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Abstract

The Navy has proposed a new Advanced Double Hull (ADH) design for the

fabrication of naval combatants which offers numerous benefits compared to the present

design. AL-6XN is an attractive material for the ADH design because of its superior

mechanical properties, high corrosion resistance, non-magnetic structure, high

availability, and relatively inexpensive cost. When fusion welded, however, the

corrosion resistance of AL-6XN is severely degraded as a result of a solidification defect

- microsegregation. In using a solid-state welding process such as friction stir welding

(FSW), solidification defects are not an issue. In this research, the microstructures and

corrosion behavior of AL-6XN FS welds are characterized and the corrosion properties

are investigated.

The microstructural zones that develop during FSW reflect decreasing strains and

less severe thermal cycles with increasing distance from the weld centerline. The nugget,

located around the centerline, has a refined structure of equiaxed grains as a result of the

extreme strain and temperatures experienced during welding. The heat affected zone

consists of a mixture of relatively large austenite grains and smaller recrystallized grains

nucleated at grain boundaries. The thermal mechanical affected zone, located between

the nugget and heat affected zone, shows a microstructural transition from the completely

refined structure to a structure very similar to the base metal. Due to the changing

microstructure from base metal to the weld zone, there are corresponding changes in

hardness. Moving towards the centerline from the base metal, hardness increases due to

refinement of the microstructure.



Ofparticular importance is that microsegregation was avoided and the corrosion

resistance of the FS weld should be similar to the base metal. A variety of tests were

performed to assess the corrosion performance of the welds including both immersion

tests and electrochemical tests. The tests that most closely mimic the true marine

environment suggest that FS welds have superior resistance to fusion welds and only

slightly lower resistance to as-received plate.
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1. Introduction

FSW is a relatively new joining technique that is gaining a great deal of interest in

the industrial community as a possible alternative to fusion welding. Presently, FSW is

used to join aluminum and is producing welds with outstanding properties. The range of

materials joined by FSW is expanding rapidly and now includes high-strength materials

like stainless steels.

In comparison to aluminum, little research has been dedicated to FS welding of

steels because steels are readily fusion welded. A major shortcoming of fusion welds on

stainless steels is the unavoidable solidification defect - microsegregation.

Microsegregation results in Mo-depleted dendrite cores that are highly susceptible to

pitting. FSW is being explored as an alternative joining method with hopes of improving

the poor corrosion resistance of stainless steel welds.

At present, only a few studies have been dedicated to understanding the

microstructural development of stainless steel FS welds. There have been no studies on

the corrosion behavior of these welds. The goal of this study is to thoroughly

characterize the microstructure and the corrosion behavior of an AL-6XN FS weld.

3



2. Background

2.1 Friction Stir Welding

2.1.1 Basic Friction Stir Welding

Friction stir welding (FSW), developed by The Welding Institute (TWI) in 1991 1

is a solid-state welding process that offers an attractive alternative to arc welding. The

entire process appears relatively simple in that a rotating tool is plunged between the

surfaces of two abutting plates and is then traversed along the length of the plates, Figure

2-1. Details of the tool and several processing terms are identified in this image. As

seen, the FSW tool consists of a pin and a shoulder. During welding, the pin rotates

beneath the plate surface and causes the majority of the material deformation and mixing.

The pin material is different depending on the material to be welded but it must be harder

than the base material to prevent significant tool wear2
• The shoulder of the tool rotates

across the plate surface at some controlled force and prevents the softened material in the

weld zone from being expelled3
• The retreating and advancing sides of the weld are

defined by the direction of tool rotation with respect to the tool translation. Tool rotation

and translation are in the same relative direction on the advancing side while tool rotation

opposes the direction of translation on the retreating side. The lead edge of the tool

refers to the front of the tool which reaches the virgin material first. The trailing edge

refers to the side of the tool which passes over the weld last. TIle critical processing

parameters ofFSW include translational speed, tool rotational speed, and the force

applied to the plate from the shoulder4
•

4



During the FSW process, frictional forces between the tool and plates create

intense local heating. Although, temperatures may approach the melting temperature of

the plates, they will remain solid. Figure 2-2 shows thermal cycles recorded via

thermocouples placed 0.125 mm from the edge of the stir zone during FSW of hot-rolled

AISI 1018 steel. Peak temperatures ranged from 590 to 665°C. At the

shoulder/workpiece interface, temperature measurements, made via an infrared system,

were higher, reaching approximately 990°C4
• Similar to fusion welding, the thermal

cycles produced by FSW are controlled by weld parameters and material properties.

During FSW, material softens around the rotating tool such that a plasticized region of

material is created5
• Mixing the material from the two plates during FSW is complex but

is often explained as a simple extrusion process. Tool rotation intimately mixes the

plates together as it transfers material around the tool. Forward tool translation

essentially extrudes the softened material backwards, in the opposite direction as tool

translation6
,7.8. The "extrusion die" is created by the tool and the unsoftened plate

material6
,8,9. The downward pressure of the tool shoulder, as it passes over the weld zone

confines the softened material within the surface of the plate3
.

2.1.2 Material Flow

The above explanation is an oversimplification of material flow - more detailed

models of flow have been developed. Although there is extensive research on this aspect

ofFSW, there is still uncertainty as to details of flow. K. Colligan lO researched material

flow of 6061-T6 and 7075-T6 aluminum alloys during FSW using a tracer line technique.
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In this technique, a line of steel shot is embedded in the plate parallel to the weld

direction. After welding, movement of the shot caused by material flow is tracked. For

both alloys, tracer movement appeared similar. The original tracer line locations for the

6061-T6 plate are indicated as positions 1-14 in Figure 2-3A. The schematic

representations of horizontal and vertical movement of tracers after welding are seen in

Figures 2-3B and C, respectively. From these schematics, it is seen that tracer movement

and thus material flow can be categorized as one of two types depending on the initial

tracer location. Tracers at positions 1-3, located near the surface of the advancing side,

show unique tracer movement with respect to the other positions. At these locations,

final tracer position after welding appeared completely random. The horizontal

distribution of tracers showed no correlation to their original linear configuration - they

were chaotically distributed, Figure 2-3B. Positions 4-13 show less disruptive horizontal

flow, in which a semi-continuous line of tracers persists after welding. Tracking of the

vertical movement of tracers, Figure 2-3C, reveals a similar trend of a difference between

positions 1-3 and positions 4-13. As tracers in positions 1-3 approach the tool, they were

lifted slightly and then pulled downwards, below their original position. Tracer

movement at positions 4-13 was in one direction - slightly upwards from original

positions.

In summary, material flow at the surface of the advancing side (positions 1-3) is

chaotic and disruptive whereas flow on the retreating side and below the surface

(positions 4-13) is calmer, suggesting material defomlation but less real mixinglO
• It

should be noted that flow may diffcr dcpcnding on material and welding parameters. TIle
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above description describes material flow for FS welds of two aluminum alloys produced

at specific weld parameters. Numerous other attempts have been made to characterize

material flow ofFSW, some ofwhich may agree or disagree with the aforementioned

results.

2.1.3 Microstructural Zones and Properties

Similar to arc welding, distinct microstructural zones develop during FSW. The

microstructures and thus properties of the zones in these two welding processes may,

however, be very different. Generally, three regions are identified in FS welds - the

nugget, the thermal mechanical affected zone (TMAZ), and the heat affected zone

(HAZ). Figure 2-4 is an illustration of the approximate locations of these three regions in

a generic case. It should be noted that relative sizes and locations of each region may

differ upon material and welding parameters. The nugget, slightly larger than the pin,

experiences the highest temperatures and most sever strains. The TMAZ, also affected

by thermal cycles and strains, surrounds the nugget. Compared to the nugget, however,

peak temperatures are lower, times at temperature are shorter, and strains are

lower3
•
4
,6,ll,12. The HAZ surrounds the TMAZ and experiences no deformation but is

exposed to mild thermal cycles3
• As mentioned, a variety of materials have been

successfully joined via FSW. As will be shown, the developing microstructures are

largely dependent on the material and on the weld parameters used.
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2.1.4 Aluminum and Friction Stir Welding

A number of materials have been joined by FSW - aluminum, lead, zinc,

magnesium, copper and some steels2
. Aluminum, however, is the most commonly and

successfully FS welded material. The high driving force to find an alternative joining

process for aluminum alloys stemmed from the poor structural integrity of aluminum arc

welds. In heat-treatable aluminum alloys, the desirable properties obtained by

precipitation hardening are essentially destroyed as a result of severe thermal cycles

created during welding. FSW provided an acceptable and feasible alternative to arc

welding. Before the process could be industrialized, however, extensive characterization

of the resulting microstructures and material flow patterns was required to understand and

optimize the FSW process. Since FSW is relatively new, many studies have been

dedicated to understanding the resulting microstructures of aluminum alloys including the

lxxx, 2xxx, 5xxx, 6xxx, and 7xxx series3,5.6-8.11-13.

The 2xxx series is a class of aluminum alloys with copper as the major alloying

element. These alloys have superior properties as a result of their precipitation hardening

characteristics and are a popular choice for aerospace applications such as fuselage

panels, tanks, and small structural parts I4
•
15

• The change in the microstructure as a

function of distance was analyzed in a 2024-T3 FS weld using a rotational speed of 360

rpm and a translational speed of 3.3 nlln/sec. The nominal composition of a 2024 Al

alloy is AI-(3.8-4.9)Cu-(OJ-0.9)Mn-(1.2-1.8)Mg (by wt%) with trace amounts of other

elements such as silicon, iron, and chromium. The T3 temper consists of solution heat-

treating and then cold working. TIle as-receiyed material consisted of elongated grains- - - '"-
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from rolling operations. Figure 2-5A shows the microstructural transition occurring at

increasing distances from the weld centerline. Positions 1 and 2, both in the nugget, have

refined structures consisting of fine equiaxed grains. These microstructures are a result

of dynamic recrystallization caused by the intense strain and temperatures in the nugget.

Position 3 corresponds approximately to the edge of the pin and reveals the

microstructural change from the refined nugget to the coarse grained structure of the

HAZ. The change in microstructure results from the decreasing strains and temperatures

with increasing distance from the weld center. It should be noted that the grains at

position 1 and 2 may be larger than grains near the top left in the image of position 3.

Closer to the weld centerline (positions 1 and 2) , the grain size may be larger because of

greater static grain growth at the higher temperatures achieved here. Position 4

represents the HAZ and consists of coarsened grains but no effect of strain is seen. At

position 5, approximately 4.5 mm from the shoulder edge, there is no evidence of heating

or deformation - the microstructure is that of the unaffected base metal.

In addition, the grain size was shown to vary throughout the plate thickness with

larger grains at the crown (surface side at which the shoulder makes contact) and smaller

grains towards the weld root (surface side that is furthest from the tool shoulder), Figure

2-5B. Extra heating is provided by the tool shoulder rotating at the plate surface which

allows for greater static grain growth. In addition, because conduction is the sole means

of cooling this region, it may have slower cooling rates than material below. A banding

structure was seen in the nugget and is commonly referred to as onion rings. The

banding was ShO\\11 to be related to variations in the distribution of second phase
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particles, Figure 2-6. The appearance of the bands is directly related to material flow and

the welding parameters, mainly the tool translation speedl3
•

Li et al5 employed LOM and TEM techniques to analyze the effect of weld speed

on the microstructure ofa 2024-T4 FS weld produced using rotational speeds ranging

from 400-1200 rpm and a constant translational rate of 1 mm/sec. The T4 temper refers

to solution heat-treating and then naturally aging to a stable condition. The unaffected

base metal consists of large grains which are slightly elongated, Figure 2-7A, while the

nugget consisted of small equiaxed grains, Figure 2-7B. TEM images reveal that the

large grains of the base metal have a high dislocation density, Figure 2-7C. The

dislocation density of the nugget grains, however, is low, Figure 2-7D. The decrease in

dislocation density of these grains is a result of recrystallization during FSW. The grain

size was shown to increase with increasing rotational speed. Figures 2-8A and B show

the nugget microstructures of welds produced at 400 and 800 rpm, respectively. The

dislocation densities in the nugget of welds produced at 400 and 800 rpm are seen in

Figures 2-8C and D, respectively. Both structures show dislocations but the 800 rpm

weld, Figure 2-8D, contains dislocation loops and spirals. Increased magnifications of

the spirals in the 800 rpm structure are seen in Figures 2-9A and B. The occurrence of

dislocation spirals indicates a climb component in their creation during welding and heat

generation5
.

Litynska et al 16 analyzed the precipitate structure found within a 2xxx Al aHoy FS

wcld produccd using a rotational speed of 850 rpm and translational speed of 1.25

nUll/sec. TI1C nominal composition of this alloy was AI-6.0Cu-0.75!\1g-0.65Ag-0.19!\1n-
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0.36Zr (by wt%). In the base metal, the grains were approximately 20 Jlm in size and the

n phase (AhCu) was the dominant strengthening precipitate, Figure 2-1 OA. This phase

forms as hexagonal-shaped plates on the {Ill} plane of the matrix and ranged from 20­

80 nm in size. There were also small amounts of8' (AhCu) and S' (AhCuMg)

precipitates present. The grain size in the nugget ranged between 3 - 5 Jlm, Figure 2­

lOB. The temperatures reached in the nugget during welding caused dissolution of the n,

8', and S' phases and resulted in a homogenous distribution of AhZr precipitates and

elliptical AhoCu2Mn3 dispersoids. The HAZ - different from the nugget and the base

metal- contained 8 (AhCu), cr (AlsCu6Mg2), n (AhCu), 8' (AhCu) and S' (AhCuMg)

precipitates, Figure 2-1 OC. The temperatures reached in the HAZ caused coarsening of

the n, 8', and S' precipitates. Heating also caused the density ofn plates to decrease

and the density of the 8' and S' precipitates to increase in this regionl6
•

Charit et a1. 17 investigated the orientation relationship between grains within the

nugget of a FS weld using orientation imaging microscopy (OIM). A FS weld of a 2042­

T4 alloy produced with a rotational speed of300 rpm and translational speed of 0.42

mm/sec was analyzed. The base metal consisted of elongated grains in the direction of

rolling, Figure 2-11 A, while the nugget had a refined structure of equiaxed grains, Figure

2-11 B. The second phase particles in the nugget can be seen using TEM, Figure 2-12A.

Orientation Imaging Microscopy (OIM), reveals that over 95% of the grain boundaries

are high angle grain boundaries, Figure 2-12B. The high angle grain boundaries are a

characteristic of a completely recrystallized structure17
•
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The 1xxx series alloys are "pure" aluminum alloys such that the concentration of

aluminum is greater than 99%. Unlike the 2xxx series, the 1xxx series is not a

precipitation hardened class of alloys. A FS weld of a cold-rolled 1050 Al alloy was

produced using a constant translational speed of 1.55 mm/sec and rotational speeds of

560, 980, and 1840 rpm. All welds produced had a u-shape, much like other FS welds,

with a clear difference between the weld zone and the base metal. Compared to the

retreating side, the advancing side of the weld showed a more abrupt change between the

base metal and weld zone, Figure 2-13A. The difference between the advancing and

retreating sides relates to the differences in material flow. The base metal consisted of

elongated grains along the rolling direction, Figure 2-13B. Even though the 1050 Al alloy

is essentially pure aluminum, some second phase particles are present here. The nugget

consisted of very fine recrystallized grains, Figure 2-13C. Second phase particles here

were much smaller and had a more homogeneous distribution that in the base metal.

TEM analysis showed effects of rotational speed and provided further details of the

nugget structure. Consistent with the 2024 AI alloy, higher rotational speeds led to

higher weld temperatures and greater static grain growth. At 560 rpm, grains were on the

sub-micron size of about 0.5 J.1m, Figure 2-14A. At 980 rpm, grains were 1-2 J.1m, 2-14B,

while at 1840 rpm, grains were 3-4J.1m, Figure 2-14CI8
•

The weld microstructure of an equal-channel angular (ECA) pressed 1050 Al

alloy was analyzed by Sato et a1 19
. ECA pressing is a very high-strain defonnation

process used to create an extremely fine grained microstructure. TIle FS welds were

produced with a translational speed of 5.9 m111/s but no tool rotational speed was
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provided. The as-received alloy consisted of small grains having a substructure with a

cell size 0.58 llm and a high dislocation density, Figure 2-15A. This structure is a result

of recovery during ECA pressing. The weld zone also had a fine structure, but consisted

ofequiaxed grains with an average size of 0.61 llm. It should be noted that the plate

thickness in this case was 1 mm, much thinner than plates used for most FSW. The

extremely small grain size suggests that cooling was fast enough to prevent the static

grain growth which results in the coarser-grained nuggets seen in FS welds on thicker

plates. As seen from the TEM image, Figure 2-15B, grains in the nugget had a low

dislocation density. The TMAZ consists of a cellular structure similar to the base metal,

a result of recovery, Figure 2-15C. Cells are larger and dislocation density is lower in the

TMAZ when compared to the ECA pressed base metal because the temperatures during

FSW are higher than that achieved during ECA pressing. It should be noted that the cell

size in the TMAZ is approximately the grain size in the weld nugget. In summary, the

higher temperatures in the nugget allow for both recovery and recrystallization while

temperatures of the TMAZ were sufficient enough to allow for only recoveryl9.

Hardness traces across the weld zone reflect changes in the microstructure.

Therefore, heat-treatable aluminum alloys, having similar microstructures, show similar

hardness trends. Figure 2-16A shows hardness across the weld zone as a function of

distance from the centerline of a 2024-T3 aluminum alloy. In Figure 2-16A, the

minimum data points falling just outside the dashed vertical lines represent the HAZ.

TI1e nugget and TMAZ, within the dashed lines, is harder than the HAZ but still softer

than the base metal due to the dissolution ofprecipitates7
•
11

. Although, properties are still
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sacrificed in FSW, the decrease in hardness is less severe than experienced during arc

welding4
• As described above, the microstructure ofa work-hardened aluminum is

different than a precipitation hardened alloy. In tum, the hardness traces across the weld

zone are also different, Figure 2-16B. In the case of a 1100 Al alloy, the hardness of the

weld zone, falling between the two arrows, is somewhat superior to the base metal as a

result ofgrain refinement2o
• Unlike the 2xxx series, there is no decrease in hardness due

to precipitation affects.

As can be seen from the above results, characteristics of developing

microstructural zones - the nugget, the TMAZ, and the HAZ - are dependent on the alloy

composition and the weld parameters.

2.1.5 Friction Stir welding of Steel

2.1.5.1 Advantages

Recently, there has been increasing interest in FSW of harder materials like

stainless steel. Although most steels are readily weldable using standard techniques,

FSW offers a number of advantages over arc welding. In arc welding, a thorough

cleaning of the surface is usually required - this is not the case for FSW. Due to the

complex material transport, surface contamination is eventually expelled from plates in

flash. Also, because FSW is an autogenous process requiring neither a flux nor shielding

gas. the potential for composition changes is very low21
• A number of benefits such as

lower distortion. lower shrinkage, and no porosity are a direct result of the lower

operating tcmpcratures ofFSW22
. Also, similar to aluminum alloys, the lower themlal
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cycles ofFSW should result in superior weld properties compared to arc welds4
• For

stainless steels, there are two advantages that make FSW particularly desirable. First,

hexavalent chromium, a carcinogenic gas generated in arc welding, is absent in FSw4.

Second, and most importantly, solidification defects commonly seen in arc welding such

as solidification cracking and microsegregation should be avoided21
•

2.1.5.2 Difficulties

Despite its possible advantages, progress in FSW of steel has been slow and

greatly lags the progress made in FSW of aluminum alloys. As stated, the poor

weldability of many aluminum alloys has been the driving force to understand FSW and

make it a practical joining process. Because arc welding produces acceptable welds on

stainless steel, there has been little effort to find alternative welding processes. Also, in

comparison to aluminum, stainless steel has a much higher flow stress and lower thermal

diffusivity, creating a harsher tool environment and causing accelerated tool wear23
• Tool

wear limits process productivity and may also result in weld contamination. With proper

tool design and better selection of tool material, however, wear can be minimized24
•

2.1.5.3 Microstructures of FS Welded Steels

2.1.5.3.1 Type 304 Stainless Steel

Although several studies of 304 SS FS welds have been perfonlled23
•
26

• only one

such study provides a thorough characterization of the resulting microstructure25
• Figure
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2-17A, shows that the base metal consists of coarse austenite grains about 20 Jlm in size

with small particles of ferrite. The austenite grains had a low dislocation density, Figure

2-17B. Similar to the aluminum alloys discussed, the nugget had a refined microstructure

of equiaxed grains, Figure 2-17C. The average grain size was approximately 14 Jlm.

The TEM image of the nugget shows a moderate amount ofdislocations present within

these grains, Figure 2-17D. This microstructure is indicative of recovery and

recrystallization. The TMAZ consisted of slightly irregular austenite grains, Figure 2­

17E. The TEM image, Figure 2-17F, reveals a subgrain structure within the grains of the

TMAZ. The presence of subgrains reveals recovery in the TMAZ.

A banding phenomenon was seen at the lower edge of the advancing side of the

weld zone, Figure 2-18A. Two different morphologies of the banding are labeled A and

B in this figure. Figure 2-18B is a high magnification image of the banding in the region

labeled A. As seen, the banding consists of a streaky second phase within an austenite

matrix. The banding in region B, Figure 2-18C, had a somewhat lamellar structure

consisting of alternating layers of austenite and high density bands of second phase

particles. The banding was also analyzed using OIM, TEM, and EDS. The DIM map of

region A, Figure 2-19A, reveals 500-1000 nm particles within the grain boundaries. The

TEM image of this region is seen in Figure 2-19B. A quantitative analysis of the EDS

spectrum of particles in region A, Figure 2-19C, indicates the second phase had a

composition of 54.6 Cr, 43.1 Fe and 1.0 Ni (by \\1%). TIle 304SS base metal had a

nominal composition of 18.1 Cr, 8.56 Ni, 0.59Si, 1.08 Mn and a balance of Fe (by \\t%).

TIle DIM analysis of region B. Figure 2-20A, shows smaller grains in comparison to
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region A, Figure 2-19A. The particle size, determined using TEM images ranged, from

200-400 nm, Figure 2-20B. A quantitative analysis of the EDS spectrum of this phase,

Figure 2-20C, indicates a composition of33.8 Cr, 60.6 Fe, and 5.0 Ni (by wt%). Again,

the composition of the second phase is different than the base metal. The compositions

of the second phases in region A and B suggest that they are carbides or sigma phase. A

high magnification TEM image of the second phase particle in region A is seen in Figure

2-21 A. The particle contains many staking faults with a preferential orientation.

Analysis of the electron diffraction pattern, Figure 2-21 B, revealed that the particle is

sigma phase. Sigma likely formed as a result of a solid-state transformation induced by

the highest temperatures experienced only at the advancing side of the FS weld. As the

microstructure heats, austenite transforms to 8-ferrite, which upon cooling decomposes to

sigma and austenite. Although decomposition to sigma normally requires long times, the

transformation has been shown to be accelerated by high strain and recrystallization, both

of which are present in FS welds25
•

The microstructural analysis of 304 SS FS welds by Posada et al.24 was brief.

Onion rings, consisting of alternating layers of ferrite and austenite were noted in the

nugget. No banding was mentioned, however, suggesting no sigma formation in this

particular FS weld24
.

2.1.5.3.2 AL-6XN

At prcscnt. Rcynolds ct af7 has the solc invcstigation of a supcr austcnitic

stainless stcel FS wcld. In this casc, the material wclded was AL-6XN. The basc metal
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consisted of large equiaxed austenite grains about 80J.1m in size, Figure 2-22A. Also seen

in this figure is centerline sigma which is a product created during plate fabrication.

Although there was no mention of onion rings in the AL-6XN FS weld, the nugget

consisted of refined grains. The HAZ, surrounding the nugget, had a microstructure of

large austenite grains with some type ofnucleation phenomenon at the grain boundaries.

The microstructure ofboth the nugget and the HAZ are seen in Figure 2-22B. In this

figure, the nugget is in the upper left region and the HAZ is towards the bottom. It was

suggested that the nucleated grains at grain boundaries were either the sigma phase or

new, recrystallized austenite grains27
• No further research, however, was dedicated to

identify this phase.

2.2 Passivity

Almost all metals will react with their environment to form a surface layer of a

stable compound, often an oxide. For example, aluminum alloys form a very thin and

stable aluminum oxide scale. The characteristics of this layer depend on the metal

composition, the aggressive environment, and the temperature of the system. If the layer

acts as a protective coating, preventing further reaction between the metal and the

aggressive environment, it is said to be a passive layer. Many high performance alloys,

such as stainless steels, owe their superior corrosion resistance to passive layer fonnation.

Early experiments yielded results indicating that passivation behavior may be

different depending on the corrosion system. TIlere are two definitions used today to

describe passivity:
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Definition 1- A metal is passive if it undergoes anodic polarization and thus

resists further corrosion28
•

Definition 2 - A metal is passive if, thennodynamically, corrosion is a stable

reaction but the metal does not corrode28
•

With respect to the electrochemistry, Definition I refers to passivation resulting in low

corrosion rates at noble electrochemical potentials. Metals such as nickel, chromium,

molybdenum, titanium, and stainless steels exhibit this type of passivation. Definition 2,

however, refers to systems with low corrosion rates while at active potentials. Lead in

sulfuric acid and magnesium in water are two examples of systems that experience

passivity according to definition 229
•

2.2.1 Formation of the Passive Layer

There are many theories to explain the mechanisms responsible for passive layer

fonnation and growth. Cabrera and Mott developed the oxidation theolY - one of the

earliest theories of passive layer formation. This theory suggests growth via ionic

transport driven by the high electric field across the passive film30
• A number of more

recent theories such as the Hopping model, the induced space charge model, and point

defect model are simply modified versions of the original oxidation theory. Other

theories do not assume an electrical field is the driving force for ionic transport. For

example, the adsolption theory attributes passivity to adsorption of a thin layer of oxygen

at the metal surface. The thin oxygen layer prevents adsorption of aggressive ions, which

effectively slows the corrosion rate3
!. Passive layer gro\\th. in the phase e.xchange
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model, proposed by Sato and Cohen, occurs by the exchange of oxygen atoms and metal

ions at the metal-electrolyte interface32
•

2.2.2 Characteristics of Passive Layers

Five characteristics controlling the behavior of the passive layer are thickness,

chemical composition, structure, defects, and electronic properties. These characteristics

are inherently related to one another. With respect to thickness, there are two types of

passive layers. Two-dimensional films (described by the adsorption theory) are very thin,

consisting of a monolayer or less of adsorbed oxygen. As mentioned, this type of layer

prevents corrosion by retarding corrosion rates at the metal-electrolyte interface. Three­

dimensional films are much thicker and prevent further dissolution of metal by acting as a

diffusion barrier against aggressive species. Passive film thickness may dictate

susceptibility to breakdown, the breakdown mechanism, and the repassivation

capabilities. The passive layer may have many stable compositions and is controlled by

the metal composition and the aggressive environment. Passive films on iron and iron

alloys have been shown to exist as at least six different compounds. Not only can the

composition of the passive layer control breakdown, the breakdown process may alter the

composition of the layer. 111ree important distinctions relating to composition are as

follows: thickness, presence of hydrogen, and presence of alloying elements. Passive

film structure is closely related to composition32
• McBee and Kruger33 showed that the

structure of the passive film, whether it tends toward a crystallinc or non-crystalline

glassy structurc. plays a rolc in breakdO\\l1. Also affecting the passiyc layer and its
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breakdown are the defects inherently present in all materials. For example, cation

vacancy concentration has been shown to affect frequency distributions of the breakdown

parameters, critical breakdown potential, and induction time34
• In addition, because

passive film formation and breakdown inherently involve the transport of charged

species, the electronic properties of these films will have some influence32
•

2.2.3 Thermodynamics

Conditions of passivity, and corrosion in general, can be described in terms of

thermodynamics and kinetics. The thermodynamics of corrosion is based on the energy

associated with chemical reactions. The electromotive force (EMF) series is a list of half

reactions and their standard electrode potentials in reference to the standard hydrogen

electrode, Figure 2-23. The magnitude and sign of the potential represents driving force

for a reaction to occur. A large negative sign indicates that corrosion is very likely while

a large positive sign indicates corrosion is unlikely. Accordingly, the negative end of the

EMF series is referred to as active and the positive end of the EMF series is referred to as

l1oble. Although the EMF series can be useful, its capabilities are limited because the

data provided is very specific and concerns reactions at standard conditions, an event

which rarely occurs35
.

Pourbaix diagrams, plots of potential versus pH, are a much more applicable fonll

ofthenllodynamic data. As seen in Figure 2-24A, the Pourbaix diagram for iron in water,

regions are labeled with stable phases for the given potential and pH range. Depending

on what phase is stable, the Pourbaix diagram dictates whether a metal will exhibit
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passivity, immunity, or corrosion. For example, compare Figures 2-24A and B. As seen,

iron is immune if the reduced form, Fe, is stable but will corrode when its soluble

oxidized ions, Fe3
+ or HFe02-, are stable. As defined previously, passivation occurs

when a stable oxide forms on the metal surface to protect the underlying metat36
. As seen

in 24A and B, Fe(OHh is the stable oxide in the passive region.

Boundaries of the various regions on Pourbaix diagrams are obtained by

evaluating the general form of the Nerst Equation,

E= EO + (2.3RT/nF) log[aoxid]/[aredl

where
E =measured potential

EO = equilibrium potential
R =gas constant
T = temperature

n = number electrons transferred
F = Faraday's constant

aoxid =activity of the oxidation reaction
arcd = activity of the reduction reaction,

for the possible electrochemical and chemical reactions of a given system35
• It is

important to note that thermodynamic data indicates only whether a given reaction is

possible, it does not indicate rate of the reaction.

2.2.4 Kinetics

To describe the kinetics or reaction rates of passivation, polarization curves are

one of the standard tools employed. Polarization curves are plots of electrochemical

potential, E, versus the current density. i. TIle electrochemical potential refers to the cell

potentialreferenced to the standard hydrogen electrode and. as stated previously, is a
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measure of driving force. Current density is defined as the current per unit of surface

area of the exposed metal and is related to the corrosion rate via the following equation

r = ilnF

where
r = reaction rate
i = corrosion rate

n = number of electrons transferred
F = Faraday's constane7

•

Stainless steels and other metals exhibiting Type I passivity have a distinct

electrochemical behavior referred to as an active-passive transition that is portrayed by a

distinct polarization curve. The anodic or oxidation polarization curves for such metals

have, in general, an "s" shape as seen in Figure 2-2537
•

Similar to Pourbaix diagrams, the behavior of a metal in a particular environment

may be determined via polarization curves. Based on potential and current density, three

distinct regions are often identified on polarization curves: the active, the passive, and the

transpassive regions, Figure 2-25. In the active region, typically at lower potentials,

corrosion (or dissolution) rates increase with increasing potential. As the potential is

increased to the passive potential, Epp, corrosion rates drop to the passive current density,

ipas. Corrosion rates are lower in this region as a result of the formation of a stable

passive layer. Current density in the passive region remains low and constant with

further increases in the potentiaI3
? Eventually, at the critical potential, Ee, the passive

film is no longer stable and breakdown occurs38
• ll1is is referred to as the transpassive

region where corrosion is likely to occur in some localized fonn such as pitting3
?
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The behavior of a metal in a specific environment can be assessed by plotting the

oxidation polarization curve of the metal with the reduction polarization curve for the

environment. Figure 2-26 shows a series of generic reduction polarization curves

intersecting an oxidation polarization curve. According to the mixed potential theory, the

intersection of polarization curves occurs at a potential in which the rate of the oxidation

and reduction reactions are equal. The region in which the curves intersect - active,

passive, transpassive - determines behavior of the metal. For example, corrosion will

occur for reduction lines 1 and 2, while the system will be passive for reduction lines 4-6.

In the case of lines 7 and 8, localized corrosion is likely to occur. In some cases, as

shown by line 3, however, polarization curves may intersect multiple times. Intersection

at point C occurs in the active region while intersection at C' occurs in the passive region.

Therefore, both corrosion and passivation are stable for this particular system.

Intersection X on line 3 occurs in a region of increasing potential and decreasing current

on the oxidation polarization curve. This is not a stable condition and will not likely

occur in a system30
•
37

.

As evident from the previous discussion, passivity is a complex phenomenon.

Not just one but several theories describe passive layer formation and growth. Also,

there is no standard passive layer. The passive layer that forms depends on the sample

and the environment. Tools such as Pourbaix diagrams and polarization curves are used

to describe the thennodynamics and the kinetics of passivity and help to quantify aspects

of this phenomenon.
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2.3 Corrosion

2.3.1 Pitting Corrosion

Almost all metals experience corrosion, a deterioration of structure and properties,

upon reaction with the environment. The yearly cost of corrosion in today's society is

substantial, totaling billions of dollars annually. Although corrosion may appear in any

of several forms, one of the most insidious forms is pitting corrosion. Pitting is generally

defined as a localized attack of a metal as a result of passive layer breakdown in an

aggressive environmene9
•

One reason pitting is so destructive is that pit detection is difficult - pits are

typically small and often concealed by a "cap" ofcorrosion products leaching from

within the pit. Also, pit morphology may be such that surface attack is minimal but a

large undetectable volume of metal beneath the surface has been consumed by corrosion.

This type of pit morphology is referred to as undercutting. Figure 2-27, a cross-section of

a stainless steel tube wall shows sever undercutting. The difficulty in monitoring pitting

severity also contributes to the destructive nature of this type ofcorrosion. Tracking total

weight loss of a structure is used to monitor some forms of corrosion. This method,

however, is unacceptable to evaluate the severity of pitting. Since pitting is localized, a

few deep pits may lead to catastrophic failure without a significant weight loss. Some

techniques used to evaluate pitting are measuring pit density, total surface area of pits,

and or maximum pit depth. These evaluation methods are very tedious and their

capability to properly gauge the severity of pitting is questionable. Out of these methods,
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pit depth measurements seem to be preferred. ASTM Standard 046-76 outlines the

procedure for pit depth measurements40
.

2.3.2 Pit Initiation

Four conditions are required for pitting: 1) the critical potential must be exceeded,

2) an aggressive ion or species must be present, 3) an induction period prior to pit

formation, and 4) the breakdown of the passive film a~ a localized site41
. Pit initiation, or

passive layer breakdown, due to its random nature and the short time required, has

remained one of the least understood stages of pitting. Three popular theories explaining

passive layer breakdown are the penetration mechanism, thejilm breaking mechanism,

and the adsorption mechanism39
• In the penetration mechanism, Figure 2-28A,

aggressive ions diffuse through the passive layer where they eventually react with the

metal surface42
• One penetration based model stems from the point defect model used to

describe passive layer formation. In the model, cation vacancies, created by adsorption

of anions, diffuse towards the metal-oxide interface essentially creating a flux of cations

towards the metal-electrolyte interface. Accumulation of vacancies at the metal-oxide

interface can result if the diffusion of vacancies through the passive layer is greater than

diffusion ofvacancies into the metal. Eventually, accumulating vacancies form voids at

the interface which create mechanical stresses that can lead to passive layer breakdown43
•

AdsOl]Jtio11111cchallisms of pit initiation, Figure 2-288, assume the passive layer

consists of a monolayer or thinner of adsorbed oxygen. This mechanism focuses on the

competition between the adsorption ofhydroxyl ions or chloride ions at the film and
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electrolyte interface. As aggressive ions are adsorbed, the passive layer thins and the

local field strength increases, creating a stronger driving force for ionic transport. The

field is created by the difference in potentials at the interface of the electrolyte and the

passive layer and the interface of the passive layer and the metal substrate. Higher

driving forces ease ionic diffusion through the passive film which, in tum, further

increases the field strength. This cycle continues until the passive layer thins to the point

of breakdown39
•

According to the film-breaking mechanism, breakdown is unavoidable due to

mechanical stresses in the passive layer, Figure 2-28C. Surface defects act as natural

stress concentrators and serve as prime initiation sites for passive layer breakdown44
•
45

.

In non-aggressive environments, metals have the ability to quickly heal, or repassivate, to

prevent further attack. In aggressive environments, however, metals lose ability to

repassivate, allowing for the continued attack of the exposed metat39
•

2.3.3 Pit Growth

Although a pit may initiate, its continued growth is not guaranteed. Pit growth

occurs by an auto-catalytic reaction, creating a unique but unfortunate condition which

promotes and accelerates corrosion within the pit (or the anode). Dissolution within the

pit results in an accumulation of M+ ions and a local positive charge that attracts

aggressive cr ions. Hydrogen, created by hydrolysis reactions, also accumulates near the

pit mouth. Both cr and H'" ions tend to enhance the pitting process. The material
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surrounding the pit remains unattacked and acts as the cathode - a site for oxygen

reduction46.

Once initiated, certain conditions will promote pit stability or growth. As with pit

initiation, there are several theories explaining pit growth. In one theory, pit growth

depends on fonnation of a salt film at the bottom of the pit. The film is an accumulation

of corrosion products created by anodic reactions within the pit. The film controls ionic

transport between the electrolyte and the metal and thus controls pit growth41
•

Some theories explain pit stability in relation to potential drops and local pH.

Within a pit, there exists a potential drop (compared to the bulk electrolyte) that is a

function oflocal current density, pit radius, and specific conductivity. The potential

drop, ~U, is defined by the following equation,

~u = aicpr/K

where
a =geometric factor

icp = local current density
r =pit radius

K =specific conductivity.

Depending on the magnitude of the drop, the potential within the pit may be shifted into

the active range of the polarization curve and corrosion will proceed43
•

TIle concentration of ions in the pit electrolyte is the controlling factor in other

theories describing pit growth. In such theories, a minimum concentration of anions,

Cmin, is required for stable pit growth. TIlis threshold for pit stability is defined by the

following equation,
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Cmin = aVmic,polDFV

where
Cmin =minimum concentration of anions

o= salt film thickness
c = concentration minimum

i = current density
a = geometric factor

D = diffusion constant
V =volume43

.

2.3.4 Pit Repassivation

Once a pit initiates, it is possible for the pit to heal or repassivate. The

repassivation potential (ERP), the potential below which pits can repassivate, lies between

the passive potential, Epp, and the critical pitting potential, Ee. If the corrosion potential

is noble to ERP but is active with respect to the Ee, existing pits will continue to grow but

new pits will not form. In stainless steels, the potential of the electrolyte underneath a

protective corrosion cap may be altered which allows metastable pit growth. If the film

ruptures, the pit electrolyte and the bulk electrolyte will mix and repassivation occurs. If

the film remains intact or the electrolyte potential is above the Ee, the pit continues to

grow in a stable manner. Above the Ee, the passive film is unnecessary due to the

fonnation of a salt film that fornls at the base of the pit. The potential drop across the salt

film stabilizes further dissolution41
•
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2.3.5 Severity ofPitting

2.3.5.1 Solution Composition

Solution composition is just one of many factors affecting pitting. Aqueous

solutions containing halide ions, particularly chlorides, tend to promote pitting46
• The

specific role ofchloride ions in pitting has been studied extensively but is still unclear.

Some evidence suggests that chloride ions initiate passive film breakdown47
• As

mentioned, the adsorption theory involves competition between ions to bond at the metal

surface. Unlike oxygen, when cr bonds to the metal surface, the dissolution reaction is

favored48
• Other theories suggest that cr simply prevents repassivation only after

passive film breakdown occurs 47. With respect to the marine environment, dissolved

ions ofNaCI do not significantly alter the pH of the solution. The corrosion rate

increases with increasing concentration until approximately 3% NaCl, Figure 2-29A.

The increasing number of ions results in higher conductivity and lower polarization with

higher corrosion currents between adjoining anodes and cathodes. Increases in NaCI

concentration beyond 3%, leads to decreasing corrosion rates because of the decreased

solubility of oxygen49
.

As inferred above, dissolved oxygen also plays a large role in corrosion. At

ambient temperatures, a stable protective passive film forms when no oxygen is present.

As seen in Figure 2-29B, the corrosion rate increases linearly with the concentration of

dissolYed oxygen. Factors affecting the dissolved oxygen, in turn, alter corrosion rates.

For example, as stated above, as thc concentration ofNaCI increases, the solubility of

oxygen decreases49
. ConYersely, somc ionic species in a solution improYe pitting
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resistance. For example, the presence of sulfates, hydroxides, chromates, molybdates in a

solution will improve the corrosion resistance of stainless steels. Such species are

believed to aid in corrosion resistance by either interfering with aggressive ion adsorption

at the metal surface or by forming a more protective passive film5o
•

,

The pH of the solution, as seen in Pourbaix diagrams, influences corrosive

behavior. Figure 2-29C shows the effect of pH on corrosion of iron in aerated water. As

the pH changes, the cathodic reaction also changes. In acidic solutions, below pH 4,

oxygen is reduced according to the following equation

In these acidic solutions, the oxide is soluble and corrosion rates increase due to the

availability of H+ and the accessibility of dissolved oxygen. In the pH range of 4-1 0, a

porous layer of ferrous oxide forms on the surface. At this pH range, the diffusion rate of

dissolved oxygen through this layer controls the corrosion rate. Reduction of oxygen, in

this case, occurs according to the following equation

In basic solutions, pH above 10, a passive film of ferric oxide forms and corrosion rates

2.3.5.2 Solution Velocity

Depending on the rate con.trolling mechanism of corrosion, the velocity of the

aggressive solution with respect to the metal surface may influence pitting. Activation

polarized systems show no dependence on solution velocity but in a concentration
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polarized system solution velocity plays a major role. For these systems, fast solution

velocities limit the concentration of aggressive species and corrosion proceeds slowly.

As solution velocity decreases, aggressive ions can accumulate at the surface. Since the

corrosion rate of this system is limited only when there are few aggressive ions present,

corrosion will occur at the fastest rate possible37
•

2.3.5.3 Temperature

Temperature, as with other corrosion processes, affects pitting. For many metals,

it is possible to establish a temperature below which pitting will not occur even at long

exposure times. This temperature is referred to as the critical pitting temperature (CPT)

and is used as a criterion to rank pitting resistance of metals. Generally, as temperature

increases above the CPT, the severity of pitting also increases39
•

2.3.5.4 Surface Area

Surface area of exposed metal affects pitting in two ways. First, as the exposed

area increases, pitting becomes more severe. Figure 2-30 shows that both pit depth and

the probability of finding a pit increases with increasing surface area40
• Second, the

relative areas of the pit and the surrounding, unattacked material (the anode-to-cathode

ratio) affect pitting. It was shown by StemS I that the corrosion rate is a maximum when

the ratio approaches unity. Any deviation from this ratio results in decreasing corrosion



rates. Some, however, believe that both oxidation and reduction occur at the same

regions and there is no critical rati052
•

2.3.5.5 Metallurgical Variables

The composition of the metal itself plays a huge role in pitting behavior. Even

seemingly small composition changes can have significant effects on pitting. In

reference to steels, additions of chromium, nickel, nitrogen, and molybdenum enhance

pitting resistance46
• The effect of increasing molybdenum content is seen in 2_3IA53

•

Increasing additions of sulfur, however, tend to degrade the pitting performance of steels.

It has been shown that sulfides serve as preferential pit initiation sites54
• T. Suter et al55

used relatively new microelectrochemical testing to investigate the electrochemical

behavior ofMnS inclusions and their role in pit initiation. Figure 2-31B shows the results

of potentiodynamic tests performed on steels of varying sulfur content. In this testing, a

transient in the current density occurs as the result of increasing corrosion rates and more

specifically the dissolution of the sulfide. From the test results, it can be seen that

increasing sulfur content leads to more transients and thus a greater number of pit

initiation events55
•

The microstructure of the alloy in question also plays a role in pitting. In the case

of 18-8 stainless steel wrought products pitting occurred preferentially at edges46
.

Hananappel et a1. 56 showed that 304 stainless steel cooking utensils showed a similar

trend with preferential attack at highly defonned regions.
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2.3.6 Galvanic Couples

While in a corrosive media, a metal has a unique corrosion behavior that

corresponds to a unique corrosion potential. When two different metals in a corrosive

environment are in contact, the differences in their corrosion potentials cause a net flow

of electrons and one of the metals corrodes. In general, the metal with higher corrosion

resistance is cathodically protected at the expense of the less corrosion resistant metal.

Corrosion of the anode in the galvanic couple is typically more severe than ifno couple

was formed.

Similar to the EMF series, a Galvanic Series has been developed, Figure 2-32.

Although similar, these lists are different in that the EMF series lists potentials that result

from equilibrium conditions and the Galvanic Series lists corrosion potentials determined

by polarization of two or more half-cell reactions to a common mixed potential. As the

separation between two metals in the EMF series increases, the potential difference (or

driving force for corrosion) increases. It should be noted that the Galvanic Series

provides only an indication ofwhat may happen when two metals are coupled57
•

2.3.7 Pitting Resistance and ASTM Standards

In many practical applications, it is necessary to understand the pitting behavior

of a metal. There are two general types of tests used to deternline the pitting behavior of

a material - electrochemical and immersion techniques. Electrochemical methods,

compare the measured corrosion potential, EcoRR, of a material with its passive potential,

Er. When ECORR is greater than E r. pitting occurs but when ECORR is less than E r, no
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pitting occurs. As mentioned previously, under some circumstances pits may repassivate

below the repassivation potential, ERP• During electrochemical testing, ERP can be

determined by reversing the direction of the potential scan after Ec is reached58
. ASTM

Standard G150-9959 outlines procedures used to determine the CPT of stainless steels

using electrochemical testing.

Immersion techniques involve immersing material in an aggressive media, such as

a concentrated ferric chloride (FeC!)) solution, for determined length oftime. The test

environment can be altered either by changing the solution concentration or the testing

temperature. Immersion tests are generally used to establish the CPT and rank the

corrosion resistance of one material with respect to many others58
• ASTM Standard G48-

9760 outlines procedures to evaluate the pitting and crevice corrosion of stainless steels

and a number of related alloys when immersed in a strongly oxidizing environment of

ferric chloride. Although performance of metals in the specific test conditions has been

correlated to certain environments, no predictions about performance in non-chloride

containing environments can be made58
•

2.4 Super Austenitic Stainless Steels

2.4.1 AL-6XN

Austenitic stainless steels are popular because of their superior properties, ease in

fabrication and production, and general weldability. A class of steels knO\\l1 as super

austenitic stainless steels (SASS) has been developed with the goal of achieving superior

corrosion resistance. Typically. SASS contain high concentrations of chromium. nickel.
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molybdenum, and nitrogen such that the concentration of iron is often less than 50%. In

addition to enhanced corrosion resistance, mechanical properties of SASS are also

superior to that of stainless steels61
•

AL-6XN, a SASS, was developed in 1984 and has a chemistry as specified by

UNS N08367 of20.0-22.0 Cr, 23.5-25.5 Ni, 6.0-7.0 Mo, 0.18-0.25 N (by wt %) and the

balance of Fe, Table 2.1 62
• AL-6XN is an attractive material for the advanced double hull

(ADH) design proposed by the U.S. Navy because, in addition to its superior mechanical

properties and corrosion resistance, it is non-magnetic, readily available, and affordable.

It should be noted that prior to AL-6XN, Allegheny Ludlum had developed AL-6X. The

chemistry of AL-6X, as defined by UNS N08367, is 20.0-22.0 Cr, 23.5-25.5 Ni, 6.0-7.0

Mo (by wt.%) and the balance of Fe, Table 2.1. Although close in chemistry, corrosion

properties of AL-6XN are superior to AL-6X as a result of the nitrogen additions.

Nitrogen also has beneficial effects of increasing the strength without sacrificing ductility

and suppresses the formation of intermetallic phases.

As mentioned previously, the corrosion resistance of SASS is superior to that of

other alloys but they are not immune to corrosion. Attack of stainless steels, in general,

is dominated by localized forms of corrosion such as pitting, crevice, intergranular and

stress cracking corrosion. In a survey of corrosion failures of Dupont metallic piping

from 1968 -1971, the majority of failures were attributed to some form of localized

corrosive attack50
. From the literature, it is apparent that corrosion of SASS also follows

this trend. One of the major issues concerning localized corrosion is the high tendency to

fonn intcnnctallic phases such as chi, sigma, and laves in high alloy stainless steels.
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When such phases form by precipitation, a sensitized region around the intermetallic

phase exists and is highly susceptible to corrosion5o.63.64.

Sedriks and Dudt65 recently reviewed issues relating to corrosion behavior ­

namely pitting, crevice corrosion, and stress corrosion cracking - of several stainless steel

alloys used for ship hulls, including AL-6XN. In pitting experiments, samples were

immersed in natural seawater for extended times while potential was recorded to indicate

the onset ofpitting. Under examination, there was no evidence of attack of AL-6XN,

suggesting that it is immune to pitting corrosion in natural seawater. Crevice corrosion

tests were performed on AL-6X (the older and less corrosion resistant form of AL-6XN)

in natural seawater in crevices created by natural fouling processes. Similar to pitting

tests, there was no evidence of attack65
,66. When crevices were formed by a thin layer of

paint, however, crevice corrosion occurred65,67. To analyze the stress corrosion cracking

behavior of AL-6XN, three different methods were used - ASTM G123, ASTM G26 and

the Wick Test. AL-6XN failed only ASTM G36, immersion in a boiling magnesium

chloride bath65. Apparent from these results, AL-6XN proves to have a substantially high

corrosion resistance.

Romero et al68 performed an electrochemical study of AL-6XN in brackish water.

In a field evaluation, samples were immersed in brackish water for a period of 5 months

and the open circuit potential (OCP) of the material was measured periodically. TI1C

variation ofthc OCP with time is used to compare corrosion behavior ofmatcrials.

Figurcs 2-33A shows thc OCP as a function of time for AL-6XN and, for comparison,

Figurc 2-33B shows the samc results for a Cu-l 0% Ni alloy. Passivc materials show
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relatively constant potentials where as materials prone to pitting show erratic behavior

with great fluctuations in potential. AL-6XN has a relatively stable potential, particularly

during the end of testing, indicating it is not highly susceptible to pitting in this

environment. In comparison, the OCP of the CU-Ni alloy is erratic, indicating localized

corrosion68.

Polarization resistance and cyclic polarization tests were also performed68. In

both cases, tests were performed in chlorinated and non-chlorinated brackish water.

Polarization resistance (PR) tests are used to determine the current density, an indicator

of corrosion rate. In these tests, the polarization resistance is indirectly proportional to

the corrosion rate. Figure 2-34, a measurement of l/PR for AL-6XN and the Cu-l 0% Ni

alloy, shows that AL-6XN has a very low corrosion rate while the Cu-lO% Ni alloy has a

substantially higher corrosion rate. Figures 2-35A and 8 show the results of the of cyclic

polarization tests of AL-6XN and the Cu-lO% Ni alloy, respectively. In Figure 2-35A,

there is a positive hysteresis when the potential scan is reversed, indicating that there is

no localized corrosion. The Cu-l 0% Ni alloy shows a negative hysteresis indicating that

pitting did occur, Figure 2-358. This reaffirms that AL-6XN has a superior pitting

resistance in comparison to the copper-nickel a11oy68.

2.4.2 Arc Welding AL-6XN

Although AL-6XN and other stainless steels have superior corrosion properties,

welding these alloys greatly degrades corrosion resistance. During weld solidification.

molybdenum. responsible for increased corrosion resistance, tends to segregate to
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interdendritic regions, resulting in molybdenum depleted dendrite cores that are highly

susceptible to pitting61 ,63,69.72.

The CPT, as defined previously, is the temperature below which pitting does not

occur even at extended testing times. Information regarding AL-6XN autogenous welds

is scarce but studies have been performed on AL-6X.

2.4.2.1 Autogenous Welds

As discussed previously, arc welding significantly degrades corrosion resistance

of stainless steels63
•
69

,7o,72,73. A plot of CPT versus molybdenum content for a series of

high alloy austenitic stainless steels including AL-6X is seen in Figure 2-36A. The CPT

of unwelded AL-6X is approximately 67°C while autogenously welded AL-6X has a

CPT of only about 33°C. The same trend is seen for the other steels represented in

Figure 2-36A. The poor pitting resistance of autogenous welds is attributed to

microsegregation ofMo and Cr to interdendritic regions and depletion of the dendrite

cores74
•

2.4.2.2 Dissimilar Welds

Often, corrosion resistance of high alloy austenitic stainless steels arc welds is

improved by using a high alloy filler metaI6
1,69.io. When a Mo-rich filler metal is used,

the minimum concentration of Mo at the dendrite cores is increased. lllUs, even though...

microsegregation is not avoided, the increased t\10 concentration should improve pitting
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resistance. Gamer et al.75 showed the effect of using high alloy filler metals on 317L,

904L and 254 SMO stainless steels. The chemistry of these metals can be seen in Table

2.2. As seen in Figure 2-36A, the CPT of 317L base metal decreased from approximately

20°C to 10°C when autogenously welded. When 317L was welded with 317L-16, 309

Mo L-16, and other higher alloys filler metals, the CPT is preserved, Figure 2-368. The

compositions of these alloys are seen in Table 2.2 as well. For alloys 904L and 254

SMO, the trend is the same - using filler metals with a sufficient molybdenum content

improves pitting resistance of arc welds75.

Typically, in welds produced with over-alloyed filler metal, pitting corrosion

occurs in the unmixed zone. The unmixed and the partially melted zone are regions

between the fusion zone and the HAZ that have essentially the same composition of the

base metal. The microstructure of these zones is the same as an autogenous weld

(dendritic, with alloy depleted dendrite cores) leaving this region particularly sensitive to

pitting75
• Thus, the unmixed zone determines the pitting resistance in dissimilar welds.

Figures 2-37A and B show the attack of the unmixed zone in AL-6XN dissimilar welds

using IN 625 filler metal. The composition ofln 625 is 20.0-23.0 Cr, 8.0-10.0, Mo, 7.0

Fe, 0.5 Cu and a balance ofNi. As seen in both images, pitting is concentrated at the

weld interface72.

Lundin et al.76 researched the affect of the unmixed zone of AL-6XN autogenous

and dissimilar arc welds. Dissimilar welds were made with an over-matched nickel­

based filler metal to compensate for affects of microsegregation. As expected, ferric

chloride immersion testing indicated the corrosion resistance of the unmixed zone was
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inferior to the base metal for all welds. Interestingly, it was noted that the unmixed zone

in dissimilar welds was superior to the fusion zone in autogenous welds due to less severe

microsegregation in the unmixed zone.

In addition, pit growth was also investigated using immersion techniques. Figures

2-38A-C show pitting at 2,4, and 30 minutes, respectively. At 2 minutes,just dendrite

cores in the unmixed zone are attacked, Figure 2-38A. At 4 minutes, the interdendritic

regions as well as the dendrite cores are attacked, Figure 2-38B. In addition, new pits

have initiated. After 30 minutes, a large surface area was attacked and the small

initiation sites have growth together to form a large pit. Also, it is evident that there is

substantial sub-surface attack, Figure 2-38C. A transverse view of pitting at the weld

interface is seen in Figure 2-38D. From these images, pit growth in the unmixed zone of

dissimilar welds can be summarized as a series of steps. Pitting initiates at dendrite cores

in the unmixed zone. Attack continues at the dendrite cores but eventually consumes the

interdendritic regions. When the pit becomes large enough, attack occurs readily beneath

the pit surface76
•

2.5 Corrosion and Friction Welds

Although, pitting corrosion resistance of arc welds is improved by using high­

alloy filler metals, using an alternative joining method such as FSW may otTer even

higher pitting resistance. Although the infornlation is somewhat limited, the pitting

behavior of FS welds has been evaluated for several aluminum alloys and stainless steels

FS welds.
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2.5.1 Aluminum Alloy 5454

Frankel and Xia77 examined pitting corrosion of aluminum alloys 5434-0 and

5434-H34 via potentiodynamic polarization tests. The -0 temper consists of a full

anneal followed by slow cooling while the -H34 temper consists of a stabilizing heat­

treat after strain hardening. The corrosion behavior of FS welds was compared to

samples of unaffected metal and both autogenous and dissimilar GTA welds.

Microstructures of the different welds were typical of that produced by FSW and

GTAW. FS welds contained a fine-grained nugget region and a HAZ. However, no

formal distinction of the TMAZ was made. Pits initiated in the HAZ in both aluminum

alloys. The GTA weld microstructure consisted of a dendritic weld zone and a HAZ of

recrystallized grains. Pitting, in this case, initiated at the interdendritic regions of the

weld zone. For Al 5454-0 samples, the passive current densities, ipass, of all welds were

significantly higher compared to the base metals. The breakdown potential, Ep, of FS

welds compared closely with the Ep of the base metal and both were noble to GTA welds.

Similar trends were seen for Al 5454-H34 welds. Potentiodynamic data provided here

suggests that FS welds offer superior corrosion resistance over GTA welds77.

2.5.2 Aluminum Alloys 2024 and 2195

Corral ct al. ill cvaluatcd corrosion behavior ofFS welds of aluminum alloys 2024

and 2195 via static cmersion tcsts and potcntiodynamic mcthods. Static cmersion tcsts of
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both alloys revealed that base metal and the weld zone corroded in the same manner and

possessed roughly equal amounts of corrosion product build-up. There was no evidence

of preferential pitting - both base metal and weld zone were equally attacked.

Potentiodynamic testing revealed similar corrosion behavior. Polarization curves of the

base metal and weld zone yielded essentially the same current densities and corrosion

potentials. Again, data suggests that FSW has no significant affect on corrosion

properties78.

2.5.3 Stainless Steel

Gooch et al.79 investigated corrosion behavior ofJrictioll welds on high alloy

austenitic stainless steels and compared the results to corrosion behavior of as-received

plate material and arc welds. Five stainless steel alloys were tested, Table III. Friction

welding, developed prior to FSW, also uses frictional heat to join metals. Due to the

nature of the process, friction welding is limited to certain geometries such as bars and

tubes. In the process, a rapidly rotating bar is forced against a fixed bar, resulting in large

frictional forces and thus heat. The heat created causes formation of a plasticized region

at the abutting surfaces and the bars become intimately joined. In potentiodynamic

testing, the pitting potential (Ep) of friction welds was only slightly below the Ep of

parent materials. The Ep of GTA welds, both autogenous and dissimilar metals, were

significantly lower, Figure 2-39. Pit initiation sites were determined via potentiostatic

methods. As-receiyed material showed no distinct correlation between microstructure

and pit initiation. In friction welds. pit initiation occurred at the weld line and at grain
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boundaries of the HAZ. As expected, pit initiation in GTA welds occurred at Mo­

depleted dendrite cores. In summary, friction welds offered a superior corrosion

resistance to arc welds by avoiding microsegregation79
•

Although the pitting resistance of AL-6XN is superior in comparison to other

metals, welding significantly degrades its corrosion properties. Improvements to the

corrosion behavior of fusion welds have been achieved by using high alloy filler metals

to compensate for the Mo-depleted dendrite cores in the weld affected regions. The new

technique ofFSW, however, may provide even better corrosion resistance.
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Table 2. 1 Compositions ofAL-6XN and AL-6X

Material UNS Cr Mo Fe Ni N
Trade Code wt% wt% wt% wt% wt%
Name

AL-6XN N08367 20.00- 6.00-7.00 Balance 23.50- 0.18-
22.00 25.50 0.25

AL-6X N08366 20.00- 6.0-7.0 Balance 23.5-25.5 NA
22.00

Table 2. 2 Chemistry ofbase metal andfiller metals used to evaluate the corrosion resistance ofstainless
steel welds.

Material Cr Ni Mn C N Si P S Mo Fe
Trade wt% wt% wt% wt% Wt% wt% wt% wt% wt% wt%
Name
317L 18 14 1.9 0.02 0.1 0.021 0.012 2.8 Bal

904L 20 25 1.8 0.02 0.4 0.025 0.004 4.2 Bal

SMO 254 20 18 0.5 0.02 0.21 0.5 0.015 0.002 6.1 Bal

317L-16 18 13 1.7 0.04 0.4 0.026 0.014 3.8 Bal

309Mo 23 14 1.7 0.04 0.4 0.030 0.011 2.6 Bal

Table 2. 3 High alloy stainless steels usedfor evaluation ofcorrosion behal'ior offriction welds.

UNS deisgnation Trade name
S30403 Type 304

S31000 Type 310

N08320 Hastelloy-20MOD

N08904 Type 904

S31254 SMO 254

*high alloy filler metals were used for GTAW
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Fig. 2- 2 Temperature profile of AISII018 steel at 0.125 mm from the weld zone edge4
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Fig. 2- 4 Schematic illustration of the microstructural regions developed as a result of FS weld
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INTENTIONAL SECOND EXPOSURE

Weld Zone

Nugget

Fig. 2- 4 Schematic illustration of the microstructural regions developed as a result of FS weld
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• ez··l"mm)s ez· ·u ....)1.G1frus

Fig. 2- 5 Microstructure as a function of distance A) from the weld centerline and B) from the plate
surface in a FS weld of a 2024-T3 alloyl3.
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Fig. 2- 6 SEM image of the variations in the distribution of second phase particles in a 2024-T3 FS
weld lJ

•

Fig. 2- 7 Representative microstructure of the 2024-T4 A) base metal and the B) nugget and the
corresponding TEM images of the C) base metal and D) nugget~.
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Fig. 2- 8 Residual grain size in the nugget of a 2024-T4 alloy produced using rotational speeds of A)
400 and B) 800 rpm and the TEM images of their corresponding sub-structures at rotational speeds
of D) 400 and E) 800 rpms.
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Fig. 2- 9 A) Dislocation spirals in the nugget region of the welds on a 2024-T4 alloy produced at
rotational speed of 800 rpm and B) high magnification image of the spiralss.
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Fig. 2- 10 A) TEM micrograph and corresponding diffraction pattern of the AICuMgAg base allo)',
B) TEM micrograph of the nugget. and C) TEl\1 micrograph of the TMAZ and corresponding
d'ff . t 161 reactton pat ern .
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Fig. 2- 11 A) Microstructure of the base metal of a 2024-T4 alloy and B) fine grained nugget of the
FS weldl7
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Fig. 2- 12 A)TEM micrograph of the nugget of a 2024-T4 alloy showing recrystallized grains and
second phase particles and B) grain boundary misorientation distribution in the nugget l7
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Fig. 2- 13 Light optical images ora 1050 alloy of the A) overall morphology, B) the base metal and
the nugget's.

Fig. 2- 14 TEM micrographs of the nugget of a 1050 alloy using a rotational speed of A) 560, B) 980
and C) 1840 rpm and a constant tra\'crse ratc of 155mm/min lS

•
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Fig. 2- 13 Light optical images of a 1050 alloy of the A) overall morphology, B) the base metal and
the nuggee x.

Fig. 2- 14 TEM micrographs of the nugget of a 1050 alloy using a rotational speed of A) 560, B) 980
and C) 1840 rpm and a constant traverse rate of 155mm/min IM
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A B c
Fig. 2- 15 TEM images of 1050 alloy of A) the base (ECAP) material, B) the nugget and CO the
TMAZ19
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Fig. 2- 16 l\ficrohardness measurements as a function of distance from the weld centerline of a A)
2024-T3 AI allo\"13 and 8) 1100 AI allo).2 P
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INTENTIONAL SECOND EXPOSURE
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Fig. 2- IS TEM images of 1050 alloy of A) the base (ECAP) material, B) the nugget and CO the
TMAZ J9
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Fig. 2- 16 Microhardness measurements as a function of distance from the weld centerline of a A)
2024-T3 AI alloyl3 and B) 1100 AI alloyl0.
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Fig. 2- 17 Optical and TEM images of A) and B) the base metal, C) and D) nugget, and E) and F) the
TMAZ of a 304 5S FS weld1S

•
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Fig. 2- 17 Optical and TEM images of A) and B) the base metal, C) and D) nugget, and E) and F) the
TM AZ of a 304 55 FS weld25
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A

B

c

Fig. 2- 18 A) Overall image of the banding seen in the nugget with two differeDt morphologies
labeled A and 8 and the high magnification images of8) the morphology labeled as A and C) the
morphology labeled as 8 15

•
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INTENTIONAL SECOND EXPOSURE

A

'. B

Fig. 2- !8 A) Overall image of the banding seen in the nugget with two different morphologies
labeled A and B and the high magnification images of B) the morphology labeled as A and C) the
morphology labeled as B2
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Fig. 2- 19 A) OIM, B) TEM and C) EDS analysis oftbe banding labeled A in Figure 16A25
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Fe
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Fig. 2- 20 A) OIM, B) TEM and C) EDS analysis oftbe banding labeled B in Figure 16A25
•
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INTENTIONAL SECOND EXPOSURE

Fig. 2- 19 A) OIM, B) TEM and C) EDS analysis of the banding labeled A in Figure 16A25
•
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Fig. 2- 20 A) On,l, B) TEM and C) EDS analysis of the banding labeled B in Figure 16A25
•
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Fig. 2- 21 A) TEM image of the particles labeled as A in Figure 2-18 and B) the corresponding
diffraction pattem2S
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Fig. 2- 22 Microstructure of AL-6XN A) base metal and B) the nugget, TMAZ, and HAZ27
•
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Electrode reaction

Au2 + +2e=Au
Au3+ +3e=Au
Pt2 + +2e= Pt
Pd2 + +2e=Pd
Hg2+ +2e=Hg
Ag+ +e=Ag
Cu+ +e=Cu
Cu2 + +2e=Cu
2H+ +2e=Hz
p})2+ +2e=Pb
Sn2 + +2e=Sn
Ni2 + +2e=Ni
C02+ +2e=Co
TI+ +e=Tl
In3+ +3e= In
Cd2 + +2e=Cd
Fe2+ +2e= Fe
Ga3 + +3e=Ga
Cr3 + +3e=Cr
Zn2 + +2e=Zn
Cr2 + +2e=Cr
Mn2 + +2e=Mn
Zr4+ +4e=Zr
Ti2 + +2e=Ti
APT +3e=AI
Hf4+ +4e=Hf
U3+ +3e=U
Be2+ +2e=Be
Mg2+ +2e=Mg
Na+ +e=Na
Ca2+ +2e=.Ca
K+ +e=K
Li+ +e=Li

.Noble

Active

Standard potemial 25°

1.70
1.50
1.2
0.987
0.854
0.800
0.521
0.337
0.000

-0.126
-0.136
-0.250
-0.277
-0.336
-0.342
-0.403
-0.440
-0.53
-0.74
-0.763
-0.91
-1.18
-1.53
-1.63
-1.66
-1.70
-1.80
- 1.85
-2.37
-2.71
-2.87
-2.93
-3.05

Fig. 2- 23 Elcctromoth'c Forcc ScricsJ~.
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Fig. 2- 27 Pitting of a Type 430 stainless steel tube showing under cutting40
•

...... -_ ... .. .. .. .. .. ......-- ... --.--.--- ...--_ .. -----_._--

Metal

Oxide Passive Film

Eleclrolyte

~

: pit
~ &rowf\
~

------ --.- - - -- --_ --------- _-........... -.-------_._---...... -- .--- .. __ .- -

Fig. 2- 28 Illustrations of thc passh·c film breakdown in thc A) penctration mcthod B) adsorption
mcchanisms and C) film brcaking mcchanism J9
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Fig. 2- 37 A) and B) Localized attack in the unmixed region of AL-6XN arc welds using a high allo)·
"1filler metal' .
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Fig. 2- 38 Pit growth of a dissimilar weld on AL-6XN after immersion in ferric chloride for A) 2
minutes, B) 4 minutes, C) 30 minutes and D) the transverse view of the weld at 30 minutes".
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•Unmixed Zone

INTENTIONAL SECOND EXPOSURE

Fig. 2- 38 Pit growth of a dissimilar weld on AL-6XN after immersion in ferric chloride for A) 2
minutes, B) 4 minutes, C) 30 minutes and D) the transverse view of the weld at 30 minutes76

•
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Fig. 2- 39 Pitting potential determined for stainless steel parent material, arc welds and friction
welds79
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3. Experimental Procedure

3.1 Microstructural Characterization of a Double-Sided FS weld.

Two plates ofAL-6XN were joined via a double-sided FS weld in a butt-weld

configuration. The plate thickness was 6.35 mm (0.25 in). Welds were produced using a

travel speed of approximately 0.847 mm/sec (2 in.lmin), a tool rotational speed of 150

rpm, and a z-axis load of approximately 80 kN (18000 Ibe).

Cross-sections of the transverse view of the welds were cut and prepared for

microstructural analysis. The samples were mounted in a thermosetting epoxy and

prepared according to standard metallographic preparation techniques. The samples were

then electrolitically etched in a 10% oxalic acid solution and analyzed using light optical

microscopy (LOM) and scanning electron microscopy (SEM). A lEOL 6300 and an

XL30, both operating at an accelerating voltage of20kV, were the microscopes used for

SEM analysis. Grain size measurements were performed in selected areas according to

ASTM E1128o
• Four microhardness traces across the welds were performed with a

LECO M400FT Hardness tester in accordance with ASTM E38481 using a Knoop

indenter and a load of 300 gm.

Characterization of the elemental distribution across different regions of the weld

was performed using electron probe microanalysis (EPMA). Regions of interest were

marked and the samples were analyzed in the as-polished condition to avoid any surface

relief from etching. EPMA was conducted using a lEOL 733 Superprobe equipped with

four independent wavelength dispersive spectrometers. TIle analysis was completed

using an accelerating voltage of 15 kV and a beam current of 32 nA. TIle Kx lines were
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used for elements Fe, Ni, and Cr, while the La line was used for M082
• Raw data were

converted to weight percentages using an established ZAF algorithm83
• The base metal

and weld zone were probed randomly to acquire representative compositions while four

line scans were performed to check for composition changes across various regions of the

weld. Two scans traversed from the first weld pass to the second weld pass while two

othef line scans traversed from the weld zone into the base metal. Data was acquired at

10 Ilm increments along lines that were approximately 500 Ilm in length.

In addition, thin specimens approximately 20 x 10 Ilm2 for TEM analysis were

extracted from the HAZ using a FEI D B235 Focused Ion Beam (FIB) milling machine.

All specimens were prepared across the grain boundaries in the HAl by milling with Ga

ion-beam at an accelerating voltage of 30 kY. To protect the thin section during milling,

the surface was covered with a l-llm-thick Pt layer internally deposited before the

milling. After rough sectioning, the specimens were cleaned by low-dose Ga ion-beam

(beam current of 300 pA) as the last step to avoid significant Ga contamination. After

extraction from the HAZ, specimens were mounted on a copper grid with an amorphous

holey carbon film.

Microstructural observation and electron-diffraction analysis of the specimens

were both performed in a JEOL JEM-201OF TEM operated at 200 kY. Selected-area

diffraction (SAD) was used for phase identification and analysis orientation relationship

around grain boundaries in the HAZ.
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3.2 Microstructural Characterization of a Single-Sided FS weld

Two plates containing single-sided FS welds were analyzed, Figure 3-1. As

labeled in the image, each plate contained one full weld and two half welds (originally

full welds but sectioned in halt). The single-sided FS welds were produced with the same

parameters as the double-sided FS weld - a travel speed of approximately 0.847 mm/sec

(2 in.lmin), a tool rotational speed of 150 rpm, and a z-axis load ofapproximately 80 kN

(180001be). The plate thickness was again 6.35 mm (0.25 in). The double-sided FS weld

is made with a weld pass on each side of the plate where as the single-sided FS weld is

made with only one weld pass.

A brief microstructural characterization was preformed to compare and contrast

the resulting weld microstructures. Planar, as well as cross-sectional views, of the welds

were sectioned, mounted, and prepared for microstructural characterization in the same

methods as described previously. The microstructures were characterized using a

combination of LOM and SEM. For the SEM analysis, an XL 30 operating at 20 kY was

used.

3.3 Corrosion Behavior of a Single-Sided FS weld

3.3.1 CPT Testing

The CPT of AL-6XN FSW was determined according to a slightly modified

ASTM G48-97. Method C60
. This testing method involves immersion of test coupons in

a 6% ferric chloride solution for a period of i2 hours. Although naval applications for FS
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welds require pitting resistance in a marine environment, the ferric chloride solution is

used for testing because it accelerates the pitting process. This solution simulates the

composition of the electrolyte within the pit. Pitting tests in NaCl-based solutions and in

natural seawater have confirmed the superior pitting resistance of AL-6XN. As no pitting

was indicated by these test methods a more severe test environment is required65
•

All of the CPT samples were 20 mm x 7 mm 7 mm, Figure 3-2. The two original

plates received, as described previously, contained 1 full weld and 2 half welds. One half

weld contained the advancing side ofa FS weld and the other half weld contained the

retreating side of a FS weld. Due to the limited availability of material, only the CPT of

the half welds (the advancing and the retreating halves) was determined. Approximately

one fourth of the exposed area was consumed by the weld affected region. In addition,

the CPT of as-received AL-6XN plate was determined for comparison to the FS weld and

also to insure the accuracy of the CPT test.

All of the CPT samples were sectioned from the original plate using a high speed

saw and then ground to a 120 grit surface finish on all six faces. The samples were then

ultrasonically cleaned in acetone, dried, and allowed to passivate for at least 24 hours

prior to testing. Test tubes filled with 150 mL of the ferric chloride solution were placed

in a heated oil bath. TIle bath was given sufficient time before testing (typically an hour)

to allow the solution to reach the desired temperature. The temperature of the oil bath

was displayed digitally on the bath but was also verified using a thennometer. During the

72 hour testing period. the temperature was periodically checked to insure that it
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remained within 1°C of the desired temperature. Two test samples were run

simultaneously in an effort to improve the accuracy of the CPT test.

The initial testing temperature was determined using an equation as defined in

ASTM 048-9760 as seen below,

CPT = (2.5 x % Cr) + (7.6 x % Mo) + (31.9 x % Ni) - 41.0.

In the case ofAL-6XN, the calculated CPT based on chemistry was approximately 65°C.

This temperature was used as the initial testing temperature for the as-received plates.

The initial temperature for the FS welds, however, was lowered to 55°C considering that

heavily deformed structures are more prone to corrosive attack. Ifno pitting occurred at

the initial testing temperature, the unattacked samples were re-ground, cleaned and

allowed to passivate again. The testing temperature was increased by 5°C and samples

were immersed in a new test tube of the ferric chloride solution for 72 hours. This

process continued until pitting occurred. On the contrary, if samples pitted during the

initial test, the temperature was decreased by 5°C and completely new samples were

used.

After testing, the samples were cleaned with a nylon bristle brush using soap and

water and then ultrasonically cleaned in acetone. To determine ifpitting occurred, visual

inspection was perfonned with the naked eye, a stereoscope, and a light optical

microscope. After inspections, some samples were probed with a sharp instrument to

rcvcal thc extent of sub-surface pitting. The quality of the 120 grit surface was rough and

sometimes created "pit-likc" artifacts. Any questionablc fcature was examined at high

magnification to confinn ifit was an artifact of the surfacc finish or ifthc fcaturc was
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actually a pit. During some trials both samples were attacked while in other trials only

one sample was attacked. For the purposes of this work, pitting was considered to have

occurred when at least one sample exhibited pitting. It should be noted that samples of

the advancing side contained a void defect that exposed the interior of the weld which

may have created a site for crevice corrosion. When evaluating samples, only surface

attack was considered and attack within tunnel was disregarded.

3.3.2 Pitting Kinetics

Although CPT testing provides a way to rank the pitting resistance for materials,

the kinetics of pitting may provide insight to the details of pit growth and initiation.

Kinetics experiments were run using a similar immersion technique as used for CPT

testing. For kinetics experiments, samples were slightly larger to accommodate the area

of the full FS weld and were approximately 35 x 3 x 6.35 mm in size. All samples were

sectioned using a high speed saw and then ground and polished to a 0.05 Jlm surface

finish on all sides, Figure 3-3. The very fine surface finish was necessary to observe very

small pits, retrieve accurate data, and detennine pit initiation sites and pit growth patterns

with respect to microstructure. After polishing, samples were cleaned in acetone and

allowed to passivate for 24 hours. The samples were immersed in a 6% ferric chloride

solution at a desired temperature for times of 2, 5, 10, 20, 30, and 60 minutes. The test

temperatures wcrc choscn with rcspect to the CPT of AL-6XN platc to illustrate severe

pitting (a test temperaturc of 95°C) and mild pitting (a test tcmperature of 70°C). A

summary of the tcst samplcs is givcn in Table 3.1.
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After testing, all of the samples were analyzed to determine several aspects of

pitting behavior including pit growth rate, pit depth distribution, and pit density. The pit

depth was measured using a LOM method of focusing on the sample surface surrounding

the pit and then focusing on the base of the pit. Using this technique, 30 pits were

measured at random to determine the pit depth distribution. To track pit growth as a

function of time, the average maximum pit depth was determined by recording the depth

of the 10 largest pits on the sample while the absolute maximum pit depth was recorded

as the largest of these 10 pits. It should be noted that there is some amount of error in

this measurement method. Pitting in stainless steels has been shown to have an

undercutting type ofmorphologio. Quite often, the deepest part of the pit may be

concealed and the true pit depth cannot be measured. The pit density and the pit area

were determined using LOM interfaced with LECO IA300 1 image analysis software. In

addition, samples were etched using 10% oxalic acid and analyzed using LOM and SEM

to relate pitting behavior to the microstructure. For the SEM analysis, a XL 30 operating

at an accelerating voltage of 20 keV was used.

3.3.3 Electrochemical Pitting Behavior

In addition to CPT and kinetics testing, electrochemical corrosion testing was

perfon11ed by Kennedy Space Center in Cocoa Beach Florida. Two types of tests were

perfon11ed - a galvanic potential test in the laboratory and an open circuit potential (OCP)

test in the field.
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3.3.3.1 Galvanic Testing

Corrosion testing was performed to establish if a galvanic potential existed

between two chosen samples when electrically coupled. Three different metal-metal

junctions were tested, Table 3.2. All of the samples were ground to a 600 grit surface

finish, cleaned in acetone, and allowed to passivate for at least 24 hours prior to testing.

Using an EG&G flat cell, the two desired specimens were electrically coupled and

exposed to a 3.55% NaCl/DI water solution. The samples were also connected to a zero

resistance ammeter to record current between the two materials. Current measurements

were collected every 0.1 seconds over a period of 500 seconds. This procedure was

performed three times for each of the metal-metal junctions.

3.3.3.2 Open Circuit Potential

OCP tests were performed to observe long-term pitting behavior in natural

seawater. For this experiment a variety of materials, in addition to the FS weld were

tested, Table 3.3. As stated, the FS welds were produced using a travel speed of

approximately 0.847 mm/sec (2 in.lmin), a tool rotational speed of 150 rpm, and a z-axis

load of approximately 80 kN (18000 Ibr). Both the autogenous and dissimilar metal

wclds wcre madc using a current of275 Amp, a travel speed of2 mm/s and an arc gap of

2.5 mm. For thc dissimilar metal weld, IN 622 wire with a diameter of 0.035" was fcd

into thc wcld pool at a ratc of 190.5 imp. Thc welding paramcters of the dissimilar mctal
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weld were chosen based on previous work perfonned at Lehigh University to result in a

dilution of50%69. The actual measured dilution, however, was -39%.

All of the prepared samples were approximately 6.6 x 9 cm2 and had a milled

surface finish with the exception of the AL-6XN autogenous and dissimilar metal welds.

Since milling was not possible for these samples, the weld affected surfaces were wire

brushed to create a smooth as possible finish comparable to the milled samples. All

sample edges and corners were ground to an 80 grit surface finish using a belt grinder.

At KSC, a hole was drilled in each specimen to attach a wire that was used to establish

electrical connection between the specimen, the reference electrode, and the Gamry

potentiostat. The points ofelectrical attachment were sealed with a marine grade epoxy

to prevent a loss of connection during testing. Prior to testing, each of the specimens was

cleaned in acetone, weighed, and photographed. Each specimen was inserted into a

specially designed support that allowed the electrode probe to be positioned as desired,

Figure 3-4A. The probe was positioned over the weld affected region for each of the

different welds. The probe placement for the as-received plates ofAL-6XN, 304SS and

IN 625 was less critical and probes were arbitrary centered on the samples. For the OCP

experiment, a silver/silver chloride reference electrode was used. The specimens, in the

specially designed coupon supports, were submersed in a flowing seawater crate, Figure

3-4B. The positions, labeled 1-6, identify the samples listed in Table 3.3. This crate was

then immersed in a large tank, Figure 3-4C, in which seawater is pumped in continually.

Upon immersion, the electrochemical potential of each specimen, as well as

measurements of the saturated oxygen, conductivity, salinity. temperature, pH and
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dissolved oxygen of the seawater were collected every 30 seconds for a period of

approximately three months. At the duration of the experiment, all data was sent back to

Lehigh for interpretation.
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Table 3.1 Summary ofthe samples, temperature and exposure times used to investigate pitting kinetics
ofAL-6XN as-receivedplate and FS welds.

Temperature Time (minutes) Temperature Time (minutes)
As-received 95°C 2 70°C 2

AL-6XN 5 5
10 10
20 20
30 30
60 60

FS weld 95°C 2 70°C 2
5 5
10 10
20 20
30 30
60 60

Table 3. 2 The three metal-metal couples testedfor galvanic corrosion and the resulting equilibrium
currents.

Trial Metals
I AL-6XN plate / AA7075 plate

2 AL-6XN plate / AL-6XN
autogenous weld

3 AL-6XN plate / AL-6XN FS weld

Table 3. 3 Thc samplcs tcstcd in natural scawatcr to im'cstigatc long-tcrm opcn circuit potcntial and
positiollS within thc spccimcn tank.

Position
I

2

3

4

5

6

Sample
AL-6XN autogenous weld

AL-6XN as-received plate

AL-6XN FS weld

AL-6XN dissimilar metal weld

304 SS

Inconel625
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Fig. 3- 1 As-received AL-6XN plate containing a full FS weld, an advancing side half weld, and a
retreating side half weld.
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INTENTIONAL SECOND E'XPOSURE
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Fig. 3- I As-received AL-6XN plate containing a full FS weld, an advancing side half weld, and a
retreating side half weld.
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Fig. 3- 2 Representative image of all CPT samples.

Fig. 3- 3 Representative image of all corrosion kinetic samples.
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Fig. J.. 4 A) Specimcn holdcr used during the OCP salhnter exposure testing at KSC, B) thc crate in
which all spccimcns were containcd. and C) the salt water corrosion tank.
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4. Results and Discussion

4.1 Double-Sided Friction Stir Weld Microstructure

4.1.1 Base-Metal

The microstructure of the AL-6XN base metal consisted of equiaxed austenite

grains with annealing twins, Figure 4-1. The average grain size measured approximately

63 J.lm ± 5.6 Jlm. This is a typical microstructure for a rolled and annealed SASS. The

composition of the base metal was determined using EPMA techniques. As seen in Table

4.1, the measured composition compares closely to the industrial standard for AL-6XN,

with Mo and Ni slightly below the lower limits of the specification.

At higher magnifications, a second phase appearing as streaks was observed near

the mid-plane of the as-rolled plate. An SEM image shows this phase is different than

the rest of the base metal, Figure 4-2A. The EDS spectra of both the base metal and

second phase are seen in Figures 4-2B and C, respectively. Compared to the base metal,

the second phase has an increased amount of molybdenum and was previously identified

in AL-6XN plate as sigma phase27
,84. Sigma formation is promoted by microsegregation

ofmolybdenum7o
,85 and has been shown to form during solidification of SASS 64,85,26. In

the case of these AL-6XN plates, sigma likely formed at the centerline of the plate due to

segregation during initial solidification of the continuous cast product and persisted

during subsequent plate processing. Because sigma is a brittle intennetallic, it can be

deleterious to mechanical properties of steel structures and should be aYoideds6
•
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4.1.2 Weld Zone Microstructure

Macroscopic views of the double-sided FS weld on the AL-6XN plates are seen in

Figures 4-3A and B. Figure 4-3A identifies the nugget, the TMAZ, the retreating (RET)

and advancing (ADY) sides of the weld, and some notable features including tungsten

swirls (as confirmed later), banding, and the crowns and root overlap of the weld. At the

crown (or surface side) of both weld passes, there is a long, shallow region of affected

material which is created by the pressure of the rotating shoulder against the plate surface

during welding2
• Below this shallow region, the widths of the first and second pass were

approximately 11.5 and 12.7 mm, respectively. At increasing distances from the crown,

the weld zone gradually becomes narrower, There is a minimum weld zone thickness of

about 6.3 mm near the plate mid-plane, where the roots (or bottom sides) of the weld

passes overlap. A slight asymmetry of each weld pass is seen - the retreating side has a

more gradual slope than the advancing side. It is suggested that the asymmetry is created

by differences in flow between the advancing and the retreating sides ofa FS weId l8
, On

the advancing side, the tool rotation and plate translation oppose each other causing

chaotic flow and complex mixing. Flow on the retreating side, however, is generally not

as complex (calmer) - material is simply deformed by tool rotation but no significant

mixing takes place9
,lO. Another view of the general shape of the FS weld is seen in

Figure 4-3B. In this figure, the approximate locations of the microhardness traces

(Trace A-D) and the approximate lines (Lines 1-4) and areas (Area 5 and 6) on which

EPMA was pcrfonncd are indicated.
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4.1.2.1 Nugget

As seen in Figure 4-3A, the nugget constitutes the majority of the weld affected

zone. No composition change should occur since FSW is an autogenous process

requiring no filler metal or flux. The average composition of the nugget, determined by

EPMA, was essentially the same as the base metal, Table 4.1. In general, the

microstructure of the nugget consisted of very fine grains not clearly visible using LOM.

The nugget grain size was measured at several locations to contrast the -60 ~m sized

grains of the base metal. The average grain size near the crown of the weld was

approximately 5.9 J.lm ±0.6 Jlm. Near the middle of the nugget, grains were slightly

smaller with an average size of 5.1 ~m ±0.3 ~m. Grains near the weld roots were the

smallest at an average of4.3 ~m ±0.6 Jlm. Decreasing grain size from the crown to the

root is a trend seen in aluminum FS welds3
•
13

• The pressure applied by the tool shoulder

results in higher peak temperatures and longer exposure times on the plate surface,

allowing for greater grain growth3
•
13

• It is important to note that the thermal mechanical

cycles ofFSW decreases grain size by an order of magnitude.

Several distinct features are seen in the nugget. Two of the most prominent

features are the swirls in each weld that extend from the advancing side of the weld

beyond the centerline, Figures 4-3A and B. At high magnifications, Figures 4-4A and B,

it can be seen that the swirls consist of a second phase dispersed in the nugget.

Comparing the EDS spectrum from the secondary phase, Figure 4-4C, to the nugget EDS

spectrum, Figure 80, it can be seen that tungsten is detected in the swirl but is absent in

the surrounding material. Although tool wear is not significant during FSW of aluminum.... .... - ....
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alloys, it can be substantial when welding harder materials. For example, during FSW of

mild carbon steel using a molybdenum-based tool, wear was shown to result in

molybdenum enriched regions in the weld zone4
• In the present case, a tungsten based

alloy tool was used. The temperatures and frictional forces during welding were

significant enough to cause tool wear, resulting in tungsten contamination in the nugget.

The location of the swirl suggests that tool wear occurs predominantly at the advancing

side. There is some evidence that the advancing side may present a slightly harsher

environment compared to the retreating side. First, the relative velocities of the tool and

work piece are faster on the advancing side. Also, as mentioned previously, material

flow is more disruptive on the advancing side because the relative directions of tool

rotation and translation. It has also been reported that thermal cycles are more severe at

the advancing side than at the retreating side87
•

There is no appearance of "onion rings" in the nugget as seen in some aluminum

alloys \3,88 and 304 stainless steel24
, but a "banding" type of phenomenon is seen near the

root overlap, Figure 4-3A. Figure 4-5A, an SEM image shows the banding at a higher

magnification. In contrast to onion rings in 304 SS FS welds, consisting of alternating

layers of ferrite and austenite24
, SEM images of the light and dark layers of the banding

in AL-6XN reveal only differences in etching response. The microstructure of the dark

layer, Figure 4-5B, consists of fine equiaxed grains. An SEM image of the light layer,

Figure 4-5C, reveals a very fine microstructure which is difficult to resolve. EPMA data

of Lines 1and 2 extend through the banding at the root overlap, Figure 4-3B. A plot of

this EPMA data. Figure 4-6. shows concentration of the elements in this region remained
~ ~
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constant. Thus, banding is not the result of composition changes. A possible explanation

for the banding is the material flow occurring during FSW. When dissimilar metals are

joined via FSW, the complex mixing of the two plates is obvious, as etching reveals

complex swirls and intercalations throughout the weld zones. When two plates of the

same material are joined, however, the swirls and vortex patterns are less evident since

there are no real composition differences. In this case, the subtle appearance of

intercalations can be the result ofvariations in deformation regimes89
•

Similar to the base metal, a second phase was found near the mid-plane of the

plate in the weld zone, Figure 4-7A. EDS analysis of the second phase, Figure 4-7B,

again detects an increased concentration of molybdenum compared to the base metal,

Figure 4-2A. Some of the second phase was also found near the edge of the nugget

bordering the TMAZ, Figure 4-7C. Only a few, isolated fragments of sigma were seen in

the nugget in contrast to the base metal. Before welding, the morphology of the sigma in

this region most likely appeared similar to the centerline sigma in the base metal. The

intense deformation and complex material flow during welding, however, broke-down

the sigma and re-distributed it away from the mid-plane. It is likely that more sigma is

distributed throughout the nugget but is very fine and was undetected with the LOM or

SEM magnifications used in this study. It should be stressed that the sigma phase found

in the nugget originated during plate fabrication and thus existed prior to the welding

process. Nevertheless, from Figure 4-6, it is seen that microsegregation, which promotes

sigma fonnation, has been avoided. llms, it is unlikely that sigma would fonn during

FSW.
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4.1.2.2 Heat Affected Zone and Thennal Mechanical Affected Zone

As mentioned previously, the TMAZ surrounds the nugget and the HAZ

surrounds the TMAZ. The HAZ consists of the same large equiaxed austenite grains

seen in Figure 4-1 of the base metal. Having experienced only the thennal cycles of

FSW, grain growth in the HAZ might be expected but is not evident. The difference

between the base metal and the HAZ is very subtle and defining the exact boundary

between them is difficult. The only distinguishing feature between the two regions is the

nucleation of a fine phase at the grain boundaries in the HAZ, Figure 4-8. Posada et al27

noted the same phenomenon in AI-6XN FS welds and suggests that it is either

recrystallized grains or precipitated sigma phase27 but no further work was perfonned to

identify this phase.

A TEM photomicrograph of the microstructure around a grain boundary in the

HAZ is shown in Figure 4-9. This image shows an original austenite grain boundary

(indicated by several arrows) and the small features decorating the boundary (indicated

by letters). The SAD patterns from the indicated features were obtained for phase

identification and to detennine their orientation relationship, Figures 4-1 OA-H.

The SAD pattern at region A was typical for an FCC metal oriented along the

(112) plane, Figure 4-1OA. Regions B-D produced similar SAD patterns with only slight

orientation differences, Figures 4-1 OB-D. TIlerefore, regions identified as A-D in Figure

4-10 are subgrains, separated by only low angle grain boundaries. On the opposite side

of the grain boundary, regions E-H have a similar orientation to each another. Figures 4-
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10E-H, but are different than regions A-D. Again, regions E-H differ in orientation by

small angles and are thus sub-grains. Although, these subgrains are not orientated along

a major zone axis, their crystal structure is still revealed. The diffraction patterns of

Figures 4-1 OE-H also show an FCC structure, not the tetragonal crystal structure of

sigma. The nucleation phenomenon was also investigated at another site in the HAZ

yielding similar results. From the TEM analysis, it is confirmed that the grain boundary

phenomenon in the HAZ is recrystallization of austenite and not formation of the sigma

phase. The driving force causing recrystallization at the grain boundaries is not clear.

One possibility is that the combination of residual stress from plate processing and the

specific time and temperature environment produced during FSW promoted

recrystallization of austenite. It is also possible that, although this microstructure was

referred to as the HAZ (implying that only temperature cycles affected the

microstructure), strain may have reached the critical minimum to induce recrystallization.

The microstructure of the TMAZ is best described as a transition region from a

complete HAZ microstructure to a complete nugget-type of microstructure, Figure 4-

II A. The transition is a result of decreasing strain and strain rates and milder thermal

cycles with increasing distance from the centerline. Because the changes from the

TMAZ and HAZ zone is so gradual, the line drawn in Figure 4-11 A defines only an

approximate HAZ / TMAZ boundary. Near this boundary, microstructural changes of the

TMAZ are mainly the result of thermal cycles - evidence of deforn1ation is minimal here.

Moving towards the right in the figure, strain caused by tool rotation begins to dominate

the microstructural changes. leading to a more refined structure. As seen in Figure 4-_. - -
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l1A, higher strains defonn the original austenite more severely and promote more

recrystallization at the original austenite grain boundaries. Adjacent to the weld nugget,

most of the TMAZ appears completely refined but several larger austenite grains persist.

In addition, EPMA data along Lines 3 and 4, Figure 4-3B, provided a composition

analysis of the different microstructural regions. The data showed no variation in

elemental concentration with distance, Figure 4-11B, and appeared essentially the same

as data obtained from Lines 1 and 2, Figure 4-6. From all EPMA traces, it can be

concluded that there is no fonn of segregation in the AL-6XN welds.

4.1.2.3 Microhardness

The average microhardness of the base metal was measured at approximately 243

HK ± 9 HK. Four microhardness traces were perfonned across the welded region, Figure

4-3B. Figures 4-12A, B, and C show plots of microhardness as a function of distance

from the centerline for traces A, B, and C, respectively. As labeled on the plots, changes

in microhardness are correlated to the microstructural transition from the base metal to

the nugget. In all plots, hardness is a maximum in the fine-grained nugget region. All

microstructural zones are represented in trace B, Figure 4-12B. Since the TMAZ is

narrow, no data points fell within the TMAZ for trace A, Figure 4-12A, and trace C,

Figure 4-12C. Dcspite this, it can clearly be seen that hardness decreases with incrcasing

distance from the weld centcrline. As mentioned above, the TMAZ consists of a mix of

defomled austenite grains and small nuclcated grains at grain boundaries. In general. this-- - ~ -'
microstructure viclds hardncss values similar to. but slightlv lower than the nuggct. The-.t ' _ ~ __

95



large austenite grains and small nucleated grains of the HAZ yield a range of hardness

values between the TMAZ and base metal hardness. In general, the TMAZ and HAZ,

both transition zones separating the nugget and the base metal, show a trend of

decreasing hardness moving away from the nugget. These two zones exhibit

considerable scatter in the data - a result of the nature of the microstructure and of

microhardness testing.

Trace D was taken through the plate thickness near the weld centerline, Figure 4­

38. Figure 4-12D shows a plot of microhardness measurements as a function of distance

from the mid-plane of the plate. The two maximum data points correspond to the

microhardness of the tungsten swirls in the microstructure. There is, however, no other

clear relation between hardness and the through-thickness plate location.

4.2 Microstructure of the Single-Sided Friction Stir Weld

The microstructures of the AL-6XN single-sided FS welds were very similar to

the double-sided FS welds analyzed. A representative image of both full FS welds,

Figure 4-13, shows the single-sided weld has a similar u-shape as one pass of a double­

sided FS weld. As mentioned in the procedure, the received weld plates each contained

two halfwelds. Figures 4-14A and B show the advancing and retreating side halfwelds

on plate 1 while 4-14C and D show the advancing and retreating side half welds on plate

2. It appears that the half welds on plate 1, Figures 4-14A and B, did not achieve full

penetration.
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4.2.1 Base Metal Microstructure

The base metal of both plates consisted of equiaxed austenite grains with

significant twinning, Figure 4-15. The grain size of plates 1 and 2 were approximately

50.1 /-lm ± 4.2 /-lm and 51.1 /-lm ± 5.0 /-lm, respectively. Again, centerline sigma existed

in both plates examined. The morphology of sigma varied with location in each plate but

in general, there was less sigma in plate 1 compared to plate 2. In plate 2, the sigma

decorated the grain boundaries and formed wide bands throughout the length of the plate,

Figure 4-16A. The sigma in plate 1 formed much thinner bands which were located only

sporadically through the plate length, Figure 4-168. Some samples from plate 1were

even sigma free.

4.2.2 Weld Affected Microstructure

The same strain and temperature induced microstructural transition from the

nugget to the base metal of the double-sided weld was seen in the single-sided welds.

The nugget consisted of small somewhat equiaxed grains, Figure 4-17A. Grains were

approximately 12.8 /-lm ± 1.1 /-lm near the crown and 9.8 /-lm ± 0.7 /-lm near the center of

the nugget in plate I. Grains in plate 2 were of similar size measuring 11.1 /-lm ± 0.5 /-lm

near the crown and 9.5 /-lm ± 0.7 /-lm at the nugget center. As mentioned before, larger

grain size at the crown results from the higher peak temperatures and longer exposure

times. The two transitional zones, the HAZ and the TMAZ, Figures 4-17B and C

rcspcctively, show thc microstructural effects of the strain and temperature gradients

occurring during wclding. The HAZ, again. consists oflarge original austenitc grains- _.... - - -.... -
with nuclcation ofnc\\' austcnitc grains at the cxisting grain boundarics. Figure 4-17B.- -- ' -
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Not surprisingly, the TMAZ is characterized by a mix of deformed original austenite

grains and nucleation at grain boundaries, Figure 4-17C.

4.2.3 Differences Between the Single-Sided and Double-Sided Friction Stir Weld

Although microstructurally similar, there are some notable differences between

the double- and single-sided welds besides the obvious. The advancing half welds of

both plates I and 2, Figures 4-14A and C, contain a large hole. This hole is only a

segment of a tunnel (referred to as a worm hole) which spans the length of the weld. A

worm hole results from incomplete material consolidation and can be eliminated with

optimization of welding parameters. Another difference between the single- and double­

sided welds is the distribution of tungsten within the nugget. The tungsten in the double­

sided welds is mainly concentrated around on central streak in the nugget running parallel

to the plate surfaces, Figures 4-3A and B. Tungsten in both single-sided welds, however,

shows an elaborate streaking pattern throughout the nugget, Figures 4-18A and B.

Despite the differences, the microstructures and macrostructures of both the

single- and double-sided FS welds are very similar. The notable differences in the

structures are likely caused by the required penetration depth. On a plate of a given

thickness, the required penetration depth of a double sided-weld is essentially half of the

required depth of a single-sided weld. Therefore, more energy is required to successfully

join two plates of a given thickness with a single-sided FS. Under different welding

parameters. the weld defects in the single-sided FS welds may be avoided.
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4.2.4 Planar Cross-section Microstructure

The crown surface of a single-sided weld Qwas also examined revealing a similar

microstructure as seen in the cross-section of the FS welds. Again, there was a

transfonnation from the unaffected base metal through the HAZ and the TMAZ to the

refined nugget, Figure 4-19A. The microstructural transition, however, was more abrupt

at the crown surface than seen in transverse cross-section. In some samples, an

interesting banding pattern was noted, Figure 4-19B. A high magnification SEM image,

Figure 4-19C, reveals a second phase similar to the tungsten detected in the transverse

cross-section of the FS welds. EDS examination, Figure 4-19D, confirmed high levels of

tungsten in the second phase creating this banding. Again, the tungsten contamination

results from tool wear during the welding process.

4.3 Corrosion Behavior

4.3.1 Critical Pitting Temperature

As mentioned, the CPT was determined by immersion in ferric chloride solution

according to ASTM G-48-9760
, The CPT was determined for five samples: AL-6XN as­

received plate and the retreating and advancing side half welds on plates 1 and 2. Table

4.2 lists all CPT test samples and their respective CPT. AL-6XN as-received plate was

tested to detennine a baseline in which to compare the FS welds. The advancing side and

retreating sides of the welds were tested separately to detennine any differences in pitting

behavior. It might be expected that the advancing side half welds have a lower corrosion
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resistance than the retreating side half welds because of the worm hole and the tungsten

based inclusions.

4.3. 1.1 AL-6XN As-received Plate

It should be noted that "pitting" occurred when localized attack was detected with

the naked eye or a stereoscope. The CPT of AL-6XN plate was 70°C, Table 4.2, which is

consistent with other Iiterature76
. The attack at 70°C was not severe - the samples

showed a few isolated pits that were less than I mm in diameter, Figures 4-20A and B. A

number of pits showed evidence ofundercutting which is often noted in the corrosion

behavior of stainless steels46
• In Figure 4-20C, an SEM image of a pit formed in the base

metal, a thin layer of metal partially conceals the volume of the pit. It might be expected

to see preferential pitting at centerline sigma but there is no obvious correlation between

the sigma phase and pitting. In general, pits in the AL-6XN as-received plate were

randomly located.

Prior to etching, pit surfaces showed two different morphologies. Some pits

surfaces had a clear faceted structure, Figure 4-21A. This morphology suggests

preferential grain boundary attack and possibly material loss by a wastage mechanism.

Other pit surfaces, however, had a finer dimpled surface, Figure 4-21 B, which may be a

thin layer of corrosion product9o. Some pits exhibited one surface while others showed a

mixture of the two morphologies. Although CPT testing cannot be used to detennine pit

initiation sites, it may indicate pitting mechanism. High magnification images of the

edge of a pit in the as-received plate suggest preferential attack at the grain boundaries.

lOa



Figure 4-21C. Preferential attack at the grain boundaries is often noted in the corrosion

of stainless steels50
•

4.3.1.2 AL-6XN Advancing Half Welds

The advancing side half welds of plate 1 and 2 both exhibited pitting at 55°C but

resisted attack at 50°C yielding a CPT of approximately 55°C, Table 4.2. This is

significantly lower than the as-received plate CPT of 70°C. Several examples of the

pitted samples are seen in Figures 4-22A-C. For all samples, the attack was concentrated

at the worm hole and the surrounding area where a steady stream of tungsten based

inclusions is located, Figures 4-22A and B. The severe attack seen at the surface is most

likely the result of crevice corrosion in the worm hole. The interface of the AL-6XN

matrix and the tungsten inclusions may provide an initiation site or an easy propagation

path for corrosion. One sample pitted on the crown side of the weld, Figure 4-22C. As

mentioned in the microstructural characterization, tungsten inclusions are located at the

crown as well. Again, the tungsten inclusions may serve as a pit initiation site.

4.3 .1.3 AL-6XN Retreating Half Welds

The CPT of the retreating side half welds were different in plates 1and 2, Table

4.2. In all retreating side half welds, the attack was not severe - there were a number of

relatively small isolated pits. The CPT of the retreating half weld on plate I was 65°C,

only slightly lower than the CPT of the as-received plate. It is interesting and

significant to note that the pits in the retreating side half weld on plate 1 were located in

the base metal. Figure 4-23A. TIle base metal attack suggests that the pitting behavior of
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the as-received plate and the retreating side half weld is very similar. This difference

may be the result of the nature of the CPT test.

The CPT of the retreating side half weld on plate 2 was 55°C - the same CPT as

the retreating side, Table 4.2. In these tests, only one sample exhibited pitting. On this

sample, a single elongated pit was located at the plate centerline where sigma has been

shown to exist, Figure 4-23B. SEM images of the pit reveal two slightly different

morphologies within the pit, Figure 4-23C. The EOS spectrum of region 2, Figure 4­

230, detects an increased Mo-concentration compared to the base metal, Figure 4-40,

and this second phase is most likely sigma. Because the pit was destroyed during

metallographic preparation, the microstructural location of the pit could not be

determined. For this sample, preferential pitting at sigma was a factor.

The difference in pitting behavior between the retreating side half welds on plate

1 and 2 may likely be related to the difference in the amounts and distributions of the

sigma phase, Figures 4-16A and B. It has been shown that the corrosion resistance of

SASS is sacrificed by the presence of the sigma phase and is likely the case for this

sample50
•
63

. Again, most pit surfaces showed the typical morphology as previously noted

in the as-received plate and the advancing side half welds.

4.3.1.4 Improving the CPT

\Vith the exception of the retreating side halfweld on weld plate I, the CPT of all

half welds was 55°C. From the tests, it seems that the pitting resistance of the weld is

seYerely sacrificed by the presence of certain ayoidable microstructural features. In the
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case of the advancing side half welds, elimination of the worm hole - a natural site for

crevice corrosion - should have a positive affect on the pitting resistance of the weld. In

addition, removal of the tungsten based inclusions, which may promote pitting, should

also help to improve the corrosion resistance.

For experimental purposes, the CPT of the AL-6XN FS welds should be

considered to be 55°C even though the retreating half weld of on plate 1 had a higher

CPT. As shown by previous work at Lehigh University under ONR Grant No. NOOO14­

99-1-088784
, the CPT is approximately 45°C for AL-6XN autogenous welds. Dissimilar

welds made with IN 622 filler metal yielded an increased CPT of 55°C. From CPT data,

it appears that FS weld has similar corrosion resistance to the compensated dissimilar

weld. It is significant to remember that one FS weld sample, the retreating half weld on

plate 1, had a CPT of 65°C. It may be possible to improve the CPT to 65°C for the FS

welds if sigma is minimized and the worm hole and tungsten based inclusions are

avoided.

Several points should be stressed when reporting the CPT. Although the testing

performed helps to determine differences in pitting behavior between the retreating and

advancing side, only an estimation of the CPT of the full weld can be made. In reality,

half welds would not be exposed to the environment. Actual full welds should be tested

for a more accurate detennination of the CPT but due to limitations in material

availability, it was not possible. Also, undesirable microstructural features significantly

influence the CPT, making it difficult to detennine the true pitting resistance of the FS

weld. In addition. all surfaces of the welds - planar as well as transverse cross-sections -
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were exposed to the corrosive solution. In reality, it is unlikely that the transverse cross-

section of the weld, which pitted most frequently, would be exposed to the environment.

All surfaces were ground to 120 grit surface, also not the realistic case. Regardless of the

drawbacks of the test procedure, the CPT of AL-6XN FS welds was determined. When

using the CPT to compare the pitting behavior of a FS weld to other materials, however,

the above points should be considered.

4.3.2 Pitting Kinetics

Kinetic testing was performed on AL-6XN as-received plate and FS welds in 6%

ferric chloride solution at 70°C and 95°C. The maximum pit depth can be modeled by

the following equation

d= ktn

where
d = maximum pit depth

t = time
k and n =alloy and environment dependent constants.

The n-constant relates pit depth to time and it has previously been determined that n is

0.5 or 1 for mild carbon steel and 0.75 for stainless steels91
• It should be noted that these

n-constants were obtained using a different corrosive media and much longer testing

times so they are not directly comparable to the results in this study. The absolute

maximum pit depth (the single deepest pit) and the average maximum pit depth (an

average of the 10 deepest pits) were recorded. Ultimately the deepest pit leads to failure

but using thc avcragc maximum pit dcpth is morc accurate and precise.
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4.3.2.1 Severe Pitting - 95°C

4.3.2.1.1 Pit Growth Rate

Tables 4.3 and 4.4 list the 10 deepest pits found in AL-6XN plate and the FS

welds for the various exposure times at a test temperature of 95°C. Tables 4.5 and 4.6

compare the absolute maximum pit depth and the average maximum pit depth for these

samples. The maximum depths of the as-received plate and the FS compare closely at

each exposure time and neither material consistently yields the deepest maximum pit.

When the raw data is plotted on a linear scale, Figure 4-24A, the average and the

absolute maximum pit depth in samples tested at 95°C follows a logarithmic growth

pattern. A plot of the natural log of the pit depth as a function of the natural log oftime

yields a straight line, Figure 4-248. The slope of which, n, yields an approximation of pit

growth rate. Using the absolute maximum pit depth, nabs (calculated n value for the

absolute pit depths) was approximately 0.47 for the as-received plate and 0.42 for the FS

weld. Although it appears that the pitting rate is slightly higher for the as-received plate,

the difference in the respective nabs is experimentally insignificant and the pit growth

rates are essentially equal. Using the average maximum pit depth, nave (calculated n

value for the average maximum pit depths) was approximately 0.40 for the as-received

plate and 0.45 for the FS weld. It is interesting to note that the pit growth rate of the as­

received plate is higher than the FS weld but, again, the difference in nave is insignificant

and should be disregarded. Due to the intense defonnation and strain, it might be

expected that pits grow faster in the FS welds. From this data, howeycr, is appears that
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the pit growth rates in as-received plate and the FS welds are relatively equal. Therefore,

in regards to results of the kinetics corrosion test, AL-6XN FS welds may offer superior

corrosion resistance compared to AL-6XN fusion welds. It is important to remember that

the kinetics tests were performed using a very corrosive ferric chloride media and only

short exposure times. This test is, therefore, not a realistic approximation to the in­

service environment of AL-6XN FS welds.

4.3.2.1.2. Pit Depth Distribution and Density

Figures 4-25A-F and 4-26A-F, show the general pit depth distribution in the as­

received plate and the FS weld tested at 95°C for the various exposure times. When

comparing the as-received plate and the FS weld distributions, they are very similar. In

general, as time passes, the histograms tend to "spread out". At times of2 minutes,

Figures 4-25A and 4-26A, there is a tighter distribution of pit depths than seen at a time

of 5 minutes, Figures 4-25B and 4-268. At 60 minutes, Figures 4-25F and 4-26F, the

distribution broadens even further. In most histograms, regardless of exposure times,

60% of the pits measured are less than 50 ~m deep. As time increases a small number of

pits begin to deepen, surpassing depths of 100, 200, and eventually 300 ~m. The

concentrated attack at these growing pits may provide cathodic protection for the

surrounding smaller pits which do not dccpen significantly. Therefore, the numbcr of

shallow pits rcmains high91
• In addition, bccause ncw pits are continually nucleating as

time passcs, it would be expected that the majority of pits are shallow. From the
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similarity in pit depth distribution, there is no clear difference between the as-received

plate and the FS weld.

The average pit density of the FS weld and the as-received plate, Figure 4-27, has

no correlation to the exposure time. As seen, the average pit density in the FS weld

ranges from 3 - 6 pits/mm2 and average pit density in the as-received plate ranges from 4

- 6 pits/mm2
• The pit density is greater for the as-received plate in all but the 60 minute

exposure samples. The difference between the densities at each exposure time, however,

are small - typically less than 1 pit/mm2
. This difference is within experimental error and

should be disregarded. Similar to the pitting rates and depth distributions at 95°C, the pit

density suggests no real difference in corrosion behavior of the two materials.

4.3.2.1.3. Pitting and Microstructure

When etched, the kinetics samples reveal an unexpected preference for pit growth

in the base metal as opposed to the weld affected region in the FS welds. Figures 4-28A,

B, and C show the FS weld at 2, 5, and 60 minutes. At 2 minutes, Figure 4-28A, there

are only small pits. At 5 minutes, Figure 4-28B, pits are larger and more frequent in the

base metal than in the weld zone. After 60 minutes, Figure 4-28C, the preference for pits

to grow in the base metal is emphasized even further.

Considering this preference for the deepest pits in the base metal, the prior

calculation of pit grO\\'1h rate for the FS weld is actually an estimation of the pit growth

rate in the basc mctal not thc wcld. TI1C pit grO\\1h rate for the actual weld affcctcd

rcgion is slowcr. As discusscd in thc literaturc. 304 SS showed a tendency to
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preferentially corrode at highly deformed regions56
. Although FSW involves extreme

strains, the resulting microstructure is relatively low in strain. The intense deformation

and thermal cycles during FSW cause nucleation ofstrain-free austenite grains.

Therefore, the preferential corrosion phenomenon seen in 304 SS, is not seen in AL-6XN

FS welds.

The base metal, having a uniform structure, showed no preference for pit

initiation. Figures 4-28D, E, and F show the as-received plate tested at 95°C for 2, 5, and

60 minutes respectively. At 2 minutes, Figure 4-28D, there are a number of small pits,

indicated by arrows, located over the whole sample. At 5 minutes, Figure 4-28E, the pits

have grown in size and are more visible. At a 60 minute exposure time, Figure 4-28F, the

pits which have grown substantially are randomly located.

There are obvious differences in the pitting behavior of the as-received plate and

the FS weld from the kinetics tests. The combination of the refined weld structure and

the unaffected base metal forces preferential corrosion of the base metal while the weld

zone is cathodically protected. It seems that there is a galvanic type of corrosion

occurring in the FS weld samples.

4.3.2.2 Mild Pitting - 70°C

4.3.2.2.1 Pit Growth Rate

Tables 4.7 and 4.8 list the ten deepest pits in the as-received plate and the FS weld

tested at 70°C respectively. Tables 4.5 and 4.6 compare the absolute maximum and the

average maximum pit depths for the kinetics samples tested at 70°C as wel1 as 95°C.
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Figures 4-29A and B show the maximum pit depth plotted as a function of time for the

AL-6XN FS weld and for the as-received plate tested at 70°C. Similar to the results of

testing at 95°C, the absolute and average maximum pit depth for the FS weld increases

logarithmically with time, Figure 4-29A. Again, the pit depth shows a linear dependence

with time when the natural log of the data is plotted, Figure 4-29B. In this case nabs =

0.58 and nave = 0.54 for the FS weld. Referring back to the calculated n values for the FS

weld tested at 95°C, nabs =0.47 and nave =0.45. The pitting rate at 70°C is slightly higher

than experienced at 95°C. As will be discussed, the higher pitting rate at the lower

temperature is logical

The AL-6XN as-received plate tested at 70°C does not show the same pit depth

dependence on time as seen in the other samples. For the first five data points (times of

2, 5, 10,20 and 30 minutes), pit dept does not significantly change with time, Figure 4­

29A and Table 4.5. But from 30 minutes to 60 minutes, the absolute maximum pit depth

jumps from 56 Jlm to 267 !lm. From a plot of the logarithmic values of the data, Figure

4-29B, nabs = 0.42 and nave = 0.24. The poor linear fit of the data is revealed by the low

R2 values calculated for the trend lines of the as-received plate data tested at 70°C. For

this test, R2 was approximately 0.44 when other tests yielded R2 values approaching

unity. From the raw data plot, Figure 4-29A, the pit depth and exposure time for the AL­

6XN plate show exponential growth as opposed to logarithmic growth. Additional tests

of the AL-6XN plate at 70°C were run for exposure times of 30 and 60 minutes to check

the accuracy and precision of the data. The absolute maximum pit depth after 30 minutes

was 72 Jlm which is similar to the results of the initial test which yielded a maximum of
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depth of 56 /.lm. At 60 minutes the maximum pit depth was 124 /.lm, less than half of the

pit depth recorded in the initial test.

Since 70°C is the CPT of the AL-6XN plate, the driving force behind pit growth

may be minimal and may be the reason why the AL-6XN shows sporadic behavior at this

temperature. By this reasoning and the previous similarity in pitting behavior at 95°C, it

might be expected that the FS weld should have behaved similarly to the as-received

plate tested at 70°C. As discussed, some type of galvanic corrosion may have occurred in

the FS weld sample such that the base metal corroded preferentially to the weld zone

when tested at 95°C. At 70°C this galvanic junction on the FS weld sample is the driving

force for pit growth. As for the as-received plate, there is no galvanic junction to force

corrosion and pit growth is minimal. Another possibility is the questionable test

precision which was demonstrated by the additional testing at 70°C. At this time, further

work is required to investigate the kinetics of the AL-6XN as-received plate at 70°C.

4.3.2.2.2 Pit Depth Distribution and Density

Figures 4-30A-C, show the pit depth distribution of the FS weld tested at 70°C for

the times of 2, 5 and 60 minutes. The pit depth distribution of the FS weld tested at 70°C

shows a similar "spreading out" behavior as seen at 95°C with a small number of pits

deepening significantly while most pits remain shallow. Figures 4-31 A and B show the

general pit depth distribution of the AL-6XN plate tested at 70°C for exposure times of 2

and 60 minutes. Although, these histograms show a broadening in the pit depth

distribution from 2 to 60 minutes, it is not as evident as seen in other samples. At 2
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minutes, the majority of the pits (97%) are 30 ~m or less, Figure 4-31A. At 60 minutes,

Figure 4-31B, just 4 pits measured were deeper than 30 ~m, only two of which were

deeper than 100 ~m. These results further reflect the abnormal pitting behavior of AL­

6XN plate at 70°C.

Again, the average pit density of the FS weld and the as-received plate, Figure 4­

32, show no correlation to the exposure time. Pit densities of the two materials are

similar where the average pit density ranges from 1 - 3 pits/mm2 in the FS weld and from

I - 2 pits/mm2 in the as-received plate. As opposed to the 95°C test, the FS welds have a

greater pit density at this lower temperature. Again, the differences in pit density at each

exposure time are within experimental error and should be disregarded. Also, it is

important to remember that the pitting behavior of the as-received plate was abnormal

and the results may not be a good indicator of the true pitting behavior. The pit densities

are notably lower at 70°C, Figure 4-32, than at 95°C Figure 4-27. At lower temperatures,

the passive film is more stable and it is harder for pits to nucleate. Since fewer pits

initiate at lower temperatures, attack is concentrated at these pits and corrosion rates, n,

are faster for samples tested at 70°C91
• It is important to note that data was acquired from

only one sample at each test condition. For a better estimation of the maximum pit depth,

data from more samples is necessary. Again, due to the limited material availability more

samples were not possible.
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4.3.2.2.3 Pitting and Microstructure

Kinetic samples of the FS weld tested at 70°C for an exposure time of 2 minutes

were etched and analyzed to determine the pit initiation sites. Pits initiated throughout

the sample in both the base metal and FS weld. In the base metal, small pits were found

at grain boundaries, Figure 4-33. In the HAZ, a region similar to the base metal, many

pits appeared to have initiated at the grain boundaries as well, Figure 4-34A. A low and

high magnification SEM image of two pits in the HAZ, Figures 4-34B and C, again

shows the preference for pits to initiate at grain boundaries. In the TMAZ, there was

some evidence ofpit initiation at the grain boundaries. Figure 4-35A shows one large

and several very small pits located in the TMAZ. A higher magnification of the two

smaller pits along the grain boundary is shown in Figure 4-35B. Due to the response in

etching, pit initiation sites in other regions of the TMAZ cannot be clearly identified.

The etching response was also a problem in the nugget. At the regions in the nugget

where the microstructure was visible, some larger pits were imaged using LOM, Figure

4-36A. These pits were so large compared to the microstructure that pit initiation cannot

be determined. Using SEM, some small pit-like features were found at the grain

boundaries, Figure 4-36B. Although these features look like pits, they are so small it is

possible that they are artifacts ofmetallographic preparation.

Since there is no obvious preference for pit initiation in anyone of the

microstructural regions (base metal, HAZ, TMAZ, and nugget), it might be expected that

pits tend to initiate in the same manner regardless of microstructure. Evidence of pit

initiation consistently at the grain boundaries confinns this, Figures 4-33. 4-34A-c' and

112



4-36B. With respect to the microstructure of the welded and as-received plates, grain

boundaries are the sites of highest energy and are therefore attacked preferentially.

Although the worm hole, tungsten base inclusions, and sigma phase were features

associated with corrosion in CPT testing, there was no clear preference for initiation at

these features in the kinetic tests. The worm hole in the CPT samples was relatively

large, reaching sizes of 1 mm in diameter, Figure 4-14A and C. Kinetic samples,

however, contained a few worm holes an order of magnitude smaller in size. The

extremely small size of the worm holes in the FS weld appears to prevent the crevice

corrosion seen in the CPT samples. Preference for attack at the tungsten based inclusions

may be related to the worm hole. Although the interface between AL-6XN and the

inclusions may be an easy path for corrosion, it only seems to be significant when attack

is first concentrated at the worm hole. When there is no attack at the worm hole, the

inclusions show no preference for attack. Also, the difference in exposure times for the

CPT and kinetics tests may also playa role. CPT testing lasted 72 hours while the

longest exposure time in kinetics testing was 60 minutes. At the long exposure times of

the CPT test, the grain boundary attack seen in the kinetics tests is minimized by the

concentrated attack at the worm hole.

As the AL-6XN plate has the same structure as the base metal in the FS weld

samples, it would be expected that grain boundaries serve as pit initiation sites. 11le

small pits in the as-received plate were found at grain boundaries. Figure 4-37 shows a

small pit in the as-received plate that appears to have initiated at the intersection of two

grain boundaries and a twin. 11lerefore, in kinetic testing, the as-received plate and the
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FS welds showed the same pit behavior. In both samples regardless ofmicrostructure,

pits initiated at the grain boundaries.

The welds and as-received plate showed similar pit propagation mechanisms at

70°C at extended exposure times. Figure 4-38A shows a large pit formed in the base

metal after 60 minutes. As indicated, grain boundaries are preferentially attacked. This

has been noted as the typical corrosion behavior of stainless steels. Pits in the weld zone

showed some preference for propagation along grain boundaries. In Figure 4-38B, the

large pit partially in the TMAZ and HAZ does not show an obvious pit propagation

preference. Another pit in the TMAZ, Figure 4-38C, however, shows pit propagation

along grain boundaries. As discussed before, although pits may initiate at the sigma

phase, there was no strong preference for pits to initiate here versus other spots in the

microstructure. Once initiated at the sigma, pits propagate either at grain boundaries of

two austenite grains or at the sigma phase/austenite interface, Figure 4-38D. Even

though some aspects ofpitting behavior were unique for the as-received plate, pit

propagation was still similar as seen in the weld. Pits of the as-received plate primarily

propagated along the grain boundaries of the austenite grains, Figure 4-39. Propagation

of pits, either in the as-received plate or the FS weld, occurs by the same mechanism ­

attack at the grain boundaries. Again, the grain boundaries are high energy sites.
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4.3.3 Pitting Electrochemistry

4.3.3.1 Galvanic Potentials

When two metals are electronically coupled, a current may exist between them

and one metal will corrode at the expense of the other. As stated, three different metal­

metal couples were evaluated to determine if galvanic corrosion would occur, Table 3.2.

Initially, a galvanic test was performed on AL-6XN as-received plate coupled to

7075 aluminum. Referring to the Galvanic series, Figure 2-32, aluminum is more active

with respect to common stainless steels such as type 316 and 304 and will thus corrode

preferentially. Since the corrosion resistance ofAL-6XN is superior to 316 and 304 SS,

it is expected that the 7075 aluminum alloy is also active compared to AL-6XN. The

equilibrium galvanic potential ranges from 30-35 J.lA/cm2
, Figure 4-40A, and indicates

that aluminum will corrode at the expense of the AL-6XN. By default, the Gamry

potentiostat follows the corrosion convention in which positive currents are anodic and

negative currents are cathodic

It is known that the corrosion resistance of autogenous welds on SASS is poor and

the weld zone will be preferentially attacked. The results of the galvanic test between the

AL-6XN autogenous weld and the as-received plate couple, Figure 4-40B, shows an

equilibrium current ranging from 100 - 250 nA/cm2 in all three trials. Again, the positive

current indicates that the weld is the anode and it will preferentially corrode as expected.

TIle current and therefore the driving force for galvanic corrosion is over 2 orders of

magnitude smaller in this couple than the aluminum-AL-6XN couple.
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Three trials indicated that a positive current also existed between the AL-6XN as­

received plate and the AL-6XN FS weld, Figure 4-40C. The equilibrium current for this

couple remains less then 5 nA/cm2 indicating a low driving force for galvanic corrosion.

It is more important to note that the magnitude of this current is easily within the

experimental error of electrochemical testing and should be disregarded. These results

differ with the kinetics testing where the base metal was seen to corrode at the expense of

the weld region of the FS welds. The difference is most likely the result ofchanging

pitting behavior with different test electrolyte. The NaCl solution may be a closer

approximation to the marine environment when compared to a ferric chloride solution

and it can be concluded that galvanic corrosion is unlikely in a realistic environment.

4.3.3.2. Open Circuit Potential

All data thus far has been acquired in a laboratory using a superficial electrolyte

to simulate a marine environment. The open circuit potential (OCP) test performed in

open seawater is a more realistic simulation. Also, compared to laboratory testing, the

OCP experiments run for a much longer time period - 150 days compared to a few days

or hours for laboratory testing. The OCP data therefore may be more useful in

determining lifetime corrosion behavior of the samples in actual use.

The OCP of a FS weld, an autogenous weld, and a dissimilar weld on AL-6XN

was detennined. In addition, the OCP of as-received plates of AL-6XN, 304 SS, and

IN625 were detemlined for comparison, Table 3.3. Results from approximately 3 months

of testing are shO\\l1 in Figure 4-41 A. In general. all of the materials initially have a
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negative potential which increases with time. For all materials, this trend is associated

with the formation of a layer of corrosion product that mayor may not be pas~ive. If the

equilibrium potential is positive, the layer is passive but if the equilibrium potential is

negative, the layer is not protective and corrosion continues. As mentioned in the

background, sharp fluctuations in the potential indicate localized corrosion and was the

case for the a Cu-l O%Ni alloy in brackish water, Figure 2-33. When the passive layer

breaks down, the OCP drops but then will increase upon pit repassivation. It should be

noted that there are three sites indicated on the graph where the potential of all samples

drops. These anomalies resulted from a disruption in testing and should be disregarded.

For example, the first interruption occurred at approximately 15 days and was caused by

a failure in the pump system circulating fresh seawater into and out of the tank.

As expected, IN 625 exhibits the most positive or most noble potential and should

experience the least attack. Compared to the other materials, however, IN 625 exhibits

numerous fluctuations in the potential suggesting that the passive layer is continually

breaking down but quickly repairing itself.

As expected, the potential of as-received AL-6XN base metal is noble to all welds

as well as the 304 SS plate, Figure 4-41A. Initially, the potential of the FS weld is active

when compared to the AL-6XN autogenous and filler metal welds. With increasing time,

the potential of the autogenous weld and the filler metal weld steadily decreases

(becoming more active) and the potential of the FS weld steadily increases (becoming

more noble). At about 35 days, the potentials of the three welds are essentially the same.

After this time, the potential of the FS weld continues to increase and approaches a
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neutral potential suggesting that the corrosion rate is minimal. The corrosion of the filler

metal weld and the autogenous weld, however, continues to decrease suggesting that the

passive layer is breaking down and the samples are corroding. The fusion welds appear

to have acceptable corrosion resistance initially but, with time, these metals experience

attack. As discussed, the microsegregation in the welds is responsible for the poor

corrosion resistance. On the contrary, the potential of the FS weld is initially low but

increases with time and eventually becomes noble. Although the FS weld may take a

longer time to equilibrate, its steady state behavior suggests a lower corrosion rate and

therefore superior corrosion behavior compared to fusion welds.

It should be noted that a difference of more than 25 mV suggests different

corrosion behavior. Although the equilibrium current of the FS weld is essentially zero

mV, it is approximately 50 mV active with respect to the equilibrium potential of the as­

received AL-6XN plate. Therefore the corrosion resistance of AL-6XN is degraded by

FSW but the performance of this joining technique is better than fusion welding. It is

interesting to note that the potential of the AL-6XN plate and all of the welds does not

change erratically suggesting general corrosion as opposed to localized attack.

The oxygen content, conductivity, the salinity, temperature, pH, and dissolved

oxygen were monitored during the OCP testing, Figure 4-41 B. Each of these parameters

can affect the potential of a sample. As seen in the figure with the exception of saturated

oxygen, all parameters remain relatively constant over time. None of the all samples

show a correlation between potential and the saturated oxygen. TIlerefore, the changing
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saturated oxygen concentration does not significantly affect the long-term corrosion

behavior of the samples.
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Table 4. 1 Composition analysis ofa doubled-sidedfriction stir weld on AL-6XNobtained using EPMA.

Element Cr Mo Fe Ni
wt% wt% wt% wt%

UNS N08367 20.00-22.00 6.00-7.00 Balance 23.50-25.50
Tolerances

Base Metal 20.47 5.97 Balance 23.40

Nugget 20.53 5.95 Balance 23.41

Table 4.2 The CPTs ofthe various samples tested.

Material
AL-6XN plate

RET side, plate 1

ADV side, plate I

RET side, plate 2

ADV side, plate 2

120

70

65

55

55

55



Table 4. 3 The ten deepest pits measured on as-received AL-6XNplate tested at 95°C.

Pit # 2 min 5 min 10 min 20 min 30 min 60 min
pit depth pit depth pit depth pit depth pit depth pit depth

(pm) (pm) (pm) (pm) (pm) (pm)
1 80 123 176 246 287 395

2 80 122 153 240 239 328

3 79 122 140 235 232 319

4 74 120 134 220 230 284

5 72 119 133 212 227 277

6 72 112 132 204 214 273

7 71 111 124 197 213 255

8 70 101 122 193 201 232

9 69 101 119 190 198 220

10 65 99 115 186 197 174

Table 4. 4 The tell deepest pits present Oil a AL-6XN FS weld tested at 95°C.

Pit # 2 min 5 min 10 min 20 min 30 min 60 min
pit depth pit depth pit depth pit depth pit depth pit depth

(pm) (pm) (pm) (pm) (pm) (pm)
93 114 167 171 309 333

2 78 111 155 216 279 316

3 67 109 154 172 267 306

4 66 108 147 262 262 285

5 65 104 144 190 258 273

6 63 101 137 234 244 271

7 60 96 127 212 239 253

8 60 93 122 175 237 252

9 59 91 122 227 221 242

10 56 89 121 234 211 240
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Table 4. 5 The absolute maximum pit depth recordedfor all exposure times in the AL-6XN as-received
plate and FS weld.

Time FS weld As-received plate FS weld As-received plate
(min) 95°C 95°C 70°C 70°C

pit depth pit depth pit depth pit depth
(Ilm) (pm) (pm) (pm)

2 93 80 49 31

5 114 123 87 72

10 167 176 122 36

20 262 246 185 41

30 309 287 263 56

60 333 345 351 267

Table 4.6 The average maximum pit depth recordedfor all exposure times in the AL-6XN as-received
plate and FS weld.

Time FS weld As-received plate FS weld As-received plate
(min) 95°C 95°C 70°C 70°C

pit depth pit depth pit depth pit depth
(pm) (pm) (pm) (pm)

2 66.7 73.2 36.4 22.8

5 101.6 113 57.9 43.8

10 139.6 134.8 93.5 28.5

20 209.3 212.3 131.1 35.1

30 252.7 223.8 179.2 30.6

60 277.1 270.7 209.6 83.2
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Table 4. 7 The ten deepest pits present on as-received AL-6XNplate tested at 70°C.
Pit # 2 min 5 min 10 min 20 min 30 min 60 min

pit depth pit depth pit depth pit depth pit depth pit depth
(/lm) (/lm) (/lm) (Ilm) (Ilm) (Ilm)

31 72 36 41 56 49

2 28 54 28 39 39 58

3 26 45 26 39 32 160

4 24 45 24 39 29 28

5 23 41 23 35 28 127

6 23 38 20 33 27 36

7 21 37 30 32 26 267

8 21 36 29 31 25 31

9 16 35 33 31 22 34

10 15 35 36 31 22 42

Table 4. 8 The ten deepest pits present on a AL-6XNfriction stir weld tested at 70°C.

Pit # 2 min 5 min 10 min 20 min 30 min 60 min
pit depth pit depth pit depth pit depth pit depth pit depth

(Ilm) (Ilm) (Ilm) (Ilm) (Ilm) (Ilm)
1 49 87 122 185 263 351

2 45 68 114 179 262 271

3 38 61 107 168 238 170

4 38 59 104 150 218 249

5 36 57 101 143 181 209

6 34 56 88 122 152 142

7 33 54 78 110 151 246

8 32 48 77 110 116 232

9 30 45 73 78 106 115

10 29 44 71 66 105 111
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Fig. 4-1 Base metal microstructure, consisting oflarge equiaxed austenite grains with annealing
twins.
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Fig. 4-2 A) SEM image of the secondary phase located at mid-plate thickness in the base metal and
the EDS spectra of the B) base metal and C) second phase.
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Fig. 4-5 A) SEM imllge of the blinding seen lit the bounduy of l\"c1d pllSS 1 and 2 and high
magnification SEI\t images of the B) dark and C) light bands seen in A).
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INTENTIONAL SECOND EXPOSURE

Fig. 4-5 A) SEM image of the banding seen at the boundary of weld pass I and 2 and high
magnification SEM images of the B) dark and C) light bands seen in A).
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•Fig. 4-7 A) SEI\1 image of the secondary phase in the nugget similar to the sigma phase in the base
metal, B) the EDS spectrum of that phase and C) additional sigma located throughout the nugget.
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Fig. 4-7 A) SEM image of the secondary phase in the nugget similar to the sigma phase in the base
metal, B) the EDS spectrum of that phase and C) additional sigma located throughout the nugget.
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Fig. 4-8 Light optical micrograph of nucleation phenomena see in the grain boundaries of the HAZ.

Fig. 4-9 Microstructure at the original austenite grain boundaries of the HAL
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Fig. 4-9 \licrostructure at the original austenite grain boundaries oftne HAZ.
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Fig. 4-10 A-F) SAD patterns obtained from regions A-H, respectively, as labeled in Figure 4-9.
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Fig..... 13 Representative image of a single-sided FS weld on AL-6XN plate.
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INTENTIONAL SECOND EXPOSURE

Fig. 4- 13 Representatiw image of a single-silled FS weill 011 AL-6XN plate.
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Fig. 4-14 Macrostructure of the half-welds on plate 1 of A) the advancing and B) the retreating sides.
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Fig. 4-14 Macrostructure oftbe balf-welds on plate 2 ofC) tbe advancing and D) tbe retreating sides.
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Fig. 4-15 Representath'e image of the AL-6XN base metal in both weld (date 1 and 2.

B

Fig. 4-16 Centerline sigma present in A) plate 2 in larger quantities compared to B) the amounts of
sigma phase in plate t.
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Fig, .1-16 Centerline ,igma j1re~r-rlt in A) piak 1 in !argH tjU3illi,io compared to B) the amounts of

sigma pha,e in plate I.

139



A

B

c
Fig. 4-17 Represtntatiye images of A) the nugget, B) the HAl. and C) the TMAZ in a single-sided FS
welds on plate 1 and 2.
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Fig. 4-18 The elaborate tungsten swirls present in the nugget of the single-sided FS welds of A) plate
1 and B) plate 2.
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Fig. 4-19 The microstructure of the crown side of the FS l"eld showing A) the microstructural
transition from the base metal to the nugget and also B) the tungsten banding using LOM. The
tungsten is further seen in C) a high magnification SEM image of the tungsten and D) the EDS
spectra from this region.
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c
Fig. 4-20 A and B) Pits in AL-6XN base metal occurring at 70°C and C) a higher magnification of
the pit seen in B) showing evidence of undercutting.
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Fig.4-21 The surface of the pits in AL-6XN plate shoft'ing A) faceted morphology and B) a dimpled
morphology and C) a higher magnification of grain boundar)' aUack at the pit edge.
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Fig. 4-22 Pitting at 55°C of the CPT samples at A and B) the worm hole and tungsten and C) the
crown side of the FS weld.
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INTENTIONAL SECOND EXPOSURE

Fig. 4-22 Pitting at 55°C of the CPT samples at A ~H1d B) the worm hole and tungsten and C) the
crown side of the FS weld.
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Fig. 4-23 A) Pitting in the CPT sample of the retreating side half weld on plate land B) the pitting in
the CPT sample of the retreating side half weld on plate 2 showing pitting and C) an SEM image of
the pit secn in B).
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Fig. 4-23 A) Pitting in the CPT sample of the retreating side half weld on plate 1and B) the pitting in
the CPT sample of the retreating side half weld on plate 2 showing pitting and C) an SEM image of
the pit seen in B).
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Fig. 4-27 The pit density of AL·6XN as-received plate and FS weld tested at 95°C.
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A

Fig. 4-28 Kinetics samples of A-C) AL-6XN FS weld tested at 95°C for 2, 5, and 60 minutes
respectively.
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E

F

Fig. 4-28 Kinetics samples of D-F) as-received plate tested at 95°C for 2, 5, and 60 minutes
respectively.
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Fig. 4-29 The maximum pit depth at a test temperature of70oC plotted as a function of time with A)
the raw data and B) the log ,-alues of the data.
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Fig. 4- 31 The pit depth distributions for the as-received plate at 70°C for times of A) 2 and C) 60
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Fig. 4-32 The pit density of AL-6XN as-received plate and FS weld tested at 70°C.

Fig. 4-33 Small pits located in the unaffected base metal in the FS weld samples tested at 70DC for 2
minutes.
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c
Fig. 4-34 A) LOM and B) SEM images ohmall pits at the grain boundaries in the HAZ after testing
at 70°C for 2 minutes and C) high magnification image of the pit edge seen in B).
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Fig. 4-35 Several pits in the TMAZ of the FS weld after testing at 70°C for 2 minutes at A) low
magnification and B) higher magnification.
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Fig. 4-36 A) LOM and B) SEM images of pits located in the nugget afler testing at 70°C for 2
minutes.
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Fig. 4-37 Pit in the as-received plate after testing at 70°C for 2 minutes.
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D

Fig. 4-38 Pitting in the AL-6XN FS weld after 60 minutes at 70De of the A) base metal, B) TMAZ
and HAZ, C) TMAZ, and D) sigma phase.
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Fig. 4-39 Pit propagation in the as-received plate after 60 minutes at 70°C.
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5. Conclusions

The microstructures of double-sided and single-sided FS welds on AL-6XN plate

were characterized using LOM, SEM, and microhardness techniques. In addition, the

pitting behavior of the single-sided FS welds was characterized. Significant results of the

study are as follows:

1. The resulting microstructures of the single-sided and double-sided FS welds were

similar but there were some notable differences caused by the difference in the required

penetration depth.

2. For both welds, the intense deformation and temperatures experienced by the

nugget produce a very fine microstructure of equiaxed grains.

3. Evident from the stream of tungsten based contaminates found in the

microstructure of both welds, tool wear proves to be a significant problem in FSW of AL­

6XN. The wear predominately occurs on the advancing side of the weld, possibly the

result of a harsher environment compared to the retreating side. The distribution of

tungsten in the double-sided weld is concentrated at one central streak while the it is

dispersed throughout the nugget in the single-sided weld.

4. EPMA analysis confinns there is no microsegregation in any region of the

double-sided weld and this can also be assumed to be true for the single-sided FS weld.

TIlis is significantly different than conventional arc welding where microsegregation is

unavoidable when joining SASS.
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5. The HAZ and the TMAZ are transition zones between the base metal and the

nugget. The HAZ microstructure is characterized by large austenite grains similar to the

base metal with recrystallization of austenite at grain boundaries. There are no apparent

signs of deformation in this region. The TMAZ is simply a microstructural transition

from the HAZ to the nugget. Approaching the weld centerline, effects of the increasing

strains and higher temperatures produced during FSW are seen by the increased grain

deformation and recrystallization at grain boundaries.

6. Microhardness traces reflect the microstructural changes in the different regions

created during FSW. Generally, the base metal is softer than any weld affected region.

Hardness increases towards the centerline, through the HAZ and TMAZ, as a result of

increasing microstructural refinement. The fine-grained structure of the nugget yields

maximum hardness.

7. The worm holes present in the single-sided welds are weld defects that can be

avoided by altering weld parameters.

8. Although not directly determined, the CPT of the full FS weld is 55°C. This is

much lower than the CPT of 7DoC of as-received plate and is equal to the CPT of fusion

welds made with a high alloy filler metal. Certain unavoidable microstructural features

such as centerline sigma, the wonn hole, and the tungsten based inclusions negatively

influence the CPT. Evidence suggests that upon removal of these features, a CPT of

65°C may be attainable.

9. At 95°C, pit growth rates, pit distributions. and pit densities of the as-received

plate and the FS weld are essentially the same indicating no difference in the corrosion
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behavior. In the FS welds, however, it appears that some type of galvanic couple is

formed between the weld zone and the base metal such that the base metal corrodes at the

expense of the weld. The microstructural refinement in the nugget inhibits corrosion.

The galvanic corrosion present here but not detected by electrochemical testing is a result

of the test media.

10. In the as-received plate and the FS weld (regardless of microstructure), pits tend

to initiate at and propagate along the grain boundaries at short exposure times in a ferric

chloride solution. In the annealed or recrystallized structures of the AL-6XN, the grain

boundaries are the sites ofhighest energy. Although, CPT tests cannot be used to

determine pit initiation, it is clear that corrosion occurs preferentially at the weld defects

and the grain boundary pit propagation is minimized.

11. The difference in the equilibrium currents of the as-received plate and the FS

weld, as determine in OCP testing, is approximately 50 mV and suggests that FSW does

sacrifice the corrosion behavior of AL-6XN plate. This joining method, however, proves

to be superior to fusion welding.

12. From the variety of corrosion tests performed, it is apparent that the test media

has a strong influence on the corrosion behavior. The corrosion tests which most closely

approximate a realistic marine environment - galvanic and open circuit potential tests ­

suggest that the corrosion resistance of the AL-6XN FS weld is superior to that of AL­

6XN fusion welds.
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