporation, research lab-

oratory [4]. Generally electrolytic etching in oxalic acid is the standard for revealing

grain structure in austenitic stainless steel but if the steel is annealed then the etchant

preferentially attack twins and not the grain boundaries. Therefore electrolytic etch-

ing using a 60% nitric acid solution was used. To prepare samples for electrolytic,

they were ground using silicon carbide grinding paper starting at 180 grit and ending

in 1200 grit. Polishing was performed using 3 µm and 1µm polycrystalline diamond

suspension. For electrolytic, the power supply was set to a no-load voltage of 1 V.

Each sample was submersed in a 60% nitric acid solution using stainless steel tweezers.

The negative side of the power supply was attached to a 304L stainless steel cathode

with dimensions of 7x1.5x1 cm. The positive side of the power supply was connected

to the tweezers holding the samples. After submersion, the power supply was ad-
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justed so a current density of 10 mA/cm2 was maintained. Samples were etched for

four minutes, rinsed in deionized water, then methanol. A light microscope was used

to determine if the grain structure was sufficiently etched. If under etched, samples

were etched again for two minutes. After etching, samples were examined using a

light microscope and ASTM standard E 112-96 [5] for determining average grain size

was used. Several micrographs were taken using an optical light microscope of each

sample to obtain a statistically sound estimate of the grain size. The circular inter-

cept procedure from ASTM E112-96 was used to determine the mean lineal intercept

value, l̄. Statistical analysis was performed using standard deviation (Equation 4.2),

95% confidence interval (Equation 4.3), and relative accuracy (Equation 4.4). The

ASTM E112-96 standard recommends that the relative accuracy is 10% or lower to

be considered acceptably precise for most purposes. The mean planar grain size (d̄)

is about 12% larger than l̄ [6].

s = [
Σ(Xi −X)2

n− 1
]1/2 (4.2)

95%CI =
t ∗ s√

n
(4.3)

%RA =
95%CI

X
∗ 100 (4.4)
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4.2.2 Expiremental

U-bend samples are prepared from the FSP plate where the base metal composition

is given in Table 4.3 and the FSP U-bend samples composition is given in Table 4.4.

U-bend samples are prepared by machining a strip from the FSP plate as can be seen

in Figure 4.3 and cut to dimension found in Figure 4.4. The samples are then ground

planar using 120 grit silicon carbide grinding paper. The polishing process begins at

220 grit and ends at 1200 grit. Polished samples are then first stage bent, see Figure

4.6, using a U-bend jig as can be seen in Figure. 4.5. U-bend samples are then bolted

with the legs parallel, like in Figure 4.6. The bolt pins the U-bend creating stress

along the curve. The U-bend samples are submerged in 225mL of 2.5 M H2SO4 + .5

M NaCl solution in a bottle with a screw on cap as seen in Figure 4.7(B). On regular

intervals, the samples are removed from the acid and rinsed in deionized water and

then placed into an ultra sonic cleaner to remove any corrosion products or detritus

that would obscure micrographs. Micrographs were taken of the surface to highlight

any microstructure changes like cracks.

U-bend samples will be subjected to two different potentials while submerged in

2.5 M sulfuric acid and 0.5 M sodium chloride. The first will be open circuit potential

and samples will be evaluated for time to first crack, first crack length, time to total

failure, and surface crack density. Using these metrics we will be able to evaluate

how well the material resisted CISCC at open circuit potential. The second potential

will be at a static 0.2 V while submerged in 2.5 M sulfuric acid and 0.5 M sodium

chloride. This will reveal information about the kinetics of passivation given by the

equation:

I(t) = Iot
k (4.5)
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Figure 4.3: Cross sectional view of where the U-bend samples are machined from
and approximate locations of stir zones before and after bending

Figure 4.4: U-bend are cut to shape and bent with these dimensions

Where k is the passivation kinetics constant and describes how fast a material develops

a passive layer. The more negative the value for k, the fast the pasivation layer will

form. The value for potential was chosen because it was near the bottom of the
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Figure 4.5: Jig used to repeatably bend samples to the correct size

Figure 4.6: Left: U-bend samples before bending. Middle: U-bend samples after
first stage bend. Right: U-bend samples completely bent and bolted to retain shape.

passivation region when cyclic polarization was performed, see Figure 3.13. This

region will have meta stable pit nucleation where stress corrosion cracking might

happen
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Figure 4.7: (A): After polishing and final stage bending of the samples, they are
bolted so the legs of the sample are parallel. (B): A cap is used to hold the sample
in the sulfuric acid in the bottle
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4.3 Results and Discussion

4.3.1 Open Circuit Potential

U-bend test are a useful for comparing major differences in the resistance of CISCC.

Using this technique, we can compare the three samples and their ability to with-

stand cracking in a corrosive environment. During the prolonged exposure to 2.5

M sulfuric acid and 0.5 M sodium chloride solution, the open circuit was measured

using a Ag/AgCl reference electrode to compare the corrosion potential of all three

samples. The Figure 4.8 reveals that the 304L sample has the least noble corro-

sion potential when compared with the other samples. the FSP 304L+Mo and FSP

304L+3016L samples had very similar corrosion potentials through the entirety of

the test. The Figure 4.8 shows some strange spikes in the potential at 2.5 hours for

the FSP 304L+316L sample that settles after after a couple of hours. At 25 hours

the FSP 304L+Mo and FSP 304L+316L spike again but settle. These spikes coincide

with when the samples are removed from the acid to take micrographs and the open

circuit potential was measured immediately after samples were re-submerged in the

acid.

4.3.1.1 Microstructure

The more resistant a material is to CISCC the longer it will take to form surface cracks

and the longer until total failure. Research suggests that the addition of molybdenum

will improve CISCC resistance by increasing the PREN and improving the stacking

fault energy[9], but Table 4.5 illustrates that 304L is the last to crack of the samples.

This is an unexpected result considering 304L has the least amount of molybdenum

compared with the other samples. Using micrographs, Tables 4.6-4.8 show that 304L
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Figure 4.8: Plot of open circuit potential over the duration of the test

has lower SCD when compared to FSP 304L+Mo and FSP 304L+316L. At 174.75

hours, FSP 304L+Mo has 2.4 times as much SCD. FSP 304L+316L has 3 times as

much SCD when compared to 304L. It should be noted that the SCD of all samples

will be higher than what this report states because of the limitations of the optical

microscope. Figure 4.8 reveals that 304L is less noble than FSP 304L+Mo and FSP

304L+316L. At 175.75 hours of solution exposure, 304L had a corrosion potential of

-0.316 V while FSP 304L+Mo and FSP 304L+316L had -0.262 V and -0.265 V re-

spectively. This result seems incongruous when compared to the other results because

the more noble the corrosion potential, the more resistance to corrosion a material is

yet the data from Tables 4.5-4.8 suggest that 304L has superior CISCC resistance.
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Table 4.5: Details of first crack observed, time to total failure and first crack length.

Sample Time to First Crack(hours) Time to Total Failure (hours) First Crack Length (µm)
304L 47.75 267.5 115

FSP 304L+Mo 30 - 78
FSP 304L+316L 30 - 65

Figure 4.9: Micrograph of 304L sample after (A): 102.75 hours (B): 127 hours (C):
152.75 hours (D): 174 hours

Table 4.6: Evolution of SCD over time of 304L sample

Sample Time (hour) Surface Crack Density (µm/µm2)
304L 78.75 0.0046

102.75 0.0209
127 0.0208

152.75 0.0264
174 0.0152
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Figure 4.10: Micrograph of FSP 304L+Mo sample after (A):78.75 hours (B): 102.75
hours (C): 127 hours (D): 152.75 hours (E): 174 hours
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Table 4.7: Evolution of SCD over time of FSP 304L+Mo

Sample Time (hour) Surface Crack Density (µm/µm2)
FSP 304L+Mo 78.75 0.0190

102.75 0.0284
127 0.0329

152.75 0.0387
174 0.0369

Table 4.8: Evolution of SCD over time of FSP 304L+316L

Sample Time (hour) Surface Crack Density (µm/µm2)
FSP 304L+316L 78.75 0.0323

102.75 0.0409
127 0.0451

152.75 0.0511
174 0.0465
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Figure 4.11: Micrograph of FSP 304L+316L sample after (A): 102.75 hours (B):
127 hours (C): 152.75 hours (D): 174 hours
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4.3.2 Poteniostatic Analysis

Potentiostatic testing highlights details of the passive layer of the U-bend samples

like the passivation kinetics, k, found in the following equation.

I = Iot
k (4.6)

The more negative the value for k, the faster the passive layer grows. By observing

Figure 4.12 we see that for the first 100 seconds the current is decreasing the entire

time and the passivation constant is -0.516. This signifies that the passive layer is

growing and becoming thicker. If we compare the passivation kinetics of the 304L

sample at day 1, Figure 4.12, with the FSP 304L+316L sample at day 1, Figure 4.22,

we see that the while both show passive layer growth with time, the FSP 304L+316L

sample is passivating slower than the 304L sample. After the initial 100 seconds

the behavior of current changes based on the integrity of the passive layer. If we

observe Figure 4.15, we can see that after 100 seconds, the current begins to oscillate

slightly. These oscillations are a sign that the passive layer is beginning to fail. The

current is still decreasing until just before 1000 seconds, but begins to increase and

the oscillations become more frenetic as the time approaches 10,000 seconds. These

spikes in the current are indicative of pit nucleation and passive layer failure. When

observing the passivation kinetics over all 5 days, we see that 304L has mostly negative

values for the passivation constant where as the FSP 304L+316L samples have smaller

passivation constants oscillating around zero. The FSP 304L+Mo samples tended to

have the most negative passivation constant.
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Figure 4.12: First 100 seconds of day one of potentiostatic test of 304L U-bend
sample.

Figure 4.13: Day one of potentiostatic test of 304L U-bend sample.
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Figure 4.14: First 100 seconds of day two of potentiostatic test of 304L U-bend
sample.

Figure 4.15: Day two of potentiostatic test of 304L U-bend sample.
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Figure 4.16: First 100 seconds of day three of potentiostatic test of 304L U-bend
sample.

Figure 4.17: Day three of potentiostatic test of 304L U-bend sample.
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Figure 4.18: First 100 seconds of day four of potentiostatic test of 304L U-bend
sample.

Figure 4.19: Day four of potentiostatic test of 304L sample.
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Figure 4.20: First 100 seconds of day five of potentiostatic test of 304L U-bend
sample.

Figure 4.21: Day five of potentiostatic test of 304L U-bend sample.
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Figure 4.22: First 100 seconds of day one of potentiostatic test of FSP 304L+316L
U-bend sample.

Figure 4.23: Day one of potentiostatic test of FSP 304L+316L U-bend sample.
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Figure 4.24: First 100 seconds of day two of potentiostatic test of FSP 304L+316L
U-bend sample.

Figure 4.25: Day two of potentiostatic test of FSP 304L+316L U-bend sample.
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Figure 4.26: First 100 seconds of day three of potentiostatic test of FSP 304L+316L
U-bend sample.

Figure 4.27: Day three of potentiostatic test of FSP 304L+316L U-bend sample.
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Figure 4.28: First 100 seconds of day four of potentiostatic test of FSP 304L+316L
U-bend sample.

Figure 4.29: Day four of potentiostatic test of FSP 304L+316L U-bend sample.
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Figure 4.30: First 100 seconds of day five of potentiostatic test of FSP 304L+316L
U-bend sample.

Figure 4.31: Day five of potentiostatic test of FSP 304L+316L U-bend sample.
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Figure 4.32: First 100 seconds of day one of potentiostatic test of FSP 304L+Mo
U-bend sample.

Figure 4.33: Day one of potentiostatic test of FSP 304L+Mo U-bend sample.
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Figure 4.34: First 100 seconds of day two of potentiostatic test of FSP 304L+Mo
U-bend sample.

Figure 4.35: Day two of potentiostatic test of FSP 304L+Mo U-bend sample.
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Figure 4.36: First 100 seconds of day three of potentiostatic test of FSP 304L+Mo
U-bend sample.

Figure 4.37: Day three of potentiostatic test of FSP 304L+Mo U-bend sample.
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Figure 4.38: First 100 seconds of day four of potentiostatic test of FSP 304L+Mo
U-bend sample.

Figure 4.39: Day four of potentiostatic test of FSP 304L+Mo U-bend sample.
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Figure 4.40: First 100 seconds of day five of potentiostatic test of FSP 304L+Mo
U-bend sample.

Figure 4.41: Day five of potentiostatic test of FSP 304L+Mo U-bend sample.
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Table 4.9: Values for Equation 4.6 taken from potentiostatic analysis.

Sample Day 1 Day 2 Day 3 Day 4 Day 5
304L Io (A) 0.0032 0.0093 0.0032 0.0722 0.0047

k -0.516 -0.125 0.0349 -0.594 -0.026
FSP 304L+316L Io (A) 0.0041 0.0008 0.002 0.0041 0.00001

k -0.116 0.0069 -0.0006 -0.024 0.0079
FSP 304L +Mo Io (A) 0.0005 0.0037 0.0021 0.0002 0.0002

k -0.953 -0.437 -0.955 -0.422 -0.217

4.3.2.1 Microstructure

Micrographs of the U-bend samples reveal that the 2.5 M H2SO4 + 0.5 NaCl solution

attacks the surface intergranularly. The most notable changes occur with the 304L

samples with large voids visible like in Figure 4.42. During the potentiostatic test, over

the course of several minutes, small dust like particulates could be seen falling from the

surface of the U-bend sample. These small particulates were not investigated using a

scanning electron microscope, but in conjunction with the light optical micrographs,

it is believed that these voids are left from grains being intergranularly attacked by the

solution. The 304L U-bend sample was the most effected by the potentiostatic test,

with large voids visible over the surface. The FSP 304L+316L U-bend samples were

less effected, with less of a change to the surface texture. The FSP 304L+Mo U-bend

samples were the least effected visually, with almost no change from day 1, Figure

4.43(A), and day 5, Figure 4.43(E). Using the light optical microscope, the surface of

the FSP 304L+316L and FSP 304L+Mo samples did not reveal if the samples were

intergranular or intragranular attacked. Therefore the samples were analysed with a

JEOL JSM-6610LV scanning electron microscope to reveal the surface topology. Upon

inspection, it can be seen in Figure 4.45 that the corrosion attack was intergranular.

Figure 4.46 reveals an unexpected topography. The surface is dimpled like that of a

golf ball with no visible grain boundaries or visable cracking. It appears as though the
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sample under went general corrosion because the whole surface has been attacked.

Figure 4.47 reveals a smooth surface with occasional pitting but no intergranular

attack.
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Figure 4.42: Micrograph of 304L U-bend with 0.2 V in 2.5 M H2SO4 + 0.5 NaCl.
(A): day 1, (B): day 2, (C): day 3, (D): day 4, (E): day 5
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Figure 4.43: Micrograph of FSP 304L+Mo U-bend 0.2 V with in 2.5 M H2SO4 +
0.5 NaCl. (A): day 1, (B): day 2, (C): day 3, (D): day 4, (E): day 5
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Figure 4.44: Micrograph of FSP 304L+316L U-bend with 0.2 V in 2.5 M H2SO4 +
0.5 NaCl. (A): day 1, (B): day 2, (C): day 3, (D): day 4, (E): day 5
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Figure 4.45: Scanning electron image of 304L U-bend sample.
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Figure 4.46: Scanning electron image of FSP 304L+316L U-bend sample.
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Figure 4.47: Scanning electron image of FSP 304L+Mo U-bend sample.
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4.3.3 Grain Size

The application of ASTM E112-96 revealed that the friction stir processed samples

had a reduced grain size when compared with the 304L, see Figure 4.10. This is

congruent with the results from other research [7], [8], [9].

Figure 4.48: Light optical micrograph taken of etched 304L.

Table 4.10: Microstructure details of 304L samples before FSP, after FSP, and FSP
with the addition of 316L and molybdenum.

304L FSP 304L+316L FSP 304L+Mo

l̄ (µm) 19.60 3.08 5.20

d̄ (µm) 22.35 3.45 5.82

s (µm) ±12.94 ±2.02 ±3.87

95% CI 1.85 0.29 0.46

% RA 8.29 8.38 8.83
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Figure 4.49: Light optical micrograph taken of etched FSP 304L+316L.

Figure 4.50: Light optical micrograph taken of etched FSP 304L+Mo.
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4.3.4 Surface Defects

While polishing the samples, surface artifacts were observed using the optical light

microscope. The first artifacts observed were comet tails, as seen in Figure 4.51

and 4.52. The comet tails started to appear during 800 grit portion of the grinding

process. Comet tails occur adjacent to inclusions or pores [10] or when an inclusion

is pulled out of the sample [11]. Porosity and inclusions are possible with friction stir

processing [12] [13] but this is outside the scope of this thesis. The second surface

artifact observed was what appeared as small dark spots on the surface of the sample,

as can be seen in Figure 4.53. The concentration of surface artifacts varied between

samples from only visible with a scanning electron microscope, like Figure 3.22, to

visible to the naked eye like in Figure 4.54. Scanning electron microscope and energy

dispersive spectroscopy revealed in Figure 4.55 that these dark spots to be evidence

of porosity and powder that did not become homogenized with the base metal [14].
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Figure 4.51: Comet tail observed after 800 grit grinding paper using light microscope
at 10X
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Figure 4.52: Comet tail observed after 800 grit grinding paper using light microscope
at 50X
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Figure 4.53: Surface artifacts observed in FSP 304L+316L after 1 µm diamond
suspension
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Figure 4.54: Photograph taken of FSP 304L+Mo sample with surface inclusions

Figure 4.55: Scanning electron image of: (A)The surface of the FSP 304L+316L
sample and (B)the surface of the 304L+Mo sample.
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4.4 Conclusion

The FSP 304L+316L and FSP 304L+Mo were more noble in the open circuit potential

analysis and did not fail in the U-bend test yet the surface crack density was higher in

the FSP samples. while crack formation is generally not ideal in a material, this may

have relieved stress in the U-bend sample enough to mitigate total failure. The FSP

304L+316L and FSP 304L+Mo were removed from the 2.5 M sulfuric acid + 0.5 M

sodium chloride solution intact after 2472 hours. By contrast, the 304L U-bend sample

had a low surface crack density with a larger grain size which may have encouraged

the catastrophic failure at 267.5 hours. The potentiostatic analysis reveals that the

FSP 304L+Mo sample performed best because the average value for Io is the lowest at

0.00134 A, the average k value is most negative at -0.597, and visual inspection using

the SEM reveals the smoothest topography. The FSP 304L+316L sample performed

the worst in the potentiostatic test but based on SEM analysis did not suffer as

aggressive of corrosion attack as the 304L sample. The 304L sample was the second

best in the potentiostatic test but light optical microscope and SEM analysis revealed

the samples sustained aggressive intergranular attack from the 2.5 M sulfuric acid and

0.5 M sodium chloride solution. It is unclear why the FSP 304L+316L sample had the

worst k value for the potentiostatic test. Based on scanning electron microscopy, the

presence of surface defects in the FSP 304L+316L may have attributed to the slower

passivation kinetics. Intergranular attack was dominant in the 304L sample with the

light optical microscope but a mix of the two types is reasonable to be present in a

Fe-Cr alloys. FSP 304L+Mo had an improved passivation constant compared with

the other samples.
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CHAPTER 5
Conclusion

In this thesis, I have reported the results and analyses of a preliminary investigation of

friction stir processed techniques as a method for crack repair and fortification against

chloride induced stress corrosion cracking. Analysis using cyclic polarization was used

to observe that friction stir processing was beneficial at improving corrosion resistance,

especially pit nucleation when compared to the 304L base metal. However, the FSP

304L+316L and FSP 304L+Mo samples did not have improved pitting potential when

compared to FSP 304L sample. The FSP 304L+316L and FSP 304L+Mo samples did

have improved corrosion current and the FSP 304L+Mo had significantly improved

linear polarization resistance. U-bend test revealed the FSP 304L+316L and FSP

304L+Mo samples did not fail even after 2472 hours in a 2.5 M sulfuric acid and

0.5 M sodium chloride solution where as the 304L sample failed after 267.5 hours.

Light optical microscopy revealed that the FSP samples had higher surface crack

densities.The U-bend potentiostatic analysis revealed that the FSP 304L+Mo samples

had improved passivation kinetics when compared with the other samples. The U-

bend potentiostatic analysis of 304L revealed a strong intergranular attack when

examined with optical and scanning electron microscopy. The U-bend potentiostatic

analysis of FSP 304L+316L revealed a general corrosion type of attack when examined

with the scanning electron microscope. The U-bend potentiostatic analysis of FSP

304L+Mo revealed a relatively smooth topography with evidence of pitting. Surface

defects were observed in the FSP 304L+316L and FSP 304L+Mo samples in the form

of porosity and powder that was unmixed with the rest of the material.
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Future Work

In future work, the parameters of the friction stir process should be examined to

determine if there is an ideal technique for mixing additives into Fe-Cr alloys. This

line of inquiry will investigate possible reasons and solutions for porosity and unmixed

powder. An examination of the limits molybdenum that can be added via friction

stir processing would also be of great importance to the research community. This

could be done by using pure molybdenum wire in place of sintered 304L+Mo pellets.

Investigation into the maximum amount high stacking fault energy can be increased

via friction stir alloying.


