UNIVERSITY OF -de

Cincinnati

Document of Defense

Date: 7/2/2024

I, Harsha Venkat Sai Naralasetty, hereby submit this original work

as a part of the requirements for the degree of Doctor of

Philosophy in Materials Science.

It is entitled:

Impact of Ultrasonic Nanocrystal Surface Modification on the
Corrosion Behavior of Cold Sprayed and Additive Friction Stir

Deposited 304L Austenitic Stainless Steel

Student Signature: Harsha Venkat Sai Naralasetty

This work and its defense approved by:

Chair :
Member :
Member :

Member :

Vijay Vasudevan, Ph.D.
Dinc Erdeniz, Ph.D.
Ashley Paz y Puente, Ph.D.

Matthew Steiner, Ph.D.

Last Printed: Thursday, 03 October 2024 06:31 | 48321



Impact of Ultrasonic Nanocrystal Surface Modification on the
Corrosion Behavior of Cold Sprayed and Additive Friction Stir
Deposited 304L Austenitic Stainless Steel

A dissertation submitted to the
Graduate College
of the University of Cincinnati
in partial fulfillment of the

requirements for the degree of

Doctor of Philosophy

in Materials Science and Engineering
in the Department of Mechanical and Materials Engineering
of the College of Engineering and Applied Science, University of Cincinnati,
Cincinnati, Ohio, USA
by

Harsha Venkat Sai Naralasetty

Bachelor of Technology, Metallurgical and Materials Engineering

Mahatma Gandhi Institute of Technology, Hyderabad, India.

September 2024

Committee Chair: Vijay K. Vasudevan, Ph.D.



Abstract

The welded austenitic 304 / 304L Stainless Steel (SS) Spent Nuclear Fuel Dry Storage
Canisters (SNFDSCs), either newly built or the in-service ones, are facing a looming and insidious
problem of Chloride Induced Stress Corrosion Cracking (CISCC). The construction of these large
structured austenitic SNFDSCs involves welding which results in them undergoing the adverse
phenomenon of sensitization at the welded areas making the newly built welded austenitic
SNFDSCs susceptible to intergranular stress corrosion cracking.

Furthermore, in the case of in-service canisters situated near marine environment, the
presence of chloride salts in the atmosphere aided by the tensile residual stresses present at the
welded areas led to crack formation at the heat affected zones of the susceptible weldments due to
CISCC. Therefore, to prolong the service life of in-service SNFDSCs and to avoid the catastrophes
involved in their failures, long term reliable cost-effective in-situ repair methods such as Cold
Spray (CS), Laser-Assisted Cold Spray (LACS), and Additive Friction Stir (AFS) deposition
techniques have been considered as plausible solutions by the nuclear industry for repairing the
CISC-Cracks in the existing canisters. However, the corrosion behavior (CB) of 304L SS material
deposited through these three processing techniques remains unexplored.

Hence, a part of this dissertation research work aimed at studying the microstructural,
mechanical, residual stress (RS), and most importantly, the CB of 304L SS material deposited by
these three processing techniques along with that of the sensitized 304L SS material, which
revealed that the sensitized, CS, LACS, and AFS 304L SS materials had inferior corrosion and/or
residual stress properties owing to the differences in their microstructural characteristics from that

of the bulk 304L SS material.
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Therefore, to improve the corrosion properties of these four different 304L SS materials
having distinct microstructural characteristics, the novel cost-effective mitigation technique of
Ultrasonic Nanocrystal Surface Modification (UNSM), which is well-known to improve the Stress
Corrosion Cracking (SCC) resistance of a material by the introduction of very high magnitudes of
compressive residual stresses (CRSs), near-surface hardening, and nano-crystallization into the
material through the induction of severe plastic deformation (SPD), has been employed in the
current research work.

This hypothesis driven study led to the major focus of this dissertation research work which
was to investigate how distinct prior microstructural characteristics of 304L SS alloy influence the
impact of UNSM on its microstructure, hardness, RS, and CB. For this purpose, the impact of
UNSM on the microstructure, dislocation density (DD), phases, hardness, RS, surface topography
(ST), sensitization / susceptibility corrosion behavior (SCB), and pitting corrosion behavior (PCB)
of sensitized, CS, LACS, and AFS 304L SS materials has been studied extensively and the obtained
results with the performed thorough analysis led to some important hypothetical driven discoveries
that are presented in detail in this dissertation.

The PCB of sensitized, CS, LACS, and AFS 304L SS materials in 3.5 Wt.% NaCl solution
has been improved by UNSM attributed to it introducing tremendous magnitudes of CRSs into
them up to an appreciable depth. Furthermore, the SCB of lightly sensitized and oxide-free
polished surface of LACS 304L SS materials in 0.5M H2SO4 + 0.05M KSCN solution improved
by ~ 10X and 2X times respectively by UNSM. However, UNSM had some limitations with
respect to improving the SCB of heavily sensitized, as-sprayed LACS, as-deposited AFS, and the
CS 304L SS materials. Additionally, the CS 304L SS coating possessing inherently weak

interparticle bonding (WIB) and cold work (CW), limited the degree of enhancement and/or
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disallowed any improvements being made to some of its properties by UNSM.

Nevertheless, despite the differences in the prior microstructural characteristics of
sensitized, LACS, and AFS 304L SS materials, UNSM induced SPD into them resulting in extreme
grain refinement, near-surface nano crystallization, immense increase in DD, austenite to
martensite phase-transformation, tremendous increase in near-surface and sub-surface hardness,
induction of extremely high magnitudes of CRSs up to an appreciable depth, in addition to the
improvements in their CB, which are all beneficial in improving the SCC resistance of 304L SS.

Overall, this dissertation research work has demonstrated that UNSM can significantly
enhance the microstructural, mechanical, RS, ST, SCB, corrosion rate, and PCB of 304L SS alloy
with distinct prior microstructural characteristics except when it has WIB and/or prior CW present
in the material, in which case only the near-surface hardness, RS, ST, and PCB can be improved

by UNSM.
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Chapter 1. Introduction
1.1 Background

Austenitic stainless steels (ASSs) exhibit many desirable properties like high temperature
mechanical strength, good corrosion resistance, ductility, cryogenic stability, weldability and are
non-magnetic in annealed condition [1]—-[4]. So, they find applications in several industries like
energy/nuclear, architectural, automotive, food processing, aerospace etc. In nuclear industry, due
to a lack of natural geologic repository, spent nuclear fuel (SNF) is being stored on-site for safe
interim storage in spent nuclear fuel dry storage canisters (SNFDSCs) that are constructed from
“welded” austenitic 304 SS/304L SS/316L SS [5], [6]. But under economic considerations, 316L
SS alloy which contains molybdenum in its alloy composition, makes it an expensive choice,
tending the preference to 304 SS /304L SS as the first-choice material [ 7]. Even though no failures
have been reported in the currently in-service SNFDSCs yet, it is highly anticipated that eventually
the welded austenitic SNFDSCs situated near marine environment may undergo chloride-induced
stress corrosion cracking (CISCC) failures [5], [6]. The CISCC susceptibility of ASSs is being
studied extensively by many researchers from several decades [8]-[13].

Stress corrosion cracking (SCC) is a localized corrosion phenomenon which starts as
pitting transforming to cracking when three criteria are met simultaneously: (1) a material
susceptible to SCC, (2) presence of a sufficiently aggressive chemical environment and (3)
existence of sufficient applied or residual tensile stresses for the initiation and propagation of
cracking [14]. During welding, the ASSs get exposed to temperatures in the range of 450°C to
850°C due to which they undergo an adverse phenomenon called as sensitization [3], [5], [15]-
[17], which involves the depletion of chromium from areas immediately adjacent to the grain

boundaries that combines with carbon present in the alloy leading to the formation of chromium



carbide precipitates (Cr23Cs and Cr7C3) and chromium depleted zones (CDZs) along the grain
boundaries. This formation of CDZs makes the ASSs susceptible to intergranular stress corrosion
cracking (IGSCC) [3], [15], [17]-[19].

Additionally, according to research performed by different personnel, surface deposits on
in-service and unused SNFDSCs situated near marine environment (Hope creek nuclear generating
station in Delaware and Diablo canyon nuclear power plant in California) showed the presence of
chloride rich salts deposited on the 304 SS canister surfaces which can turn into an aggressive
chloride containing environment upon deliquescence [20].

Moreover, NRC modeled canister longitudinal and circumferential welds using finite
element methods showed that sufficient tensile stresses to cause SCC were present through the
thickness of the canister wall within the heat affected zone (HAZ) of the canister weldments that
can lead to full penetration with time [21], [22].

Therefore, all the three criteria compelling the occurrence of CISCC failures in the welded
austenitic SNFDSCs are present, with the welded ASSs possessing CDZs that are formed at/near
the HAZs by the occurrence of sensitization phenomenon during welding, which upon getting
exposed to aggressive chloride containing environment make the CDZs anodic with respect to the
unaffected grain area resulting in the localized disintegration of passive chromium oxide film on
the welded ASS surface by the attack of corrosive chloride species, thereby exposing the
underneath metal to further accelerated chloride induced corrosion ensuing the formation of pits
that can act as initiation sites for cracking, where crack initiation and propagation can occur with
relative ease because of the presence of tensile residual stresses in the HAZ of ASSs that are
developed during welding, ultimately leading to the possibility of welded austenitic SNFDSCs

situated near marine environment to undergo CISCC failures.



So, to tackle the looming and inevitable CISCC challenge faced by these welded austenitic
SNFDSCs situated near marine environment, two approaches are being considered by the nuclear
industry, one with respect to the newly built canisters (that are not in-service yet) and the other
with respect to the in-service canisters.

Newly Built Canisters: In the case of newly built canisters, preventative measures are

being taken to mitigate their SCC susceptibility by employing laser shock peening (LSP) technique
as a mitigation method to be applied on the welded areas of the SNFDSCs. However, we believe
that Ultrasonic Nanocrystal Surface Modification (UNSM), which offers several advantages over
the LSP technique - some of which are discussed in the following paragraphs - can be a much more
effective mitigation strategy for addressing the SCC susceptibility of newly built welded austenitic
SNFDSCs. Especially given its cost-effectiveness compared to LSP, UNSM would be a more
suitable option for the nuclear industry.

Mitigation of SCC can be done by either modifying the microstructure or changing the
environment or altering the nature of stresses present in the material. While changing the
environment may not be plausible for the SNFDSCs situated near marine atmosphere, modifying
the microstructure and nature of stresses in the material can be achieved by surface treatment
techniques like surface mechanical attrition treatment (SMAT) [23]-[26], shot peening (SP) [27]—
[29],[30], low plasticity burnishing (LPB) [31], laser shock peening (LSP) [32]-[37], equal
channel angular pressing (ECAP) [38], [39], ultrasonic nanocrystal surface modification (UNSM)
[40]-[51],[52] etc. The mechanical surface treatment techniques through severe plastic
deformation (SPD) induce near-surface nano crystallization, near-surface hardening and
compressive residual stresses (CRSs) into the material which are all proven to be beneficial in

mitigating SCC [30][32][41][53][54].



When compared to other surface treatment techniques, UNSM is a relatively new novel
advanced mechanical surface treatment technique that involves the application of high-frequency
ultrasonic vibrations to a material’s surface through the combined action of static and dynamic
loads transmitted via a tungsten carbide (WC) tool tip [47]. The WC tool tip repeatedly strikes the
surface of the specimen with approximately 10 to 20 thousand shots per square millimeter at a rate
of several thousands of strikes per second (20-40 kHz) in a highly controlled manner through the
UNSM’s computerized numerical control (CNC) machine. The repeated striking of the WC tool
tip subjects the specimen surface to SPD inducing beneficial near surface microstructural changes
and high magnitude of CRSs into the material up to an appreciable depth. It has advantages over
other surface treatment techniques like enhanced surface finish, reduced material removal, less
processing time and lower energy consumption than SP; enhanced process control variables
resulting in homogenously modified surface layer and reduced surface contamination by using
single WC tool tip in UNSM as opposed to larger number of steel balls in SMAT; increased
microstructural refinement and flexibility in component size & geometry than LPB; better surface
finish, reduced heat affected zone, induction of relatively high magnitude of surface CRSs and
cheaper than LSP.

Also, when compared to the other surface treatment techniques, LSP and UNSM are
relatively new novel techniques with the latter technique i.e., UNSM being the newest process
among the two of them as stated in the earlier paragraph. With LSP exhibiting some advantages
over other surface treatment technologies (not considering UNSM)), it is currently being employed
by the nuclear industry to be applied on the welded areas of newly costructed austenitic SNFDSCs
to mitigate the tensile residual stresses (TRSs) formed in them at their HAZs during welding [55].

Along with the traditional LSP technique which involves the application of ablative coating on the



material surface prior to its surface treatment, LSP without coating (LSPwC) has also been studied
extensively for the mitigation of SCC in 304 SS / 304L SS and both these processes have been
proven to improve the SCC resistance of welded or sensitized 304 SS / 304L SS alloy by the
synergestic effect of grain refinement and induction of CRSs into the material [54][56][57].

However, LSP/ LSPwC which involve the application of laser, can tend the material being
surface treated to experience high temperatures which can have a negative impact on the
sensitization behavior of 304 SS / 304L SS alloy (similar to welding) [57]. I theorize that despite
this negative impact on the material’s sensitization behavior by LSP / LSPwC processes, they are
able to improve the SCC resistance of the 304 SS /304L SS material due to the other advantageous
factors like grain refinement and induction of high magnitude of CRSs into the material by these
processes, which are outweighing their negative sensitization effect. This suggests more potential
for a process like UNSM, which avoids the negative sensitization impact on the material as its
processing does not involve any high temperatures. Also, UNSM process not only induces the
same advantageous factors into the material like LSP/ LSPwC but introduces them at even greater
magnitudes which is an added benefit of the UNSM processing.

Furthermore, to evenly induce the CRSs via LSP / LSPwC peening techniques across any
specimen surface, a sequencing overlap technique must be used that typically involves 4 sequence
steps with some degree of overlap being applied at the same area on the specimen surface where
the peening is intended to be performed. This application of 4 sequence steps at the same area
constitutes to a single layer of LSP / LSPwC being applied on the specimen surface and the
necessity for this sequencing process by LSP / LSPwC tends to increase their processing time
significantly, especially when we think in terms of the industrial level application making these

processes expensive. Moreover, the preparation of the protective ablative coating, which is a



necessary precursor for the traditional LSP technique is time-consuming and not industrially
economical, particularly when it needs to be applied on the vast welded areas of the huge and
numerous SNFDSC structures. Whereas in the case of LSPwC processing as well, the direct impact
of high temperature laser on the naked material surface of 304 SS / 304L SS transforms its surface
to a molten state which reacts with oxygen in the atmosphere resulting in the formation of an oxide
film on its surface [58] which can be of a mixed nature of iron and chromium oxide that can lead
to detrimental passivation and corrosion behavior to be exhibited by the LSPwC treated material
at its surface. This necessiates additional steps to either prevent or remove the oxide film formed
on the LSPwC processed material, which makes the LSPwC process more expensive.

Also, inconsistent results have been found with respect to the near-surface residual stress
state of the LSPwC treated 304 SS /304L SS, with a couple of studies reporting to have observed
TRSs at their surface up to a depth of 25 — 50 um from their surface beyond which they are of
compressive nature. The formation of these TRSs at the surface of LSPwC treated 304 SS/304L
SS has been attributed to the thermal stress relaxation effect caused by the direct high temperature
laser impact on the specimen surface leading to the transformation of its near-surface to a molten
state (similar to weld molten pool but to a lesser depth extent) [54][56]. As a result, during SCC
testing, they observed cracks to have formed in the tensile stress state near-surface regions of the
LSPwC treated 304L SS but whose growth and propogation has been arrested below 50 um due
to the combined effect of grain refinement and the presence of consistent in-depth CRSs in the
material that are caused by the LSPwC peening effect [56]. On the other hand, in another study
performed on 304 SS claims that laser peening without coating induced CRSs at its surface with
magnitudes in the order of -600 to -800 MPa along both the orthogonal directions of the specimen

which completely prohibited the initiation and propogation of SCC [58].



These discrepencies in the surface residual stress state of LSPwC treated 304 SS / 304L SS
can be understood by looking at a different study performed by S. Prabhakaran et al. [59], who
studied the impact of laser pulse density on the magnitude of CRSs being induced into the 304 SS
material during thier LSPwC processing. They concluded that the influence of thermal stress
relaxation effect of LSP without coating resulting in the decrease of CRSs being induced into the
material occurs only beyond some particular laser pulse density, which in this case was beyond
2500 pulses/cm? i.e., upon applying a pulse density of 3900 pulses/cm? the magnitudes of CRSs
induced into 304 SS were considerably much lower (due to thermal stress relaxation) than the
magnitude of CRSs that were induced into the 304 SS matieral when pulse densities of 2500
pulses/cm? or 1600 pulses/cm? were used. Therefore, the discrepancies seen across different studies
with respect to the surface residual stress state that is being imposed on the surface of 304 SS/
304L SS material by LSPwC, could be a result of different pulse densities or different LSPwC
processing parameters being used across the different research studies.

However, the more general common trend that has been observed with respect to the
LSPwC processing parameters being applied on 304 SS / 304L SS and comparisons being drawn
from within the constrainsts of several individual studies, is that higher pulse densities resulted in
higher magnitudes of CRSs at the surface or sub surface of the LSPwC treated 304 SS / 304L SS
[56][59][60] which led to lowering the susceptibility of SCC [60]. But the dimples formed on the
surface of LSP / LSPwC treated materials tend the material to have a rougher surface in general,
which upon using higher pulse densities to attain higher CRSs, led the material to exhibit even
higher surface roughness values [54][56][59] which can have a negative impact on the corrosion
behavior of the material. Again, despite these several drawbacks of LSP / LSPwC process, the 304

/ 304L SS material treated with these processes exhibited an improvement in their SCC resistance,



which is attributed to the synergistic effect of grain refinement and the induction of high magnitude
of CRSs into the 304 SS / 304L SS material by the LSP/LSPwC peening techniques.

The presence of CRS at the surface of a material can delay crack initiation and the presence
of CRS along the depth of the material can slow down the micro-crack growth. Therefore, CRSs
increase the threshold of crack growth and decreases the crack growth rate which consequently
increases the failure stress intensity factor while SCC testing. Also, grain refinement caused by
LSP or any other surface treatment technique that induces SPD, leads to an increase in the number
of triple-grain boundary junctions and the probability of arresting a crack before it reaches a critical
length, indicating that a decrease in grain size can increase the probability of crack arrest thereby
leading to the surface treated material exhibiting higher resistance to crack propogation. Therefore,
the LSP / LSPwC peening techniques improving the SCC resistance of 304 SS / 304L SS material
despite of the drawbacks exhibited by these processes as discussed in the last few paragraphs,
indicates that there is still a significant degree of room for improvement in enhancing the SCC
resistance of 304 SS / 304L SS material by a surface treatment technique like UNSM that has
several advantages over LSP / LSPwC techniques which are described in detail in the following
paragraphs.

UNSM being an ultrasonic based dynamic impact process involving direct material
contact with very low to no heat input being transferred to the material surface being UNSM
treated, eliminates the possibility of UNSM surface treatment negatively influencing the
sensitization behavior of 304 SS / 304L SS alloy, unlike LSP / LSPwC processes which involve
significant heat input. Also, unlike the traditional LSP technique, UNSM does not require any
protective coating to be applied on the surface of the material being surface treated, making it a

much more economical option. And unlike LSP / LSPwC techniques, it can be performed in a



single iteration i.e., UNSM does not require any sequencing technique to uniformly apply SPD or
CRSs into the material, making it a much more cost-effective mitigation technique due to it
requiring much less processing time than that of LSP / LSPwC. Moreover, as UNSM does not
involve any heat input, it can be performed in open atmosphere without the concern of deleterious
oxide film being formed on the specimen’s surface during processing, which is yet another
advantage over the LSPwC process. As there is no need to look for any post processing steps to
remove the oxide film or pre processing care to prevent the formation of oxide film, UNSM
technique can be deemed as a much more economical surface treatment technique than that of
LSPwC. Therefore, in conclusion, it can be said with certainity that UNSM surface treatment
technique once developed for in-situ applications can be a highly cost-effective SCC mitigating
alternative technique to surface treatment technologies like LSP / LSPwC.

Furthermore, depending on the characteristics of the material being surface treated, UNSM
can induce ~ 2X to 4X times greater surface CRSs into the material with a greater degree of grain
refinement being imposed at its surface that would last up to a greater depth than induced by LSP
/ LSPwC processes, while also ensuing a surface roughness that is ~ 2X to 10X times lower than
that caused by LSP / LSPwC processes [61][62], all of which would be extremely beneficial in
further improving the corrosion behavior of the material being surface treated by UNSM. That is,
as discussed earlier, the presence of high magnitude of CRSs at the surface of a material and the
increase in the number of triple-grain boundary junctions due to grain refinement caused by the
surface treatment techniques can delay the crack initiation and increase the resistance to crack
propagation. Therefore, with UNSM surface treatment technique inducing greater surface CRSs
and greater near-surface grain refinement in a material, and affecting the material surface

roughness to an extremely lower extent than that of LSP / LSPwC processes, tends us to theorize



that UNSM can be extremely beneficial in further improving the corrosion behavior or SCC
resistance of 304 SS / 304L SS than that of LSP / LSPwC peening techniques.

However, very few studies have been found in the open literature that have investigated
the impact of UNSM surface treatment on the corrosion properties of ASSs. Out of which, one
study focused on researching the effect of UNSM on the SCC susceptibility of as-fabricated 304
SS alloy in acidic medium of 1M H2SOg4 solution containing 5 Wt. % NaCl [46], which reported
that the corrosion behavior of 304 SS degraded after UNSM due to the higher anodic dissolution
kinetics of UNSM treated 304 SS specimen in the chloride containing acidic medium. However,
in aresearch study done by Shengxi Li et al. [45], which investigated the effect of UNSM treatment
on the pitting corrosion resistance of un-sensitized / un-aged / as-fabricated 304 SS in 3.5 Wt. %
NaCl solution reported that the UNSM surface treatment greatly improved the pitting corrosion
resistance of 304 SS in the chloride containing environment. This improvement was attributed to
the combined effect of grain refinement caused by UNSM leading to greater Cr enrichment in the
formed surface passive film and to the removal of MnS inclusions from the specimen’s surface by
UNSM. Additionally, research performed by Chang Ye et al. [41], who studied the effect of UNSM
treatment on the corrosion resistance of 304 SS welds in boiling MgCl: solution reported that no
cracks were observed on the UNSM treated 304 SS specimen surface ever after 120 hours of
exposure to the boiling MgCl. solution whereas in contrast, cracks were observed by them in the
as-welded specimen after only 72 hours of exposure indicating that UNSM improved the corrosion
resistance of 304 SS welds. Note that only one of these three studies focused on the welded or
sensitized 304 SS material which is the last one by Chang Ye et al. [41] that can be representative
of the welded austenitic SNFDSCs that are being considered in this study by us, whereas the other

two studies focused on the as-fabricated or unsensitized 304 SS material.
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However, research studies investigating the underlying factors that positively influenced
the corrosion behavior of welded or sensitized 304 SS / 304L SS by UNSM surface treatment i.e.,
the impact of UNSM treatment on the sensitization behavior and pitting characteristics of
sensitized 304L SS and the underlying mechanisms or factors that are caused by UNSM which are
influencing these behaviors have not been studied or the relevant research has not been found in
the open literature. Therefore, to fill the scientific gap in understanding the impact of UNSM
treatment on the corrosion properties of sensitized (i.e., representative of welded specimen) 304L
SS alloy, there is an imminent need for studying the impact of UNSM treatment on the sensitization
behavior of sensitized 304L SS alloy (as UNSM process does not involve any heat input as well)
and also for studying the impact of UNSM treatment on the pitting corrosion characteristics of
sensitized 304L SS alloy in simulated seawater concentration containing chloride environment i.e.,
in 3.5 Wt. % NaCl solution, so as to research the effect of cl” ions on the UNSM treated 304L SS
specimen’s surface, which has been fulfilled by this current dissertation research work.

Furthermore, with the majority of new SNFDSCs being constructed from 304L SS alloy, it
would be beneficial to study the impact of UNSM treatment on the microstructural and mechanical
properties of sensitized 304L SS alloy as well, with the ultimate idea of proposing to replace the
LSP technology or provide an additional viable option to effectively deal with the SCC
susceptibility of new SNFDSCs in the form of UNSM surface treatment technique, which is a
cheaper SCC mitigating alternative technique that incidentally has several advantages over the
traditional LSP / LSPwC peening techniques. Therefore, in the current research work, the impact
of UNSM surface treatment on the microstructure, hardness, residual stress, and corrosion
properties of sensitized 304L SS alloy were studied and it has been found that UNSM treatment

can have a significant impact in improving the corrosion and mechanical properties of sensitized /
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aged (representative of a welded specimen) 304L SS alloy. Finally, note that this is not a
comparative study between LSP and UNSM treatment techniques, as the goal of this study was to
first establish the possibility of improving the corrosion and mechanical properties of sensitized
304L SS alloy via UNSM surface treatment technique. And since this goal has been achieved by
this study, it gives scope for a future study where the sensitization, pitting, and mechanical
characteristics achieved by sensitized 304L SS alloy that is surface treated by LSP and UNSM
treatment techniques could be compared and analyzed, to determine with certainty on which
process is better between the two of them.

In-service Canisters: In the case of existing or in-service canisters which are facing the

inevitable CISCC challenge, with through-wall cracks being discovered on the surface of 304L SS
reactor cavity and spent fuel cooling system tanks at Koeberg Nuclear Power Station and a
through-wall crack being found in 304 SS spent fuel pool cooling line at Turkey Point Nuclear
Generating Station, with both the cracks being attributed to CISCC [63], demands for an
immediate need for finding long term reliable cost-effective in-situ repair and mitigating methods
that involve low heat input, without causing sparks and not placing high mechanical loads or
causing deformation to the canister surface. And finding these methods is of utmost importance to
the nuclear industry not only for prolonging the service life of the existing SNFDSCs but also for
avoiding the devastating effects the release of the radioactive spent nuclear fuel by the canister
failure can cause on both the environment and the human life.

Therefore, from the viewpoint of combined repair and mitigation techniques to be applied
on the cracks of existing SNFDSCs, the repairing technique that is traditionally considered for
treating the CISCC in welded ASS SNFDSCs is an overlay fusion weld process which involves

high heat input to fix the repair area [64]. However, since this repair process involves welding as
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well, it can lead to sensitization and shrinkage tensile residual stresses to appear in the repaired
area/material, which upon exposure to chloride containing environment can eventually lead to the
resurgence of CISCC problem in due time in the repaired SNFDSCs.

As a result, new research efforts are being focused on solid-state additive manufacturing
(AM) techniques as a plausible solution to repair the CISCC in SNFDSCs, since they involve low
heat input, avoid the production of sparks or melting in the process thereby avoiding sensitization
and production of shrinkage tensile stresses in the repaired area. Three such repair methods based
on solid-state additive manufacturing that are being considered for repairing the CISCC cracks in
SNFDSCs are Cold Spray (CS), Laser Assisted Cold Spray (LACS), and Additive Friction Stir
(AFS/MELD) deposition techniques.

Cold Spray: The traditional CS technique involves the solid-state deposition of metal
powders that are propelled to supersonic velocities by the heating of propellant gases to extremely
high temperatures and accelerating them with the help of a de laval nozzle onto a substrate
material, ultimately resulting in the metal powders deforming plastically upon impact and forming
a cohesive bond with the substrate or prior deposited powder particles. The plastic deformation
caused in the CS coating by the bomardment of powder particles onto a substrate results in
beneficial CRSs [65][66] being induced into the coating which can be useful in mitigating SCC.
However, the CS coatings were also found to possess weak interparticle bonding and significant
amount of porosity in them [67], [68] which can be extremely detrimental to their corrosion
properties. Also, the traditional CS technique involving the solid state deposition of metal powders
onto a substrate can result in the finished surface having extemely high surface roughness which
can be yet another detrimental factor that can negatively influence the corrosion properties of the

cold sprayed material. However, no research studies have been found in the open literature that
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investigated the corrosion behavior of cold spryaed 304 SS / 304L SS alloy in particular, making
the assumptions made in the last few sentences to be only theoretical. Threfore, finding out the
combined effect of the factors stated in the assumptions on the corrosion properties of CS 304L
SS alloy will be extremely essential for considering it as a possible method for treating the CISCC
problem in the welded austenitic SNFDSCs and also, it would be very interesting to study if any
one factor outweighs the others or what would the acutal case be?

Nevertheless, numerous research studies have been found in the literature which
demonstrated the feasibility of depositing ASS powders onto different substrate materials using
the traditional CS deposition technique with some of them aiming at improving the deposition
efficiency of ASS powders by altering the temperatures, pressures, and gas types to be used during
the cold spray processing to achieve enhanced particles velocites which would in turn improve
their deposition efficiency [69][70][71][72][73][74][75][76][77]. Of these studies some of them
focused on studying the mechanical properties of the CS - ASS coatings and their association with
strain hardening and porosity present in them, along with venturing into the possibility of
improving their mechnaical properties through annealing treatment [69][74][75]. The CS - ASS’s
were reported to result in coatings with high hardness and high yield strength (YS), but with low
elastic modulus and no measurable ductility, which were attributed to the intense strain hardening
and persistant presence of porosity in the CS coatings. To improve the brittle nature or ductility of
the CS 304 SS, coddet et al. [69] performed an annealing treatment at 1050°C for 4h which resulted
in restoring its ductility from 0 % to 9.9 % (fracture strain) but consequently leading to a reduction
in its YS from 629 MPa to 422 MPa. Meng et al. [74], reported that due to the persistant presence
of porosity in the CS 304 SS coatings even after annealing them at 950°C for 1h, the elongation to

fracture values of annealed CS 304 SS were incredibly low with them showing values of < 4%.
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Again, to add to what was stated earlier, very few research studies were found in the open
literature which investigated the corrosion properties of ASS’s deposited by traditional CS
processing, that too only with respect to 316L SS alloy [70][78][79][80] and none with regards to
304 SS /304L SS alloys. Therefore, there is a dire need to study the corrosion behavior of CS 304L
SS to bridge the existing gap in the scientific knowledge with this regard. In a recent study as well
[66], which investigated the feasibility of depositing 304L SS powders on 304 SS substrates
through CS deposition process, with the view of using it as a mitigation technique for treating
CISCC, looked at only the porosity levels, residual stress state, and adhesion strength of the CS
304L SS coating material, along with finding out that the cold sprayed coating was able to arrest
the pre-existing population of prototypical CISCC cracks in the base material, but has not ventured
into studying the surface corrosion properties of the CS 304L SS coating itself which would be
incredibly useful as it will give an idea of whether the surface of the cold sprayed 304L SS material
would provide enhanced corrosion resistance just like the bulk 304L SS or would it pose any
corrosion problems in the present or eventually in the future? Also, with respect to the corrosion
characteristics of any material, its surface state plays an important role and with typical CS
deposition most likely yielding a rougher surface, there is a requirement for investigating the
corrosion behavior of CS 304L SS coating in its as-deposited and polished surface state, which has
not been done by anyone yet.

Therefore, there are still questions that need to be answered with regards to using or
implementing the traditional CS deposition techique as a mitigation method for treating the CISCC
challenge faced by the welded austenitic 304 SS SNFDSCs. This thesis aimed at finding answers
for some of these questions like : What would be the corrosion behavior of as-deposited CS 304L

SS? Would there be any difference in its corrosion behavior if the coating was polished? Are there
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any surface characteristics that are affecting the corrosion behavior of CS 304L SS material? With
the presence of porosity, weak interparticle bonding, and rougher exterior surface of CS 304L SS
coating, one would anticipate it to exhibit worse corrosion properties than that of bulk 304L SS
plate mateiral, but the extent of which is not known i.e., how worse would the corrosion properties
of CS 304L SS material could be from that of the bulk 304L SS material? Or would this anticipation
be even true or would there be any other factors like CRSs deeming our anticipation to be false?
Does the beneficial CRSs produced in the CS 304L SS coating by the bombardement of powder
particles during processing have a positive effect in overcoming its porosity and weak interparticle
bonding with respect to its corrosion properties or not? Or if the corrosion properties of CS 304L
SS material are indeed worse than the bulk 304L SS, can they be improved by surface treatment
techniques like UNSM which is a direct material contact dynamic impact process that can lead to
multiple advantages like densification of the CS 304L SS coating, increasing its CRS values to an
even greater magnitudes and also, resulting in a decrease in the surface roughness of as-deposited
CS 304L SS material? Do any of these advantages of UNSM processing performed on either as-

deposited or polished CS 304L SS material result in an improvement in its corrosion properties?

Laser Assisted Cold Spray: The traditional CS deposition technique has some general
limitations like coating thickness that can be deposited, requires prior surface preparation for
optimal coating adhesion, and demands post heat treatment to achieve desirable mechanical
properties. Most of the problems or limitations associated with the traditional CS deposition
process can be overcome by simultaneously applying laser technology to the traditional CS
deposition technique which is termed as laser assisted cold spray desposition technique [81], [82].
LACS is a hybrid solid-state materials deposition process that involves the combined application

of laser preheating of the substrate or powder particles before or during the deposition process
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accompanied by the deposition of metal powders through the traditional CS deposition technique
[81].

The LACS process involving the use of laser to locally heat the substrate prior to or during
deposition eliminates the need for surface preparation and also, enhances the adhesion between
powder particles and the substrate [81]. Using laser technology simultaneosuly with the traditional
CS deposition process (i.e., LACS) has been reported to result in heightened interparticle bonding
and reduced porosity leading to improved mechanical and corrosion properties than that are
exhibited by the traditionally cold sprayed coatings [67][68]. Additionally, LACS eliminates the
need for post heat treatment by in-situ annealing the typical cold work generated by the
bombardment of powder particles during the traditional CS deposition technique and the usage of
laser technology gives the ability to control the cooling rate of the deposited particles allowing for
controlled recovery and recrystallization of the LACS deposited material. Furthermore, LACS
process involves partial to no melting thereby, avoiding the typical problems associated with laser
based technologies like thermal stressing, distortion, dilution and other microstructural problems
making it a very reliable technology for producing better coatings. LACS processing technique
has been used successfully to deposit several materials like 4340 steel [67], CrMnCoFeNi based
high entropy alloy [68], Fe-Ni-Zr oxide dispersion strengthened steel [83] etc.

However, because of the simultaneous application of laser during LACS processing, the
beneficial compressive residual stresses produced during the traditional stand alone CS processing
would be relieved due to recovery and recrystallization. Also, recrystallization tends to increase
the grain size of the coating consequently decreasing its hardness. So far, with respect to 304L SS
alloy, only one research study has been conducted, that investigated the effects of laser heating on

the microstructure and deposition properties of cold sprayed 304L SS, in which the laser heating
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was applied on the already deposited CS 304L SS. In that research conducted by C. M. Roper et
al. [82], it was reported that the application of laser heating resulted in recrystallization and grain
growth in the CS 304L SS coating, relieving the detrimental effects of strain hardening caused by
traditional CS process but, also accompanied by a consequent decrease in its hardness due to the
increase in grain size. However, they have not investigated the effect of laser treatment on the
alteration of the beneficial compressive residual stress state of the CS 304L SS coatings and neither
did they study the corrosion behavior of CS 304L SS or laser treated CS 304L SS coating material
whose knowledge would be immensely useful in further assessing the LACS process as a possible
repair method for treating the CISCC problem in the already existing welded austenitic SNFDSCs.

Some of the questions that need to be answered with regards to the LACS process for this
purpose are : To what extent would the CRSs be relieved due to the simultaneous application of
laser to CS technique? Can a surface treatment technique like UNSM be used on the LACS 304L
SS coating, to reintroduce the relieved CRSs that are benefical to the SCC resistance of a material,
and to what magnitudes could they be reintroduced and how would UNSM affect the other
properties of LACS 304L SS coating? Would there be any noticeable improvement in the porosity
levels of LACS deposited 304L SS coating from that of the CS 304L SS coating due to the
simultaneous application of laser technology to CS? What would be the corrosion behavior of
LACS 304L SS material and how different would it be from that of the CS 304L SS’s corrosion
behavior and why? How does the application of UNSM on the LACS 304L SS material affect its
porosity and corrosion properties? Would there be any difference in the surface roughness or
surface characteristics of the as-deposited LACS 304L SS material from that of the as-deposited
CS 304L SS material due to the softening of the material by the use of laser during LACS

processing? How would the application of UNSM on LACS 304L SS coating affect its surface
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characteristics and what implications would the changes in the surface characteristics of LACS
304L SS material by UNSM would have on its corrosion behavior i.e., due to grain refinement,
martensite formation etc.?

Additive Friction Stir Deposition: Another novel solid-state AM technique that is being

considered for treating the CISCC in welded austenitic SNFDSCs is the additive friction stir /
MELD deposition technique that is derived from friction stir welding (FSW) and friction stir
processing (FSP) and is developed by Aeroprobe corporation [84]. The process of AFS/MELD
involves heating a consumable powder or solid filler rod placed in the rotating tool shoulder to a
semi solid state by induction or resistance heating which is then mechanically mixed by the CNC
controlled rotating tool shoulder and deposited onto the substrate, layer by layer in a semi solid
state under hydrostatic pressure. AFS/MELD processing technique can be used to join, repair, clad
and additively manufacture similar / dissimilar / multi metals or alloys and has been used
successfully to deposit several materials like IN 625 [85], 316L SS [86], Ti6Al4V [87] etc.

A very recent paper published in 2024 by B. E. T. Roper et al. [84] claimed to be the first
research work to have successfully deposited 304L SS through AFS deposition technique. They
studied the microstructural evolution of 304L SS cladding deposited by AFS and reported that the
304L SS cladding was fully dense, exhibiting wrought-like microstructure and mechanical
properties (in terms of hardness). However, the AFS deposited 304L SS cladding’s residual stress
state and corrosion behavior have not been studied by them. Therefore, to further enhance the
knowledge and assess the AFS deposition technique as a possible repair method that can be used
effectively for treating the CISCC in the welded austenitic SNFDSCs, the AFS deposited 304L SS

cladding’s residual stress state at its surface and its corrosion behavior must be investigated.
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The anticipation is that, since the AFS deposition technique involves the heating of
feedstock material to deposit it in a semi solid state, it may result in the deposited cladding to
exhibit tensile residual stresses or very low magnitude of compressive residual stresses at its
surface (that could have resulted due to the deposition of the material under hydrostatic pressure
by the rotating tool shoulder). But since the AFS deposition technique is being considered to repair
the existing CISCC cracks on the surface of welded austenitic SNFDSCs, it would be highly
desirable to have medium to high magnitude CRSs at the surface and near-surface area of AFS
deposited cladding material, so as to prevent the formation of new cracks at the cladding surface
and/or to prevent the probable propagation of arrested or un-arrested existing underneath cracks
(that are formed due to CISCC at the welded areas of SNFDSCs) all the way to the surface, which
would again cause problems in the future.

Therefore, applying a cost-effective mitigation method like UNSM on AFS 304L SS
cladding would be extremely beneficial in improving the material’s SCC resistance by inducing
high magnitude compressive residual stresses, near-surface hardening, and nano crystallization.
However, the same questions that needed answers with respect to the CS and LACS processing
techniques that were being considered for treating the CISCC in welded austenitic SNFDSCs, are
also posed for the AFS processing technique and the impact the UNSM treatment can have on its
properties, especially on the corrosion properties of AFS deposited 304L SS cladding. That is
would UNSM improve the corrosion, mechanical, and residual stress properties of AFS deposited
304L SS alloy or would there be any factors in the deposition process of AFS that would play a
role in the degree of impact UNSM can have on the cladding? But first what would the corrosion
properties of as-deposited or polished AFS 304L SS cladding be? Would there be any surface

characteristics influencing its corrosion behavior? etc. are the questions that need to be answered.
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Hence, this dissertation research study has aimed at answering all the questions that are
posed in regards to investigating the corrosion behavior of CS, LACS, and AFS deposited 304L
SS coatings / cladding materials and to address the anticipated shortcomings of these as-processed
304L SS coatings / claddings with the cost-effective mitigation technique of UNSM surface
treatment thereby, providing a complete repair + mitigation strategy for dealing with the CISCC
problem of the existing welded austenitic SNFDSCs. In addition, this dissertation research work
also aims at studying the impact of UNSM surface treatment on the corrosion and mechanical
properties of “sensitized” 304L SS alloy, with the intent of proposing and providing an alternate
solution or additional option that is anticipated to be more efficient and cost-effective than LSP /
LSPwC peening techniques for addressing the SCC susceptibility of newly built welded austenitic

SNFDSCs which is the UNSM surface treatment technique.

1.2 Problem Statement
The welded austenitic 304 SS / 304L SS Spent Nuclear Fuel Dry Storage Canisters

(SNFDSCs), either newly built or the already existing ones, are facing a looming and destructive
problem of Chloride-Induced Stress Corrosion Cracking (CISCC). In the case of newly built
canisters, which obviously do not have any cracks yet, but the material at the welded areas of these
canisters has undergone sensitization phenomenon during welding, which is the formation of
chromium carbide precipitates or chromium depleted zones along the grain boundaries making the
welded 304L SS material susceptible to Intergranular Stress Corrosion Cracking (IGSCC).
Whereas, in the case of already existing canisters, small cracks due to CISCC have been observed
at the heat affected zones of the weldments, and to repair these cracks, solid state additive
manufacturing techniques like Cold Spray (CS), Laser Assisted Cold Spray (LACS), and Additive

Friction Stir (AFS) processing techniques are being considered by the nuclear industry.
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Therefore, the initial goals of this dissertation research were three-fold as described below:

(@)

(i)

(iii)

To establish Ultrasonic Nanocrystal Surface Modification (UNSM) treatment as an
effective method that can improve the sensitization and/or corrosion behavior of
“Sensitized” 304L SS alloy, with the intent of presenting it as a cost-effective
mitigation method that can effectively deal with the Stress Corrosion Cracking
(SCC) susceptibility of newly built welded austenitic 304L SS SNFDSCs.
Secondly, to determine the corrosion behavior of 304L SS alloy deposited through
CS, LACS, and AFS processing techniques, as these solid-state additive
manufacturing techniques are being considered strongly for repairing the CISC-
Cracks formed on the existing welded austenitic 304L SS SNFDSCs, and since no
one has ventured into determining the corrosion behavior of 304L SS alloy
deposited through these processes yet, this study would be extremely useful to the
nuclear industry in assessing these processes as potential problem solvers or
effective repair methods of CISCC in existing SNFDSCs.

Lastly, as stated in section 1.1, based on the data currently available in the open
literature on these solid-state additive manufacturing techniques that are being
considered for repairing the CISC-Cracks present in the already existing welded
austenitic 304L SS SNFDSCs, we anticipate that the 304L SS alloy deposited
through CS or LACS or AFS processing techniques may have inferior corrosion
and/or mechanical and/or residual stress properties than that would be essential for
providing a hermetic seal to the existing canisters repaired through these processes.
Therefore, we strongly believe that UNSM surface treatment technique can be an

effective mitigation technique that can improve the corrosion, mechanical, and
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residual stress properties of 304L SS alloy deposited through CS or LACS or AFS
processing techniques, and be of incredible help to restore the load carrying
capacity of the existing welded austenitic 304L SS SNFDSCs by inducing high
magnitudes of compressive residual stresses (CRSs), near-surface hardening, and
extreme grain refinement resulting in near-surface nano crystallization in the
UNSM treated CS or LACS or AFS 304L SS alloy.

It is well known that UNSM treatment can enhance the SCC resistance of conventionally
hot-rolled bulk 304 SS / 304L SS alloy through the severe plastic deformation caused by UNSM
resulting in the induction of high magnitudes of CRSs, near-surface hardening, and near-surface
nano crystallization in the UNSM treated specimen, which were attributed to be the factors
responsible for the enhancement in SCC resistance of bulk 304 SS alloy through its UNSM surface
treatment. But here, in this dissertation research work, there are four different 304L SS materials
being considered with distinct microstructural characteristics viz., microstructure with chromium
carbide precipitates or chromium depleted zones along grain boundaries (sensitized),
microstructure with porosity possessing weak interparticle bonding and cold work (CS),
microstructure with porosity and improved interparticle bonding through recrystallization (LACS),
and fully dense material with gradient microstructure possessing near-surface nano sized grains
(AFS), whose corrosion, mechanical, and residual stress properties are aimed to be improved or
enhanced by UNSM surface treatment technique. This brings us to our hypothesis: Despite the
differences in the prior microstructural characteristics of distinct 304L. SS material / coatings
/ cladding studied in this dissertation research work, we hypothesize that UNSM surface
treatment would be effective in improving the corrosion behavior, mechanical, and residual

stress properties of all the distinct 304L SS materials (Sensitized, CS, LACS, and AFS 304L
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SS) by the induction of high magnitude CRSs, near-surface hardening, and near-surface
nano crystallization. The goal of this research is to determine if our hypothesis is true or false,

and in case it is deemed false or partially false, the goal is to find out the factors responsible.

1.3  Objectives and Scope of Thesis

The principal objective of this research is to investigate the UNSM surface treatment’s
ability and/or limitations in improving the mechanical, residual stress, and corrosion behavior of
304L SS with distinct microstructural characteristics viz.

e Sensitized 304L SS — material with austenitic microstructure having chromium carbide
precipitates or chromium depleted zones segregated along its grain boundaries,

e CS 304L SS —material with porosity possessing weak interparticle bonding and cold work,

e LACS 304L SS — material with porosity and improved interparticle bonding through
recrystallization, and

e AFS 304L SS — fully dense material like bulk 304L SS but with nanocrystalline grains at
the surface or gradient microstructure.

Can a surface treatment like UNSM affect the 304L SS materials with distinct
microstructural characteristics in an analogous manner or would it have a different impact and if
it does have the same or different impact what would be the reason? Can UNSM improve the
corrosion, mechanical, and/or residual stress behavior of all the different 304L SS materials with
distinct microstructural and/or surface characteristics or would it have any limitations depending
on the prior characteristics of 304L SS alloy? If UNSM can improve the corrosion, mechanical,
and/or residual stress behavior of the distinct 304L SS materials, what would be the underlying
mechanisms or factors responsible for the improvement? These are some of the major questions

that we have set out to find the answers to initially as a part of this dissertation research work.
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For this purpose, this dissertation research work has been conducted in two phases as follows:

Phase I: Initially, the microstructural, mechanical, residual stress, and corrosion properties
of different 304L SS materials with distinct microstructural characteristics i.e., sensitized, CS,
LACS, and AFS 304L SS have been evaluated and compared against the conventionally hot-rolled
and solution annealed (CH-R & SA) 304L SS plate specimen’s properties.

Phase II: Later, the mechanical, corrosion, and residual stress properties of sensitized, CS,
LACS, and AFS 304L SS material / coatings / cladding have been attempted to be enhanced or
improved by UNSM surface treatment, for which their microstructures, phases, hardness, residual
stress, surface topography, sensitization, and pitting corrosion behaviors prior to and after UNSM
treatment have been studied and compared. The underlying mechanisms or factors that were
responsible to have or have not been able to improve the properties of sensitized, CS, LACS, and
AFS 304L SS materials by UNSM surface treatment have been discussed extensively in this
dissertation research work, giving an account of the benefits and/or limitations of the impact of
UNSM treatment on these different 304L SS materials possessing distinct microstructural
characteristics i.e., discussing the influence of prior microstructural features of 304L SS alloy that
may or may not contribute or limit the impact, the UNSM surface treatment can have on the
particular 304L SS material.

For this purpose, firstly, a UNSM parametric study was done in this phase, to determine
the most optimal UNSM parameters that can be used for peening the 304L SS alloy. The UNSM
surface treatment involves four different parameters for peening any specimen, namely: static load
(SL), dynamic load/amplitude (A), peening speed (PS), and interval feed rate (IFR) and the after-
surface-treatment material properties vary for different materials with varying UNSM processing

parameters. Therefore, this UNSM parametric study was performed with 16 different parameter
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combinations involving two different SLs, As, PSs, & IFRs and the most optimal UNSM
parameters were chosen by comparing the after-surface treatment properties of all the 16 peens
with respect to their surface roughness, CRS (surface and through-the-depth), and cross-sectional
hardness depth profiles. Finally, in this phase, the obtained most optimal UNSM parameters have
been applied on the sensitized, CS, LACS, and AFS 304L SS materials and further testing, analysis,
and interpretations have been carried out with respect to their microstructures, hardness, residual
stress, and corrosion properties by comparing them from prior to and after UNSM treatment.

The microstructures of sensitized, CS, LACS, and AFS 304L SS before and after UNSM
treatment were studied using Electron Back Scattered Diffraction (EBSD) analysis performed on
their respective cross-sectioned areas. X-Ray Diffraction (XRD) analysis was used to determine
the near-surface phase transformations associated with the UNSM surface treatment and was also
used to determine the residual stress (RS) state at the surface and through-the-depth of all the
specimens before and after UNSM treatment using the conventional Sin*y technique to calculate
the RS. The mechanical properties were analyzed with respect to nano hardness. Corrosion tests
were performed in two different solutions namely: (1) 0.5M H>SO4 + 0.05M KSCN solution
(Double Loop Electrochemical Potentiodynamic Reactivation - DLEPR tests) to evaluate the
degree of sensitization / susceptibility (DOS) or the strength of the passive film formed on the
material surface and (2) 3.5 Wt.% NaCl solution (Cyclic Potentiodynamic Polarization - CPP tests)
to determine the corrosion rate and pitting potential (pitting corrosion characteristics) of all the
differently processed 304L SS materials before and after surface treatment. The specimen’s
surfaces after their UNSM treatment and corrosion tests were examined using Secondary Electron
(SE) / Back Scattered Electron (BSE) micrography and the compositional analysis whenever

required was determined using Energy Dispersive X-Ray Spectroscopy (EDS) technique.
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Chapter 2. Literature Review

This chapter is a literature review of austenitic stainless steel 304 / 304L SS alloy that is
being preferentially used as a nuclear construction alloy for building Spent Nuclear Fuel Dry
Storage Canisters (SNFDSCs) and about the Chloride Induced Stress Corrosion Cracking
(CISCC) challenge faced by the welded austenitic 304 / 304L SS SNFDSCs situated near marine
environment. It also includes a summary on the novel Cold Spray, Laser Assisted Cold Spray and
Additive Friction Stir deposition techniques as possible repairing methods and Ultrasonic
Nanocrystal Surface Modification treatment as a post-repair mitigation technique to be used in

conjunction with each other to repair and mitigate the CISCC cracks on the surface of SNFDSCs.

2.1 Austenitic Stainless Steels — 304 / 304L SS Nuclear Alloys

Based on the crystalline structure, the stainless-steel family is divided into five types:
austenitic, ferritic, martensitic, duplex (mixture of austenite and ferrite) and precipitation
hardenable. Ferritic stainless steels typically consist of 12.5 % or 17 % chromium and iron. They
are essentially nickel free. Martensitic stainless steels consist of 0.2 — 1 % carbon, 10.5 — 18 %
chromium, and iron. Austenitic stainless steels (ASSs) consist of 16-26 % chromium, 6-12 %
nickel, and iron. Other alloying elements such as molybdenum may be added or modified
depending on the properties desired. The ASS group contains more grades, that are used in greater
quantities, than any other category of stainless steels. ASSs make up about two-thirds of the total
stainless-steel production [88]. Duplex stainless steels consist of 18 — 26 % chromium, 4 — 7 %
nickel, 0 — 4 % molybdenum, copper, and iron. These stainless steels possess a microstructure
consisting of both austenite and ferrite, exhibiting material characteristics of both the phases.
Precipitation hardening stainless steel consists of 15 — 17.5 % chromium, 3 — 5 % nickel, along

with aluminum, copper, niobium, each less than 0.5 % of the total mass of the steel, and iron.
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ASSs ability to be stainless is attributed to having a minimum of 10.5 Wt.% Cr in their
alloy composition. Upon exposure to atmosphere, the Cr in the ASSs reacts with oxygen in the
atmosphere through a reaction called the passivation reaction and forms a thin invisible layer of
chromium oxide (Cr203) film on the metal surface that acts as a barrier between the environment
and the underlying metal as shown in figure 2.1. This passivation reaction can be represented as
follows:

Cr +02 2 CrO;
4CrOs + 2H,0 = 2Cr03 + 4H' + 4e”

The thickness of the passive chromium oxide film can range from a few nanometers (nm)
to a few hundred nm which if disturbed by any means like scratching can automatically self-heal
in the presence of oxygen. This innate quality of ASSs to self-heal in the presence of oxygen gives
them the ability to have fair to good corrosion resistance in many harsh and high temperature
environments [3]. Along with good corrosion resistance, ASSs have desirable properties like high

temperature mechanical strength, ductility, cryogenic stability, formability, weldability and are

Oxygen in the air

Chromium oxide layer

Stainless Steel

Chromium oxide
Chromium oxide layer reformed
layer damaged automatically
(by machining)

Chromium oxide
layer protecting
stainless steel

Figure 2.1: Passivation reaction of chromium in austenitic stainless steel alloy composition with oxygen in
atmosphere to form protective chromium oxide layer on the surface of ASSs [Source:
https://shipbuildingknowledge.wordpress.com/2017/10/25/stainless-steel-material-what-is-pickling-
passivation/].
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non-magnetic in annealed condition [1]-[4]. So, they find various applications in several industries
like food processing, chemical, architectural, medical, energy/nuclear etc. The components made
from austenitic stainless steels ranges from pots, pans, cutlery, kitchen sinks etc. used in household
applications to spent nuclear fuel dry storage canisters, primary water reactor (PWR) piping and
coolant systems, pressure vessels, heat exchangers etc. that are used for heavy-duty industrial
applications.

Austentitic stainless steels (ASSs) are sub divided into two groups namely, 200 series (Fe-
Cr-Mn-Ni alloys) and 300 series (Fe-Cr-Ni alloys) with the largest group being that of the latter
series. Among all these ASSs, AISI grade 304 (also known as 18/8 stainless steel) / 304L SS and
316 /316L SS are the most commonly preferred alloys for many applications, mainly because of
their enhanced corrosion resistance than other ASSs, along with their other desirable mechanical
properties. Furthermore, 316 / 316L SS alloy is expensive because of 2 % molybdenum addition
in its alloy composition which paved way for an extensive use of 304 / 304L SS alloy as the
economically preferred option for a greater number of applications that call for utilizing ASSs [1].
2.1.1 Chemical Composition and Mechanical Properties of 304 / 304L SS Alloys

304 /304L SS alloys are predominantly made of iron with Cr and Ni as their major alloying
elements, which constitute about 18 — 20 % and 8 — 10.5/12 % respectively. The typical chemical

compositions of 304 SS and 304L SS alloys [4] are given in table 2.1.

Element
Cr Ni C Mn P S Si N Fe
(Wt. %)
304 SS 18-20 8-10.5 0.08 2 0.045 0.03 0.75 0.1 Balance
304 “L”SS 18-20 8-12 0.03 2 0.045 0.03 0.75 0.1 Balance

Table 2.1: Chemical composition of 304 SS and 304L SS alloys [4], all the values are maximum unless a range
is otherwise indicated.
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“L” 1n 304L SS alloy represents it as a low carbon grade version of 304 SS alloy, containing
a maximum of only 0.03% C as opposed to a maximum of 0.08% C allowed in 304 SS alloy. This
restriction of percentage of carbon present in the alloy composition of 304L SS alloy was done, so
as to decrease the “effect of sensitization”, with the idea that upon exposure to temperatures in the
sensitization range, only a fraction of chromium undergoes carbide precipitation leaving the bulk
of it intact for providing better corrosion resistance than offered by 304 SS alloy [3]. Additional
information on the sensitization phenomenon of ASSs is given in the introduction and section 2.2.
According to L. J. Jacobs et al. [3], the sensitization effect in 304L SS alloy took three times longer
than in 304 SS alloy depicting enhanced corrosion resistance by the low carbon grade version of
the alloy. The effect of carbon content on the sensitization behavior of stainless steels can be seen

from the time-temperature-sensitization curves shown in figure 2.2.

Effect of Carbon Content on Carbide Precipitation
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Figure 2.2: Time-Temperature-Sensitization curves showing the effect of carbon content on carbide
precipitation [3].

The mechanical properties of 304 SS and 304L SS alloys [4] are given in table 2.2.
Austenitic stainless steels exhibit high toughness to cryogenic temperatures, greater thermal

expansion and heat capacity, with lower thermal conductivity than other types of stainless or
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conventional steels [89]. Their deformation characteristics can be controlled by their chemical
composition, and they are generally non-magnetic but, machining or working may turn them to

slightly magnetic [89].

0.2 % Offset

Mechanical Ultimate Tensile Elongation in 2 Hardness,
Yield Strength
Property / Alloy Strength (MPa) inches (%) Rockwell B
(MPa)
304 SS 207 min. 517 min. 40 min. 92 max.
304 “L” SS 172 min. 483 min. 40 min. 92 max.
Typical for 3/8 290 600 53 32
plate

Table 2.2: Mechanical Properties of 304 SS and 304L SS alloys [4].

2.1.2 Effect of Alloying Elements of 304 / 304L SS

Chromium is by far the most important alloying element of stainless steels that prevents
them from rusting. By adding a minimum of 10.5 % chromium to the alloy composition, a
protective film of chromium oxide forms on the stainless-steel surface, by the reaction of
chromium with oxygen in the atmosphere, thereby preventing the formation of rust because of the
oxide film acting as a barrier between material and environment. With increasing chromium
content in the alloy composition, the strength of the protective chromium oxide film increases.
Therefore, chromium provides corrosion resistance in oxidizing conditions. Among all the alloying
elements of 304 / 304L SS alloys, Cr and Si prompt the formation of ferrite within the alloy
structure and are described as ferrite stabilizers. Whereas Ni, C, N, and Mn are depicted as
austenite stabilizers.

Nickel is the second most important alloying element of ASSs, which along with
manganese and nitrogen help maintain the austenitic microstructure of 304 / 304L SS alloys over

a range of temperatures, all the way from cryogenic to their melting points. Nickel also provides
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corrosion resistance in reducing conditions and empowers the ASSs with superior weldability and
formability than exhibited by ferritic stainless steels, which only improve further with increasing
nickel content in the alloy composition.

Carbon 1s an austenite stabilizer that enhances the strength of stainless steels through the
formation of carbide precipitates. But, as an undesired consequence, results in decreased corrosion
resistance, that deteriorates further with increasing carbon content in the alloy composition. Thus,
the percentage of carbon content added to the alloy composition is varied and closely monitored
according to the final application requirements.

Nitrogen increases strength and improves the localized corrosion resistance of stainless
steels. Silicon increases their oxidation resistance. Sulphur and Phosphorus improve the
machinability of stainless steels but come at a cost of reducing their corrosion resistance.
Phosphorus also contributes to improving their strength. Manganese increases nitrogen solubility
in steels.

2.1.3 Microstructure of 304 / 304L SS Alloys and Their Weldments

304 / 304L SS alloys are iron based austenitic stainless steels having face centered cubic
crystal structure with chromium and nickel acting as their major alloying elements. From the iron-
carbon (Fe-C) phase diagram, austenite phase gamma (y), is stable only in the temperature range
of 912 to 1394 °C with varying carbon content below 2.04 % C. However, as stated earlier in
section 2.1.2, alloying ASSs or 304 / 304L SS with sufficient nickel and/or manganese and nitrogen
(i.e., austenite stabilizers) will help the ASSs in retaining austenitic microstructure over a range of
temperatures from cryogenic to their melting point. Therefore, due to the absence of phase
transformations with varying temperatures, ASSs can only be hardened by work-hardening and

not by heat treatment [89]. Apart from the y matrix phase, the microstructure of 304 / 304L SS
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consists of different carbides and nitrides, located within the matrix and along the grain boundaries.
Generally, the carbides and nitrides formed are of type M7Cs3, M23Cs and Cr2N depending on the
amount of carbon and nitrogen present in the alloy composition. To get rid of these carbides and
nitrides, annealing of 304 / 304L SS can be done in the temperature range of 950 — 1200 °C for 1
to 4 hours, which results in the complete dissolution of the carbides and nitrides into the y austenite
phase. Depending on the time and temperature used for the annealing treatment, the after heat
treatment microstructure of 304 / 304L SS may contain uniform coarsened grains due to grain
boundary migration or recrystallized grains due to coalescence of carbides, second phase particles,
and grain boundary faceting [90].

The 304L SS weldments made with 308L filler rod were found to exhibit duplex
microstructures according to G. Suresh et al. [91], showing a minor amount of residual primary
delta (0) ferrite phase distributed in the austenite matrix phase, as shown in figure 2.3 (a). As
commonly known, during welding, two similar or dissimilar base metals are fused together by
means of heat, with the help of a compatible filler rod, and the entire weldment is then allowed to
cool relatively quickly generally in air medium. Depending on the filler rod composition and the
welding process employed, o ferrite could be present in the weld zone and during solidification of
the 304L SS weldment, d ferrite transformation to y austenite would occur. However, since cooling
of the weldment after welding process occurs relatively quickly, not enough time is present for the
complete transformation of 6 to y, thereby resulting in some residual primary 6 ferrite phase to be
present in the 304L SS weldments.

According to G. Suresh et al. [91], residual d ferrite of 8 — 15 % with different morphologies
such as vermicular, lacy, and acicular was present in the 304L SS weldment as shown in figure 2.3

(b), (c), and (d). The formation of different morphological 6 ferrite was attributed to the dissolution
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of ferrite, resulting from thermal cycles during subsequent weld passes and variation in modes of
secondary crystallization. It was also reported that the amount of ferrite was found to be maximum
at the weld bead center, and gradually decreased along both the sides of the weld bead till its base.
In figure 2.3 (e), the heat affected zone of 304L SS weldment exhibiting coarse austenite grains

with ferrite at the grain boundaries can be observed.
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Figure 2.3:Optical micrographs of (a) weld region, (b) vermicular, (c) lacy, (d) acicular o ferrite
morphologies, and (e) heat affected zone of 304L SS weldment [66].

An austenite matrix with 0 ferrite is said to have more resistance to hot cracking or micro-
fissuring than a pure austenite matrix. A minimum of 5 FN (ferrite number) is required for welding
consumables used in nuclear industry and a minimum of 3 FN for any multi-pass weld to prevent
fissuring [92]. However, having residual o ferrite in ASSs is not always desirable and largely
depends on the nature of the final application. Especially when the final application requires good
corrosion resistance, the presence of greater amounts of o ferrite in the material is highly
detrimental to the pitting corrosion resistance of ASSs, as the  ferrite acts as a microstructural
inhomogeneity, where pits can initiate readily. Additionally, at the 6 ferrite — austenite interface
galvanic cells can form with the depletion of chromium at the austenite side, leading to the

initiation of pits at the interface that grow towards austenite phase [91].
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Nevertheless, according to S. Krishnan et al. [93], the presence of less than 5 % 6 ferrite in
the material composition is beneficial to the pitting corrosion resistance of 304L SS and any
percentage greater than that is considered deleterious to it. The benefit to having a small fraction
of 0 ferrite in the material composition is that it can help trap MnS inclusions present in the 304L
SS alloy [91], which are believed to be the major pit initiation sites in the alloy [46][94][45]. As
sulfur is more soluble in d ferrite phase than in austenite phase, the MnS inclusions get entrapped
by the 6 ferrite, thereby decreasing the total number of pit initiation sites, consequently resulting
in an increase in the pitting corrosion resistance of 304L SS [91]. But as stated earlier greater
amounts of  ferrite i.e., > 5 % is not desirable as it tends to decrease the pitting corrosion resistance
of 304L SS alloy. Therefore, utmost care must be taken when choosing the filler rod and the type
of welding process being employed, so that the % of 6 ferrite seen in the final product is contained
to a maximum of only 5 %. However, welding of ASSs results in an adverse phenomenon called
as sensitization which is detrimental to their stress corrosion cracking resistance, and its causes

and effects are discussed in the following section.

2.2 Chloride Induced Stress Corrosion Cracking of SNFDSCs

Chloride Induced Stress Corrosion Cracking (CISCC) is a type of intergranular corrosion,
involving the selective attack of metal along its grain boundaries. It occurs in ASSs under tensile
stress in the presence of O, chloride ions, and high temperature. More precisely, CISCC or stress
corrosion cracking (SCC) in general, is a localized corrosion phenomenon like pitting and crevice
corrosion, which initiates as pits and transforms to cracks when three criteria are met
simultaneously as shown in figure 2.4. The three criteria are as follows: (1) a material susceptible
to SCC, (2) presence of a sufficiently aggressive corrosive environment such as an environment
with chlorides, O? and high temperature for CISCC, and (3) sufficient applied or residual tensile

stresses present in the material, that can lead to the initiation and propagation of cracks [14].
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Figure 2.4: The three simultaneous criteria required for the SCC initiation and propagation.

The spent nuclear fuel (SNF) generated as a radioactive waste in the nuclear power
generation plants is transferred to dry storage canisters (DSCs) for longer term safe interim storage
at the reactor sites or independent spent fuel storage installation sites, as the United States does not
currently have a final disposal pathway such as a natural geologic repository for the safe disposal
of the SNF. Initially, these DSCs were intended as temporary storage until a more permanent
disposal site was developed and were given licenses of up to 20 years with possible renewals of
up to another 20 years. In 2011, 10 CFR 72.42 (a) was modified to allow for initial licenses to be
up to 40 years with possible extensions to be available for another 40 years [95]. However, due to
a lack of natural geologic repository as of now, these SNFDSCs may be required to continue their
operation of storing the SNF waste for many decades beyond their original design intent. These
SNFDSCs are predominantly made from welded austenitic stainless steels like 304 SS / 304L SS
/ 316L SS with most of them being made from 304 SS /304L SS due to economic considerations,
and the containers are enclosed within a ventilated concrete or steel overpack. Because of welding
of ASSs and the ventilation of the SNFDSCs, it was found from several recent studies
[5][6][20][21][22] that all the three criteria required for SCC to occur were present in the welded

austenitic SNFDSCs situated near marine environment and if left unattended, they may undergo
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catastrophic CISCC failures in the future. The presence of these three CISCC criteria in the welded
austenitic SNFDSCs is discussed in the following paragraphs.

Upon welding or during high temperature operational service, the ASSs like 304 SS / 304L
SS / 316L SS get exposed to temperatures in the range of 450°C to 850°C, due to which they
undergo an adverse phenomenon called as sensitization [3][5][15][16][17]. Sensitization involves
the depletion of Cr from areas immediately adjacent to the grain boundaries that combines with
carbon present in the alloy, leading to the formation of chromium carbide precipitates (Cr23Cs and

Cr7C3) and chromium depleted zones (CDZs) along the grain boundaries as shown in figure 2.5.
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Figure 2.5: Sensitization phenomenon showing chromium carbide segregation / chromium depletion at the
grain boundaries. [Source: https://www.ssina.com/education/corrosion/intergranular-corrosion/].

The ASS that has undergone the sensitization phenomenon is termed as “sensitized”
austenitic stainless steel and the 304 SS specimen’s microstructures prior to and after sensitization
are given in figure 2.6 (a) and (b) respectively. The microstructure of non-sensitized 304 SS
specimen seen in figure 2.6 (a) shows the absence of chromium carbide precipitates along the grain
boundaries. Whereas the chromium carbide precipitates at the grain boundaries of completely
sensitized 304 SS specimen appear as thick dark lines in its microstructure seen from figure 2.6
(b), with almost every grain boundary containing chromium carbide precipitates and chromium

depleted zones. These CDZs contain less amount of chromium than the unaffected areas, and since
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Cr is primarily responsible for the corrosion resistance of ASSs, the passive chromium oxide film
formed at the CDZs will be weaker, making the sensitized ASS susceptible to intergranular stress
corrosion cracking (IGSCC) [3][15][17][18][19]. Therefore, the austenitic SNFDSCs that are
welded together, can be considered as components that are strongly susceptible to stress corrosion

cracking and hence, it can be said that they exhibit the presence of the first out of the three criteria

that lead to SCC.
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Figure 2.6: Optical micrographs of (a) non-sensitized and @) sensitized 304 S5 spe.cimen /3].

According to Bryan and Enos [20], analysis of surface deposits on in-service and unused
SNFDSCs situated near marine environment (Hope creek nuclear generating station in Delaware
and Diablo canyon nuclear power plant in California) showed the presence of chloride rich salts
deposited on the 304 SS canister surface. From the United States nuclear regulatory commission
(U.S.NRC) results published in 2014 (NUREG/CR-7170) [5], it is anticipated that when spent
nuclear fuel heat release slows down to the level where deliquescence of deposited chloride rich
salts like CaCl,, MgCl, and NaCl, occur at temperatures < 65°C, <52°C and <36°C respectively
at a relative humidity of 30g/m> and a surface concentration as low as 100mg/m?, an aqueous
chloride-rich brine layer can form on the surface of the canisters, creating a sufficiently aggressive

environment that can tend to the occurrence of SCC failures in the welded austenitic SNFDSCs.
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Therefore, the second criteria for SCC to occur in the canisters is also present when these
SNFDSCs are situated near marine environment.

When it comes to the third criteria for SCC, the external/applied loads on the SNFDSCs
are only a small fraction of the 304 SS’s yield stress, thereby lacking sufficient driving force for
crack initiation/propagation [14]. However, NRC modeled canister longitudinal and
circumferential welds using finite element methods showed that sufficient tensile stresses to cause
SCC were present through the thickness of the canister wall within the heat affected zone (HAZ)
of the canister weldments that can lead to full penetration with time [21][22]. Therefore, all the
three criteria that lead to the occurrence of SCC or CISCC failures are present in the welded
austenitic SNFDSCs that are situated near marine environment.

Replacing the SNFDSCs will be very expensive and their potential failure due to chloride
induced stress corrosion cracking (CISCC) would be catastrophic to both human life and the
environment. Hence, prolonging their service life by long term reliable cost-effective in-situ repair
and mitigation methods is of immediate and utmost importance for the nuclear industry. Moreover,
these repair methods must involve low heat input, should not cause sparks or place high mechanical
loads on the canister surface. Three such promising repair methods are cold spary (CS), laser
assisted cold spray (LACS), and additive friction stir (AFS/MELD) which have already been used
to successfully deposit several materials and can be used in conjuction with ultrasonic nanocrystal
surface modification (UNSM) treatment as a cost-effective mitigation technique.

Mitigation of SCC can be done by either modifying the microstructure or changing the
environment or altering the nature of stresses present in the material. While changing the
environment may not be plausible for most applications, modifying the microstructure and nature

of stresses in the material can be done by surface treatment techniques like surface mechanical
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attrition treatment, shot peening, laser shock peeing, low plasticity burnishing, ultrasonic
nanocrystal surface modification etc., by inducing near-surface nano crystallization, near-surface
hardening and compressive residual stresses into the material which are all beneficial in mitigating
SCC. It is well known that laser shock peening (LSP) technique is already being employed by the
nuclear industry in the production of new canisters, to mitigate the tensile residual stresses formed
at the heat affected zone during welding [55]. UNSM is a relatively new novel technique which
once developed for in-situ applications can be a cost-effective SCC mitigating alternative
technique to other surface treatment technologies like LSP. More on CS, LACS, AFS, and UNSM

are discussed further in the following sections.

2.3 Laser Assisted Cold Spray (LACS) and Cold Spray (CS)

LACS is a hybrid solid-state materials deposition process that involves the combined
application of laser preheating of the substrate or powder particles before or during the deposition
process accompanied by the deposition of metal powders through the traditional CS deposition
technique [81]. The main components involved in the LACS system and the schematic
demonstrating the LACS deposition process are given in figure 2.7.

It was first developed by Bray et al. [96] in the year 2009, who coupled a laser diode of

980 nm wavelength to a CS gun and used the system to deposit Ti powders of <45 um onto a mild
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Figure 2.7: (a) Main components of LACS system, (b) LACS system during operation and (c) Schematic of
LACS deposition technique [71].
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steel substrate. They found that as the substrate temperature increased by the irradiation of the
tlaser laser diode, the deposition efficiency of the Ti coatings increased, while the coatings porosity
decreased. Since 2009, LACS deposition technique has been used successfully to deposit materials
like Co-based stellite [97][98][99], Fe-Ni-Zr oxide dispersion strengthened alloy [83], 4340 steel
[67], Al — 12 Wt. % Si coatings [100], CrMnCoFeNi base high entropy alloy (HEA) [68] etc.

The traditional cold gas dynamic spraying (or cold spray - CS) from which the LACS was
developed, is a type of thermal spraying technique. It was initially developed in the mid - 1980s
at the Institute for Theoretical and Applied Mechanics of the Siberian Division of the Russian
Academy of Science [101] and later, was introduced at the laboratory level in the 2000s to the
North America and Europe. The CS technique involves the solid-state deposition of metal powders,
that are propelled at supersonic velocities with the help of a de laval nozzle onto a substrate
material, resulting in the metal powders to deform plastically upon impact forming a cohesive
bond with the substrate or prior deposited particles. The supersonic velocities of 300 — 1200 m/s
during CS are achieved by a combination of two factors, (1) by the geometry of de lavale nozzle
of the CS gun and (2) by heating propellent gases like N>, He, air or a mixture of them to high
temperatures in the range of 200 to 850°C, both of which aid in accelerating the powder particles
brought into the CS gun [81]. The powder particles are brought into the CS gun by a high pressure
carrier gas that is usually of the same nature as that of the propellent gas. The schematic of the CS
gun is given in figure 2.8. The gas temperature may seem high at first glance but, the divergence
of the nozzle causes expansion of gases resulting in a significant lowering of their temperatrue.
Also, the powder particles have a very limited residence time in the hot gas flow due to which they
remain in a solid or slightly viscous state. Generally, fine powders in the range of 5 — 50 um are

used for CS but, under appropriate conditions coarser powders can also be cold sprayed.
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Figure 2.8: Schematic of Cold Spray gun.

Compared to the conventional thermal spraying technologies like plasma spraying, high
velocity oxygen fuel (HVOF), arc spraying etc., cold spray is characterized with a low spraying
particle temperature and high spraying particle velocity - figure 2.9. The major advantage of cold
spray technique over other conventional thermal spraying technologies is that CS does not involve
any macroscopic melting of the spraying particles since, the spraying powder particles are heated
to temperatures much below their melting point. Therefore, the common problems associated with
the conventional thermal spraying technologies, like high temperature oxidation, evaporation,
melting, crystallization, tensile residual stresses, debonding, gas release, etc. are minimized or
eliminated. However, cold spray technique faces other challenges that are discussed in the
following paragraphs.

A study performed by X. M. Meng et al. [74], in which cold spray deposition of 304 SS
powder particles using N> gas was done, have reported that the cold sprayed coating exhibited an
ultimate tensile strength (UTS) and elongation after fracture of only 65 MPa and 0.1 %
respectively. To improve the coating properties, they performed a post heat-treatment on the
coating by annealing it at 950°C for 1hr which resulted in an increase in elongation after fracture
and UTS by up to 3 % and 357 MPa, respectively. However, the UTS of cold sprayed + annealed

304 SS was still considerably lower than the UTS of bulk conventionally processed 304 SS’s value
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of 709 MPa [102]. The much lower UTS of cold sprayed + annealed 304 SS coating was attributed
to the defects present in its microstructure like the pores and the agglomerated oxide particles

which would induce the fracture taking place much in advance than the bulk 304 SS specimen.
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Figure 2.9: Comparison of particle temperature and particle velocity of cold spray technology with that of the
other conventional thermal spray techniques.

In a different study performed by P. Coddet et al. [69], He gas was used as the propellent
gas during the cold spray deposition of 304L SS powder particles, and they have reported that the
deposited coating exhibited a very high UTS and yield strength (YS) of 629 MPa along with a
higher hardness value of 440 Hvo., but with very little measurable ductility, showing 0% fracture
strain during the tensile tests, that ended up in brittle fracture as shown in figure 2.10. It was also
noted that the inter-particle bonding characteristics of CS coatings sprayed with He gas showed
significant improvent than the coatings sprayed with N> gas. However, the brittle nature of the cold
spryaed 304L SS coatings sprayed with He gas, suggests that the improvement in inter-particle
bonding was not sufficient enough to use the coatings without any post heat-treatment. Therefore,
even in this study, to restore ductility in the CS coating, post annelaing heat-treatment was done at

1050°C for 4 hours, due to which they observed an improvement in fracture strain up to 9.9 % but,
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with a consequent decrease in UTS, YS and hardness values to 422 MPa, 310 MPa and 144 Hvo.
respectively. The simultaneous increase in fracture strain and decrease in UTS, YS, and hardness
was attributed to the microstructural reorganization and reduction in rate of stacking dislocations

by annealing treatment.

Figure 2.10: SEM micrographs showing after tensile test fracture surfaces of specimens in (a) as cold-sprayed
condition exhibiting brittle fracture and (b) annealed at 1050°C for 4 hours condition exhibiting ductile
fracture [79].

According to a few studies, the corrosion behavior of cold sprayed ASSs was observed to
exhibit mixed behavior [76][70], with it being largely dependent on the coating thickness, powder
particle size and their distribution, nature of carrier and propellant gases, inter-particle bonding
achieved, post heat treatment etc. The corrosion resistance has been reported to improve with an
increase in coating thickness. Also, it was stated that using He gas during CS deposition process
resulted in denser coatings that exhibited better corrosion resistance than the coatings cold sprayed
with N> gas [70]. The conclusion, as reported by several authors [69][70][103], is that during the
traditional CS process, the supersonic velocites achieved by heating He gas were significantly
higher than those achieved by heating N> gas, consequently resulting in denser coatings with better
mechanical and corrosion properties, due to the slightly better interparticle bonding achieved by

the coatings that are sprayed with He gas rather than with N; gas.
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However, the cost of He gas is significantly greater than the cost of N> gas, making the
usage of He gas over N» gas, a very expensive option. Even when CS coatings were sprayed with
He gas, they were not 100% dense, still possessed a significant amount of porosity and needed
much more improvement in their inter-particle bonding characteristics thereby, exhibiting inferior
mechanical and corrosion properties than the bulk metal that is conventionally processed.
Moreover, CS deposition process has limitations on coating thickness that can be deposited,
requires surface preparation for optimal coating adhesion, and demands post heat treatment to
achieve desirable properties. Hence, it can be said that the CS deposition process by itself has
many drawbacks that need to be addressed for attaining better coatings. And most of these
problems associated with the CS deposition process can be solved by simultaneously applying
laser technology to the traditional CS deposition technique which is termed as laser assisted cold
spray desposition technique.

LACS process involving the use of laser to locally heat the substrate prior to or during
deposition eliminates the need for surface preparation and also, enhances the adhesion between
powder particles and the substrate [81]. Using laser technology simultaneosuly with the traditional
CS deposition process can result in heightened interparticle bonding and reduced porosity, leading
to improved mechanical and corrosion properties than exhibited by the traditionally cold sprayed
coatings. R. Nikbakht et al. [68], made a comparitive study on the CS and LACS deposition of
CrMnCoFeNi high entropy alloy (note that its properties are comparable to that of 304 SS alloy)
using N as the propellent gas. They reported that deposition with traditional CS technique resulted
in dense coatings but with inferior inter-particle bonding. Whereas deposition with LACS
technique resulted in much denser coatings with significantly improved inter-particle bonding

characteristics. The SEM micrographs, showing the inter-particle bonding characteristics of
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CrMnCoFeNi high entropy alloy (HEA) deposited using both CS and LACS deposition techniques
are given in figure 2.11. The micro-hardness values of HEA coatings sprayed with CS and LACS
deposition techniques were reported to be 361 Hvioogr and 391 Hvioogr respectively which were
both significantly higher than the atomized powder hardness value of 166 Hviogr. The higher
hardness values of both the coatings was attributed to the high dislocation density and grain
refinement that was observed by them from the XRD analysis, which was showing wider full width
half maximum (FWHM) for the coatings than the FWHM of powder feed particles. Also, the EDS
map analysis performed by them on the LACS deposited HEA alloy coating revealed a

homogenous microstructure with no localized segregation.

Figure 2.11: SEM micrographs of CrMnCoFeNi high entropy alloy deposited with (a) CS process showing
inferior inter-particle bonding and (b) LACS process showing better inter-particle bonding [55].

In another study performed by Luke N. Brewer et al. [67], the deposition of 4340 steel with
CS and LACS techniques was compared with each other and it was reported that the depostion
efficiency achieved by CS coatings was 48% which improved notably to 72% in LACS coatings
sprayed with a laser heat of 950°C. Similar to HEA, 4340 steel coatings deposited with both CS
and LACS deposition techniques showed higher hardness values than the atomized powder, with
LACS exhibiting slightly higher hardness value of 592 Hv than CS coating’s measured hardness

of 561 Hv. The higher hardness of CS 4340 steel coating was attributed to the strain hardening
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upon impact while that of the LACS coating was attributed to the martensite phase formation at
the higher temperature that arises due to laser application. The porosity levels in both the coatings
were measured to be less than 1% but the inter-particle bonding characteristics were found to be
significantly better in the case of LACS 4340 steel coating.

The quality of properties attained and the rate of deposition of coatings are directly related
to the amount and the rate at which the heat is applied and removed from the impact zone which
can be controlled with high precision by using laser technology. Also, controlling the impact
temperature through laser heating eliminates the need for gas heating which is an essential part of
the traditional CS deposition technique thereby, avoiding dangerous problems associated with the
use of high process gas temperatures [96]. Additionally, LACS can eliminate the need for post heat
treatment by in-situ annealing the typical cold work generated by the bombardment of powder
particles during the traditional CS deposition technique and controlling the cooling rate of the
deposited particles can allow for controlled recovery and recrystallization. Furthermore, LACS
process involves partial to no melting thereby, avoiding the typical problems associated with laser
based technologies like thermal stressing, distortion, dilution and other microstructural problems
making it a very reliable technology for producing better coatings. However, because of the
simultaneous application of laser, the beneficial compressive residual stresses produced during
traditional CS can be relieved by recovery and recrystallization. Also, recrystallization tends to
increase the grain size of the coating consequently decreasing its hardness. Hence, a cost-effective
mitigating technique such as UNSM treatment can be applied on the LACS coatings to induce
nano crystallization, CRSs and near surface hardening in them that are all proven to beneficially

improve the SCC resistance of a material [1][48][49][50][40][41][44].
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2.4 Additive Friction Stir (AFS / MELD) Deposition
Additive Friction Stir (AFS) / MELD manufacturing technique derived from friction stir

welding (FSW) and friction stir processing (FSP) [104] was developed by Aeroprobe corporation.
AFS/MELD technique designed to create fully dense metal parts by combining additive
manufacturing, friction stir welding, and computerized numerical control (CNC) machining
evolved into an enhanced and unique manufacturing technology of its own. The schematic of
AFS/MELD manufacturing and the finished product of a pressure vessel made by AFS/MELD are
presented in figure 2.12. The distinguishable feature of AFS/MELD processing from that of FSW
and FSP processes is that there is no contact between the rotating tool shoulder and the substrate
or the previously deposited layer. AFS/MELD can be used to join, repair, clad and additively

manufacture similar/dissimilar/multi metals or alloys and it has been used successfully to deposit
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Figure 2.12: (a) Schematic of AFS/MELD manufacturing technique and (b) pressure vessel produced by
AFS/MELD technique.

alloys of IN 625 [85], 316L SS [86], AA219 [105], Ti-6Al-4V [87] etc.
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The process of AFS/MELD involves heating a consumable powder or solid filler rod placed
in the rotating tool shoulder to a semi solid state by induction or resistance heating which is then

mechanically mixed by the CNC controlled rotating tool shoulder and deposited onto the substrate
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layer by layer in a semi solid state under hydrostatic pressure. The height of the rotating tool
shoulder will be raised to accommodate successive material layer deposition forcing the material
into the former layer ensuing a strong metallurgical bond between layers. Also, by design, the heat
affected zone (HAZ) in AFS/MELD manufacturing will be limited to the regions of filler rod and
the substrate directly below the tool. Furthermore, the combined action of mechanical mixing by
CNC controlled rotating tool shoulder and the applied hydrostatic pressure on the semi solid
feedstock material results in a fully dense defect free part eliminating the general problems
encountered in fusion-based techniques such as porosity, elemental segregation, hot cracking,
dilution, and distortion in finished parts [85].

P.G. Allison et al. [85], reported that deposition of IN 625 through AFS/MELD resulted in
a refined, equiaxed grain structure as shown in figure 2.13 with excellent mechanical properties
exhibiting an YS and UTS of 730 MPa and 1072 MPa respectively, whereas other fusion based
additive manufacturing processes showed a columnar preferred orientation with comparatively

inferior mechanical properties.

Figure 2.13: EBSD maps of AF'S deposited IN 625 (a) in the middle of the layer showing equiaxed grains and
(b) layers interface showing fine size equiaxed grains [60].
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Also, E. Farabi et al. [87], deposited Ti-6Al1-4V in the form of plates using AFS/MELD
deposition technique and reported a homogenous microstructure with negligible porosity and
mechanical properties of 20% ductility, 1010 MPa Y'S and 1233MPa UTS which were noted to be
superior than the properties obtained with other conventional wrought and melt-based additive
manufacturing techniques. Therefore, AFS/MELD being a solid-state deposition process with
minimal HAZ can be applied locally on a large scale in open atmosphere with high deposition
rates to similar/dissimilar metals and alloys resulting in near-wrought refined homogenous

microstructure having excellent mechanical properties throughout the 3D build.

2.5 Ultrasonic Nanocrystal Surface Modification (UNSM)

The UNSM treatment technique is a patented technology developed for commercial
applications by DesignMecha Co., Ltd. [47][49]. It is a methodology for improving the
characteristics of metals by utilizing ultrasonic energy. The UNSM technique controls the quality,
properties, and surface characteristics of a material by modifying the material properties at the
near-surface of the treated area, improving the fatigue, wear, and corrosion resistance of a material,
by inducing compressive residual stresses, near-surface nano crystallization, and near-surface
hardening into the material through severe plastic deformation during UNSM.

UNSM is an advanced mechanical surface treatment technique that involves the application
of high-frequency ultrasonic vibrations to a material’s surface through the combined action of
static and dynamic loads transmitted via a tungsten carbide tool tip [47]. The WC tool tip
repeatedly strikes the surface of the specimen with approximately 10 to 20 thousand shots per
square millimeter at a rate of several thousands of strikes per second (20-40 kHz) in a highly
controlled manner through the UNSM’s computerized numerical control (CNC) machine. The
UNSM machine consists of three main components as seen in figure 2.14 (a): (1) generator and

piezoelectric transducer generating the ultrasonic vibrations at 20 kHz, (2) acoustic booster holding
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the single/double horn (used for soft’/hard materials respectively) amplifying the generated
ultrasonic vibrations and (3) tungsten carbide tool tip physically transmitting the ultrasonic energy
to the surface of the material through the combined application of static and dynamic loads. The
dimension of the vibrating part, which contacts the surface, allows vibration amplitudes of 10 —
100 um to be attained. A homogenous treatment is obtained on the treated surface. The principle
of UNSM is based on the instrumental conversion of harmonic oscillations produced by
acoustically tuned body into resonant impulses of ultrasonic frequency by energizing an ultrasonic
transducer [49].
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Figure 2.14. (a) Schematic representation of UNSM setup and (b) motion of WC tip / impact of static and
dynamic loads during UNSM treatment [46][47].

The energy generated from the transducer impacts the surface of the work piece with a total
striking force of F = Pst + P sin2nft where Pst is static load (N), P is the amplitude (um), f is
frequency (Hz), and t is time (s), as seen in figure 2.14 (b) (i.e., with combined static (Pst) and
dynamic loads (P sin2xft)) [48][49]. The number of strikes per unit area (mm?) through UNSM
treatment is given by N = (60*f) / (v*s) where f is frequency (Hz), v is peening speed (mm/min)
and s is interval feed rate (mm); and the associated strain energy density (J/mm?) is given by E =
(F * N * A) / d where F is the load applied (N), N is the number of strikes per mm?, A is amplitude

(um) and d is the ball tip diameter (mm) [50].

The tool tip produces innumerable micro-dimples on a specimen surface causing severe
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plastic deformation at and near-surface of the specimen leading to the formation of nano crystal
microstructure at its immediate surface. Each of the micro-dimples can function either as a micro-
hydrodynamic bearing in cases of full or mixed lubrication and as a micro-reservoir for wear debris
in lubricated conditions. Traditionally, silicon nitride ceramic (Si3N4) and/or tungsten carbide
(WC) balls and pins, having high spherical accuracy and smoother surface are used as the striking
media by attaching them to a single/double horn as shown in figure 2.14 (a). The sizes of pins and
balls typically range in between 1.2 — 6 mm in diameter. The choice between material and size of
pins and balls to be used as tool tip, strongly depends upon the material and mechanical properties
of the specimen being UNSM treated and on the final effects desired from the UNSM treatment.
The UNSM treatment induces severe plastic deformation on the surface of a specimen, resulting
in high compressive residual stresses both at the surface and through the depth of the material, near
surface nano crystallization and appreciable near surface hardening [51] which are all beneficial
in mitigating SCC. UNSM has been used successfully to enhance performance of materials like
ATT 718 alloy [40], stainless steels [41][44][45][46][50], tool steel [48], Ti-6Al-4V [42], and
magnesium alloys [43][52] by improving their properties.

Amanov et al. [49], reported the formation of nanostructured surface layer in SAE 52100
bearing steel through UNSM treatment up to a depth of 100pm as seen in figure 2.15. Refined
grains of size 50nm were reported up to 10pm depth from the surface, followed by 100nm grains
up to 30um and 500nm grains up to a depth of 100um before reaching their original grain size,
resulting in a gradient nanostructure near the material’s surface. The surface hardness after UNSM
was reported to have increased to 840 Hv due to nano crystallization at the surface, following the
Hall-Petch relationship of showcasing higher hardness with a decrease in grain size. They also

reported that CRSs of up to -900 MPa were observed in the UNSM treated bearing steel.
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Figure 2.15: Grain size distribution at the surface of bearing steel subjected to UNSM treatment [47].

Chang Ye et al. [44], also reported gradient nanograined microstructure observed in
austenitic 304 SS with a 100% austenite to martensite phase transformation occurring at the surface
due to the SPD induced in the material by UNSM. The amount of martensite transformation was
said to have decreased through the depth of the material and was observed by them up to a depth

of approximately 80 — 100 um from the specimen surface as shown in figure 2.16.
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Figure 2.16. Through the depth martensite volume fraction present in UNSM treated 304 SS [42].
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In another study performed by Chang Ye et al. [41], it was reported that UNSM treatment
of 304 SS weldments resulted in an increase in their near surface hardness and a surface residual
stress transformation in the weldments from tensile to compressive in nature as seen in figure 2.17

(a). Compressive residual stresses of -200 to -300 MPa were reported to be present up to a depth
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of ~ 250um as seen in figure 2.17 (b). Surface hardness of the UNSM treated 304 SS weldment
was reported to have nearly doubled from 210 Hv to 400 Hv and the increase in hardness was seen
by them up to a depth of ~400um from the surface of the weldment before reaching the as-welded

hardness values. And the through-the-depth micro-hardness profile observed by them is given in

figure 2.17 (c).
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Figure 2.17: (a) Surface residual stress distribution across the weldment before and after UNSM, (b) through
the depth residual stress distribution across the weldment after UNSM, and (c) through the depth
microhardness values of 304 SS weldment before and after UNSM [39].

Corrosion behavior of 304 SS weldments with and without UNSM treatment were
determined by them through boiling MgCI2 tests. Upon exposure to boiling MgCl2 solution,
cracks were reported to be observed on the surface of as-welded samples after 72 hours of exposure

whereas no cracks were said to be found in UNSM treated 304 SS weldments even after 120 hours
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of exposure. The cracking was attributed to the tensile stresses present in the weldments prior to
UNSM treatment leading to SCC in the as-welded specimens. Finally, it was concluded that UNSM
treatment improved the corrosion resistance of 304 SS weldments in chloride containing
environment. Shengxi li et al. [45], studied the pitting resistance of UNSM treated 304 SS in 3.5
Wt.% NaCl solution and found that surface re-passivation improved by UNSM due to the grain
refinement of the surface layer. They also reported that the MnS inclusions that were primarily
responsible for the pitting corrosion in 304 SS were broken-down and completely removed by
UNSM treatment.

Therefore, it can be said that UNSM treatment can beneficially impact the factors that
influence the SCC resistance of a material. Moreover, research studies investigating the effects of
UNSM treatment on the microstructure, mechanical and corrosion properties of “sensitized” (i.e.,
representative of welded specimen) 304 “L” SS alloy (i.e., the low carbon grade version of 304 SS
alloy), especially corrosion properties in simulated seawater concentration containing chloride
environment i.e., in 3.5 Wt. % NaCl solution were not found in the open literature. Furthermore,
the effects of UNSM treatment on the properties of LACS and AFS deposited 304L SS alloy have
not been studied yet, with the successful deposition of 304L SS alloy through LACS, AFS
techniques being reported very recently. Hence, in this thesis work the effects of UNSM on the
microstructure, hardness, residual stress, and corrosion properties of sensitized, CS, LACS and
AFS deposited 304L SS alloy have been studied thoroughly and the observed results are discussed
extensively, whose knowledge would be extremely important to the nuclear industry in tackling

the CISCC challenge faced by the SNFDSCs situated near marine environment.
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Chapter 3. Experimental Methodology

This chapter provides a detailed description of the 304L SS materials processed in different
ways, their surface preparation for the surface and heat treatments, along with details on the
ultrasonic nanocrystal surface modification (UNSM) treatment parameters used in this research
work to surface treat the differently processed 304L SS alloy, and the various characterization
techniques used, to evaluate the impact of UNSM treatment on the material properties of sensitized,

cold sprayed, laser assisted cold sprayed, and additive friction stir deposited 304L SS.

3.1 Materials and Specimen Preparation

3.1.1 Baseline (Conventionally Hot-Rolled & Solution Annealed - CH-R & SA) and
Sensitized 304L SS Materials

A 3 mm thick conventionally hot rolled 304L SS plate having the chemical composition as
shown in table 3.1, that is solution annealed (SA) at 1080°C followed by water cooling was
obtained for this research from Sandia National Laboratory. To study the sensitization behavior of
304L SS alloy, coupons of 30 mm x 30 mm x 3 mm dimensions were aged/sensitized in a
conventional Thermolyne Type 48000 furnace at 600°C, 650°C, 675°C and 700°C for 5 h & 24 h

followed by air cooling. The furnace temperature was measured using a K-type thermocouple.

Element C Ni Cr Mn P S Si N Mo Cu Fe

Wt. % 0.024 802 182 133 0.028 0.001 0.31 0.068 0.29 0.45 Balance

Table 3.1: Chemical composition of conventionally hot rolled & solution annealed 304L SS plate material that
is obtained from Sandia National Laboratory.

3.1.2 Cold Sprayed (CS) & Laser Assisted Cold Sprayed (LACS) 304L SS Coatings

Multiple 304L SS coatings processed through CS and LACS deposition techniques as
shown in figure 3.1 were obtained from The University of Alabama. These coatings were made by

the deposition of 304L SS powder particles onto a 3 mm thick 304L SS substrate material, using
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the processing parameters given in table 3.2. The obtained coating’s thickness and area dimensions
were measured to be 3 mm and 27 mm x 34 mm respectively for both the CS and LACS 304L SS

coatings.

Laser  Laser Coating  Number

Process  Gas Pr(elf:il;re Tem?oeéz)lture Heat speed  Thickness of Saslil;gle
(°C) (mm/s) (mm) Passes
CS He 600 350 N/A  NA 3 4 27 mm x
34 mm
LACS  He 600 350 950 10 3 4 27 mmx
34 mm

Table 3.2: Processing parameters used for depositing the 304L SS powder particles onto the 304L SS substrate
material using the CS and LACS deposition techniques.

Figure 3.1: Top view of as-CS and as-LACS 304L SS coatings made on 304L SS substrate.

3.1.3 Additive Friction Stir (AFS / MELD) Deposited 304L SS Cladding

An AFS / MELD processed 304L SS cladding deposited onto a stainless-steel substrate
material, which was processed with suitable processing parameters was obtained from The
University of Alabama. The image of as processed AFS / MELD 304L SS cladding that was
obtained and used for this study, along with its nomenclature defining the build and line directions
of its deposition are given in figure 3.2. The thickness and the area dimensions of the obtained

cladding were measured to be 7 mm and 17 mm x 76 mm, respectively.
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Figure 3.2: Top ie as-AFS/MELD deposited 304L SS cladding.
3.1.4 Surface Preparation
Prior to performing the corrosion tests on the untreated - SA and sensitized 304L SS
specimens - while studying the alloy’s sensitization behavior, for performing the corrosion tests
on the CS, LACS, and AFS 304L SS specimens in their polished surface condition, and prior to
the application of UNSM treatment on the surface of SA, sensitized, CS, LACS, and AFS 304L
SS materials, polishing of the specimen surfaces has been done. However, it must also be noted
that in the case of CS, LACS, and AFS 304L SS specimens, UNSM treatment has been done on
their as-is surface condition as well, for studying the impact of UNSM treatment on both of their
as-is and polished surface conditions, for reasons stated later in this dissertation research work.
Nevertheless, whenever polishing action was required, it was performed on the several
different 304L SS specimen surfaces studied in this research work in a similar manner as follows,

it was performed by gradually grinding the respective 304L SS material surface on the silicon
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carbide — SiC emery papers, by first grinding it on 180 grit paper followed by 320 grit, 600 grit,
800 grit, and finally finishing with or obtaining the final surface finish on 1200 grit emery paper.
The polished 304L SS specimens were then cleaned with de-ionized water and dried thoroughly,
prior to subjecting them to either corrosion tests or UNSM surface treatment. The polishing was

done manually on Buehler Ecomet 250 system that is shown in figure 3.3.

Figure 3.3: Buehler Ecomet 250 system used for polishing the distinct 304L SS specimens studied in this
dissertation research work.

3.1.5 Sectioning of Test Specimens
The CH-R & SA, CS, LACS, and AFS 304L SS plate / coatings / cladding materials were
sectioned to the dimensions required by the various tests performed on them, using Accutex SP-

300I electric discharge machine shown in figure 3.4.

Figure 3.4: Accutex SP-3001 electric discharge machine used for sectioning the various 304L SS specimens.
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3.2 Ultrasonic Nanocrystal Surface Modification (UNSM)

The UNSM surface treatment involves four different processing parameters namely, static
load (SL), dynamic load / amplitude (A), peening speed (PS), and pitch / interval feed rate (IFR)
as shown in figures 2.14 (b) and 3.5. The UNSM surface treatment is generally performed in a zig
zag manner as represented by the direction of arrows in figure 3.5. The longer arrows and shorter
(shown as pitch) arrows shown in figure 3.5 correspond to the transverse direction (TD) and step

direction (SD) of UNSM surface treatment respectively.

Static load

I Amplitude

Tungsten Carbide Tip

i ‘

Pitaky
—HIen

Figure 3.5: Schematic of UNSM process showing its various parameters.

The UNSM surface treatment performed with different combinations of parameters yields
different results for different materials. Therefore, firstly, a UNSM parametric study was done to
determine the most beneficial UNSM parameters that can be used for surface treating the 304L SS
alloy. For this purpose, a total of 16 UNSM parameter combinations involving two static loads (20
N and 40 N), two amplitudes (8 pm and 20 um), two peening speeds (2000 mm/min and 3000
mm/min) and two interval feed rates (30 um and 70 pm) were employed. The combination of
parameters used in this parametric study are shown in table 3.3.

The UNSM surface treatments were performed on LM-520 system at a frequency of 20kHz
and the load transfer to the material surface was made with a WC tool tip of 2.38mm in diameter.
The set up of LM-520 system located at University of Cincinnati, which is utilized for this study

is shown in figure 3.6 (a). Oil spray was used for cooling the specimens during UNSM treatment
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as shown in figure 3.6 (b) and the oil residue on the surface treated specimens was cleaned
thoroughly with high pressure deionized (DI) water followed by ultrasonic cleaning in DI water
for 10 minutes at room temperature. UNSM peens of 20 mm x 20 mm dimensions were made on
16 different 304L SS specimens of 30 mm x 30 mm x 3 mm dimensions (that were cut from the

CH-R & SA plate specimen) using the UNSM parameter combinations shown in table 3.3.

Peen Static Amplitude Peening Speed Interval Feed Number of shots
Number Load (N) (nm) (mm/min) Rate (um) per mm?
1 20 20 2000 30 20000
2 20 20 2000 70 8571
3 20 20 3000 30 13333
4 20 20 3000 70 5714
5 20 8 2000 30 20000
6 20 8 2000 70 8571
7 20 8 3000 30 13333
8 20 8 3000 70 5714
9 40 20 2000 30 20000
10 40 20 2000 70 8571
1 40 20 3000 30 13333
12 40 20 3000 70 5714
13 40 8 2000 30 20000
14 40 8 2000 70 8571
15 40 8 3000 30 13333
16 40 8 3000 70 5714

2.38mm diameter WC tool tip.

Table 3.3: Combination of UNSM parameters employed for performing the UNSM parametric study.

Figure 3.6: (a) LM-520 Ultrasonic Nanocrystal Surface Modification system at University of Cincinnati and
(b) the image showing the application of oil spray during the UNSM surface treatment.
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The material properties considered for determining the most optimal UNSM parameters -
that will be used in further studies, for surface treating the distinct 304L SS materials studied in
this dissertation research work (sensitized, CS, LACS, and AFS) - were surface roughness, surface
residual stress, through-the-depth residual stress and near-surface & sub-surface hardness. These
properties were chosen as the criteria because of the positive impact they have on the stress
corrosion cracking resistance of a material. The UNSM parameter combination that yields the best
combination of low surface roughness, high surface compressive residual stress (CRS), greater
depth of CRS induction, high near-surface hardness, and deeper hardness penetration depth results,
will be used in further studies for surface treating and studying the impact of UNSM on the several
properties of sensitized, CS, LACS, and AFS 304L SS materials.

For studying the impact of UNSM treatment on the properties of sensitized 304L SS alloy,
the two preliminary studies i.e., the sensitization study and the UNSM parametric study of 304L
SS alloy were put together i.e., the impact of UNSM treatment on the properties of sensitized 304L
SS alloy were studied by peening the most sensitized 304L SS specimen with the most optimal
UNSM parameter combination obtained from the UNSM parametric study. Also, as mentioned in
the previous paragraph, the UNSM surface treatment on CS, LACS, and AFS 304L SS specimens
was performed using the same optimal UNSM parameters, which comprise of 40 N static load, 8
um amplitude, 2000 mm/min peening speed and 0.03mm interval feed rate/pitch.

In the case of SA and sensitized 304L SS specimens, the UNSM treatment was performed
on them, only after polishing them to a 1200 grit surface finish. But in the case of CS, LACS, and
AFS 304L SS specimens, the UNSM surface treatment was performed on them, when they were
in two different surface conditions: (1) in as sprayed / as deposited surface condition and (2) in

polished to 1200 grit surface finish condition. This was done this way, so as to study the corrosion
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behavior of the 304L SS coatings / cladding with respect to their surface finish, since their surface
roughness values were extremely high, and also, as LACS and AFS processing techniques involve
semi-high to high temperatures, their surface characteristics could be different from that of the
CH-R & SA specimen, which could impact their corrosion behavior and these different surface
characteristics might also influence the impact, the UNSM surface treatment can have on the
properties of CS, LACS, and AFS 304L SS specimens, with a dependence on them being in their
as-is or polished surface conditions. Therefore, the UNSM surface treatment was performed on the
CS, LACS, and AFS 304L SS specimens, in both of their as-is and polished surface conditions.
Accommodating the initial dimensions of differently processed 304L SS specimens,
UNSM peens of varying dimensions were made on them as follows: 20 mm x 20 mm peens on 30
mm x 30 mm x 3 mm sensitized specimens; 25 mm x 25 mm peens on CS & LACS coatings; and
28 mm x 16 mm peens on AFS cladding. All these UNSM peens of different dimensions made on
the distinct 304L SS specimens are presented in figure 3.7. Finally, the impact of UNSM treatment
on several properties such as the microstructures, phases, hardness, surface topography, residual
stress, and corrosion properties of sensitized, CS, LACS, and AFS 304L SS materials were
investigated in this research work, and the obtained results are presented and thoroughly discussed

in Chapter 5 of this dissertation.
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Figure 3.7: UNSM peens performed on sensitized, CS/LACS, and AFS/MELD 304L SS alloy.
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3.3 Surface Topography Analysis

Surface roughness (Ra) measurements were measured with a non-contact optical
profilometer - Bruker contour GT equipped with vision 64 software. The optical profilometer used
for this dissertation research work is given in figure 3.8. During the Ra measurements, the surface
of the specimen was scanned using white light illumination in vertical scanning interferometry
(VSI) mode using 5X objective lens at 1X speed. The length of the scan was adjusted according
to the surface being measured. For every specimen a minimum of five scans were taken, and their

average surface roughness values are presented in the current dissertation research work.

Figure 3.8: Bruker contour GT optical profilometer.

3.4 X-Ray Diffraction Phase Analysis

UNSM surface treatment induces severe plastic deformation (SPD) into a material that can
result in phase transformations. Especially in CH-R & SA 304L SS specimen, it is well known that
near-surface austenite to martensite phase transformation occurs due to its UNSM surface
treatment. However, as this dissertation research work involves different 304L SS materials
possessing distinct prior microstructural characteristics, the phase changes associated with UNSM

treating these differently processed 304L SS specimens were studied using Rigaku X-ray
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Diftraction (XRD) system, to evaluate any dissimilarities in the phase transformations involved in
these distinct 304L SS specimens by their UNSM treatment. The Rigaku XRD system used for
this research work is shown in figure 3.9. The XRD scans were performed using Cu-Ka radiation
at 40kV and 44mA, employing Bragg-Brentano focusing method. A 20 scan range of 20°-110° was
measured for every specimen with a step size of 0.02° at a speed of 0.5s per step. The obtained

raw XRD pattern data was processed using MDI/JADE software.

Figure 3.9: Rigaku X-Ray Diffraction system.

3.5 Residual Stress Analysis

The residual stresses (RS) present in the differently processed 304L SS specimens before
and after UNSM surface treatment were determined through X-Ray diffraction technique utilizing
the Proto LXRD system employing the conventional Sin*y technique. The Proto LXRD system at
UC, the principles of x-ray diffraction stress measurement, and the specimen placement in the
proto LXRD system, along with the measurement’s directional indices (0° and 90°) are shown in

figure 3.10. While measuring the residual stress via X-Ray diffraction technique, the strain in the
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crystal lattice is measured and the residual stress corresponding to that strain is calculated,
assuming a linear elastic distortion of the crystal lattice [106]. The severe plastic deformation
produced in the specimen by the surface treatment leads to changes in the spacing of the lattice
planes that causes a change in their stress-free value to that of a new value which then corresponds

to the magnitude of residual stress present in the specimen at that point of measurement.

(b)

(a)y = 0. (b) w =y (sample rotated through some known angle ). D, x-ray detector: S, x-tay source; N, normal to the surface_
LA AR

Figure 3.10: (a) Proto LXRD system at UC, (b) principles of x-ray diffraction stress measurement [85], and (c)
specimen placed in the proto LXRD system showing the residual stress measurements directional indices.

To determine the RS pertaining to the austenite phase of 304L SS alloy, Mn X-ray tube
with a wavelength of 2.103A° was used to acquire the {311} peak at a 20 value of 155.10° whereas
to determine the RS pertaining to the martensite phase induced by UNSM in 304L SS alloy, Cr X-
ray tube with a wavelength of 2.2897A° was used to acquire the {211} peak at a 26 of 152.80°.

The X-ray detectors were equipped with vanadium filters while using Cr tube and no filters were

66



used for Mn tube as recommended by the manufacturer of proto LXRD system. The X-ray S»/2
elastic constants used for austenite and martensite phases were 7.18 x 10 MPa! and 5.67 x 10°¢
MPa! respectively and a round aperture of 2 mm diameter was used for X-ray beam emission. The
residual stress on the surface of every specimen was measured at five different locations in both
of its orthogonal directions (0° and 90°) and their respective average values are presented in this
thesis work.

Through-the-depth residual stress profiles along both the orthogonal directions of all the
differently processed 304L SS specimens after their UNSM treatment were obtained, by measuring
residual stress at the center of the specimens at different depth intervals via layer-by-layer material
removal method using electropolishing technique on Buehler Electromet 4 system. The Buehler
Electromet 4 system used for material removal in the current research work, which is located at

UC is presented in figure 3.11.

Figure 3.11: Buehler Electromet 4 electro-polisher at UC.

Electropolishing technique was used for material removal in this research work because it
prevents stress alteration in the specimens while removing material, unlike the mechanical material
removal methods. The electropolishing solution used for material removal comprises of 87.5 %
methanol and 12.5 % sulfuric acid. To prevent the specimen surface from overheating, each

electropolishing cycle was limited to less than 90 s. During the electropolishing cycle, the solution
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was kept at room temperature and the system voltage was adjusted accordingly so as to maintain
the current generated during electropolishing withing the range of 2.2 A — 2.6 A.

The depth intervals used for the residual stress measurements up to a depth of ~ 100 um
from the surface of any of the specimens studied in this research work, were kept to a small range
of 10 um — 30 pum, because the variance in the residual stress near the surface of a UNSM treated
specimen would be significantly higher, due to the gradient nature of the microstructure that is
generally obtained due to its UNSM surface treatment, with nano crystals being present at its
absolute near-surface. The depth intervals used beyond the 100um depth from the specimen
surface, were gradually increased to 50 um - 80 um, with the intent of determining the depth up to
which the compressive residual stresses were induced into the different 304L SS materials
researched in this dissertation work by their UNSM surface treatment. Strain and depth gradient
corrections were applied to the measured residual stress values in accordance with SAE J784a

standard using the standard Moore and Evans software available with the Proto LXRD system.

3.6 Nano Hardness Analysis

Nanoindentation hardness testing was performed using Anton Paar’s CSM indentation
system equipped with Berkovich indenter having a trigonal pyramid profile. The hardness tester
setup used for this research, which is located at UC is given in figure 3.12. To determine the depth
hardening impact induced by UNSM in all the different 304L SS specimens studied in this research
work, through-the-depth nano hardness profiles of all the specimens with and without UNSM
treatment were obtained on their respective cross-sectioned areas.

The cross-sectioned 304L SS specimens that are required for performing the hardness depth
profiles were sectioned by EDM, and their cross-sectional areas were cold mounted in epoxy resin.
The mounted specimen’s surface was prepared for hardness testing, by gradually grinding them on

SiC emery papers starting from 180 grit to 1200 grit. During nano hardness testing, a maximum
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load of 100 mN was applied on the specimen’s surface, at a loading / unloading rate of 200 mN/min
per indentation, with a holding time of 5 s at the maximum load. To avoid indentation-overlap, the
distance between adjacent indentations was maintained at 30 um. Three sets of hardness depth
profiles per specimen were performed, to check for discrepancies and repeatability of results. Their

average values are presented in this dissertation.

Figure 3.12: Anton Paar’s CSM nano / micro hardness indentation system at UC.

3.7 Corrosion Tests

Corrosion tests of sensitized, CS, LACS, and AFS 304L SS specimens prior to and after
UNSM treatment were performed in two different solutions: (1) in 0.5M H2SO4 + 0.05M KSCN
solution, which are called as the double loop electrochemical potentiodynamic reactivation
(DLEPR) tests, which help in determining the degree of sensitization or degree of susceptibility
(DOS) of a material 1.e., the strength of the passive film formed on the material surface, depending
on which the material proportionally resists / undergoes corrosion and (2) in 3.5 Wt.% NaCl
solution - simulating seawater containing environment, which are called as the cyclic
potentiodynamic polarization (CPP) tests, which help to determine the corrosion rate and pitting

corrosion behavior of a material in chloride containing environment. However, it must be noted
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that during the initial sensitization study performed on the 304L SS specimens, in which the alloy’s
sensitization behavior was determined, only DLEPR tests were performed.

The corrosion tests were executed in a gamry paracell connected to a gamry instruments
reference 600 potentiostat as shown in figure 3.13 (a). The test setup involves a conventional three-
electrode system with saturated calomel electrode (SCE) as the reference electrode, graphite as the
counter electrode and the metal specimen as the working electrode (anode). The graphite electrode
and the metal specimens were thoroughly cleaned with de-ionized water and dried before
performing the corrosion tests. Electrochemical sample masks of 1cm? area were used to keep the
area of metal exposed to corrosive solution constant among all the specimens, as shown in figure

3.13 (b), whose purpose was also to reduce crevice corrosion.

Exposed surface area
(Iem?) of specimen for
corrosion test

Figure 3.13: (a) Gamry Reference 600 Potentiostat and the corrosion tests setup, and (b) specimen masked
with electrochemical sample mask for carrying out the corrosion test.

Prior to performing the open circuit potential (OCP), the paracell with the test solution was
de-aerated with compressed Ar gas for 1 hour followed by sealing the paracell chamber with ace
threaded nylon plugs. The cyclic corrosion tests were initiated only after a near steady state OCP
was achieved, followed by a potential (vs SCE) sweep from -500mV (vs SCE) to 1000mV (vs
SCE) at a rate of 2V/h (0.56mV/s) during the forward scan. At the apex voltage the scanning

direction was reversed, and the reverse scan was performed at the same rate of 2V/h (0.56mV/s)
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until the initial voltage of -500mV (vs SCE) was reached. Both the corrosion tests (i.e., DLEPR
and CPP), carried out on all the different 304L SS specimens studied in this research work, were
performed at room temperature following the same procedure as outlined above.

DLEPR corrosion tests generate a curve that is plotted between potential vs logarithmic
current density comprising of a loop with anodic/forward scan and reactivation/reverse scan. A
typical curve obtained as a result of the DLEPR test is presented in figure 3.14. During a DLEPR
test, a passive film forms on the surface of the test specimen during the forward scan, and
depending on the strength / weakness of the passive film formed on the specimen surface, a
proportional amount of metal dissolution occurs in the material during the reverse scan, which
occurs by the local disintegration of the passive film by the corrosive test solution, leading to a
localized and/or uniform corrosive attack on the metal specimen surface, depending on the

microstructural characteristics of the specimen being tested.
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Figure 3.14. Typical DLEPR test curve showing the forward and reverse scans along with various potentials
and current densities that can be obtained from it.
The current density at which the passive film starts to form during the forward scan is

known as the peak activation current density (Ia). The degree of metal dissolution occurring by the

breakdown of passive film during the reverse scan is represented by the peak reactivation current
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density (Ir). Finally, the degree of sensitization or susceptibility (DOS) of a specimen or the
strength of the passive film formed by the material on its surface, can be determined quantitively
from the following formula, % DOS ratio = (Ir/Ia) * 100. Other useful data such as the corrosion
potential (Ecorr) and passivation potential (Epp) can also be obtained from the DLEPR test curves.
The location of Ia, Ir, Ecorr, and Epp on a typical DLEPR test curve are shown in figure 3.14.

The corrosion potential - Ecorr is the electrochemical potential at which the oxidation and
reduction reactions that are occurring at the metal-electrolyte interface are in equilibrium with each
other and the metal / alloy is said to be in a stable / equilibrium corrosion state at this potential.
Passivation potential - Epp is the potential at which the passive film starts to form during the
forward scan i.e., it is the potential at Ia.

During the forward scan, between the potentials Ecorr and Epp, the material surface gets
into an active state undergoing uniform anodic metal dissolution. At potential Epp during the
forward scan, the material surface transforms to a passive state, which is represented by the sudden
drop in current density values seen in figure 3.14. Potential - E4 in figure 3.14 is the potential at
which the initial breakdown of passive film occurs during the reverse scan, beyond which the
current density increases to a peak value (Ir) depending on the DOS of the material. That is, if a
material is heavily sensitized i.e., having more chromium depleted zones (CDZs) due to extensive
chromium carbide precipitation - as in during prolonged exposure to temperatures in the range of
450°C to 850°C - the passive film formed on the specimen surface will be extremely weaker at the
CDZs, where it will locally breakdown with relative ease during the reverse scan, leading to greater
localized metal dissolution, yielding a greater Ir value and a higher DOS ratio and vice versa.
Therefore, by finding the strength of the passive film forming on a material surface through DOS

ratio, the material’s strength to resist / undergo corrosion could be determined.
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The CPP corrosion tests were performed in a similar manner as that of the DLEPR
corrosion tests, which also yield a curve plotted between potential on the x-axis and logarithmic
current density on the y-axis. However, the majority of the relevant / required test result data from
the CPP corrosion tests, like the corrosion potential (Ecorr), pitting potential (Epit), and corrosion
current density (Icorr) are obtained from the forward scan itself. Whereas the reverse scan gives
an indication of whether there is any re-passivation ability shown by the material being tested, by
re-passivating the pits formed during the forward / anodic scan.

The potential Ecorr, is the potential at which the oxidation and reduction reactions occur at
equilibrium and the potential Epit, is the potential at which the onset of pitting occurs and is
represented by the rapid increase in current density with a constant increase in potential on the
CPP test curve. The location of Epit and Ecorr on a typical CPP test curve are shown by arrows in
figure 3.15. Whereas the corrosion current density - Icorr, was measured from the cyclic
polarization curves using Tafel extrapolation method as shown in figure 3.15. Using the Icorr
value, the corrosion rate (CR) of a material / specimen being tested, can be calculated using the
formula: CR (mpy) = (0.13*Icorr*EW)/(d*A) where Icorr is in pA/cm?, EW is the equivalent
weight in grams/equivalent, d is density in grams/cm?, and A is area of metal exposed to corrosive
solution in cm?. Therefore, the CPP corrosion tests performed in 3.5 Wt.% NaCl solution, give a
representation of the CR of a material and its pitting corrosion behavior (determined from the
pitting potential shown by a material) in chloride containing environment.

Hence, by performing the DLEPR and CPP corrosion tests on the prior and after UNSM
surface treatment surfaces of the different 304L SS specimens with distinct microstructural
characteristics that are being studied in this research work, the impact of UNSM treatment on the

degree of sensitization / susceptibility, corrosion rate, and pitting corrosion behavior of the
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sensitized, CS, LACS, and AFS 304L SS materials has been determined and thoroughly analyzed,

whose results and analysis are presented in detail in the following chapters of this dissertation.
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Figure 3.15: Typical CPP test curve showing the forward and reverse scans along with various potentials and
current densities that can be obtained from it.

3.8 Microstructural Characterization

Secondary Electron (SE) / Back Scattered Electron (BSE) micrography, Electron Back
Scattered Diffraction (EBSD), and Energy Dispersive X-ray Spectroscopy (EDS) techniques were
employed as needed throughout the course of this research work, to analyze the various 304L SS
specimens with distinct microstructural characteristics studied in this dissertation research work.
These analyses were performed using the ThermoFisher SCIOS equipment shown in figure 3.16.

EBSD was performed on the ThermoFisher SCIOS equipment equipped with EDAX
EBSD detector, to analyze the cross-sectioned areas of all the differently processed 304L SS
specimens studied in this research work, with respect to before and after their UNSM treatment,

to determine the changes in microstructure, dislocation density, grain boundary misorientation and
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the extent of plastic deformation embedded in the specimens through their UNSM treatment.

B g " "

Figure 3.16: ThermoFisher SCIOS equipment at UC.

The specimens required for cross-sectional EBSD analysis, were prepared by cold
mounting them in epoxy resin with a curing time of 8 — 12 hours, followed by mechanical grinding
with SiC emery papers ranging from 180 grit to 1200 grit, followed by fine polishing with 1 pm
diamond suspension and final polishing with 0.05 pm colloidal silica suspension, to ultimately
obtain specimens with a mirror finish. The specimens were then thoroughly cleaned with deionized
water and ethanol followed by drying with an electric heater gun. Furthermore, to avoid charging
issue in the SCIOS machine, a thin layer of gold coating was applied on the cleaned specimen’s
surface using timed sputter coating method.

Finally, to obtain the respective specimens inverse pole figure (IPF) maps that determine
their crystallographic orientation and texture, the EBSD scans were performed at an operating
voltage of 30 kV and a current of 13 nA with varying step sizes in accordance with the

magnification at which the scans were performed.
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Further analysis of EBSD data was done using EDAX/TSL OIM Analysis 7 software, to
obtain the grain boundary misorientation (GBM) maps, kernel average misorientation (KAM)
maps and their distribution charts, grain size (GS) and misorientation angle (MA) distribution
charts, which are all presented in the following chapters of this dissertation document.

SE/BSE micrography was used to examine the surface characteristics of various 304L SS
specimens after their UNSM treatment and to analyze the post-corrosion test surfaces of all the
distinct 304L SS specimens studied in this research work, with the corrosion tests performed in
different solutions on their untreated and UNSM treated surfaces. Very minimal cleaning was
applied to the UNSM treated and corrosion tested specimens, to preserve their surface integrity
and observe the unaltered effects of UNSM and corrosion tests on the various 304L SS specimen
surfaces studied here.

When necessary, the elemental composition of the various 304L SS specimens was
determined using the EDS technique, with the help of EDAX EDS detector mounted on the
ThermoFisher SCIOS system.

Keyence VHX-600 digital microscope shown in figure 3.17 was used to observe the basic

optical microstructures of some of the UNSM treated 304L SS specimens.
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Chapter 4. Evaluating the Properties of Sensitized, CS, LACS and
AFS 304L SS with respect to the Conventionally Hot-Rolled and
Solution Annealed 304L SS

In this chapter, various properties that can have an influence on the SCC resistance of a
material like the microstructure, hardness, surface roughness, residual stress, degree of
sensitization or susceptibility, and pitting corrosion behavior of sensitized, CS, LACS, and AFS
304L SS materials have been studied extensively and whenever appropriate these properties have
been evaluated by comparing them with the properties of conventionally hot-rolled and solution

annealed (CH-R & SA) 304L SS plate material.

4.1 Determining the Sensitization Behavior of 304L SS Alloy using Double
Loop Electrochemical Potentiodynamic Reactivation (DLEPR) Tests

Firstly, a preliminary study was done for determining the sensitization temperature at which
the greatest degree of sensitization (DOS) occurs in the CH-R & SA 304L SS plate specimen when
it is subjected to sensitization temperatures in the range of 600°C - 700°C. This preliminary study
was performed to further evaluate the various properties of sensitized 304L SS with respect to the
properties of unsensitized or as-received CH-R & SA 304L SS specimen and for studying the
impact of UNSM treatment on the sensitization behavior and other properties of “sensitized” 304L
SS material. For this purpose, the sensitization / aging parameters used in the current research work
are, temperatures > 600°C, 650°C, 675°C & 700°C and durations > 5h & 24h followed by air
cooling (culminating in 8 sensitization parameter combinations). The sensitized 304L SS
specimens were polished and subjected to DLEPR corrosion tests following the procedures
outlined in sections 3.1.4 and 3.7 of Chapter 3 in this thesis, respectively. From the obtained
DLEPR corrosion test curves for the various sensitized 304L SS specimens studied here, the degree

of sensitization (DOS) ratios for each individual specimen were calculated using the formula %

77



DOS ratio = (Ir/la)*100 where Ia and Ir are the peak activation and peak reactivation current
densities respectively, which were obtained from the respective specimen’s DLEPR corrosion test
curve, whose typical location is given in figure 3.14.

The obtained DLEPR curves and the calculated DOS ratios of all the 304L SS specimens
aged / sensitized at 600°C, 650°C, 675°C and 700°C for (a) Sh and (b) 24h, are compared against
the CH-R & SA or baseline 304L SS specimen in figure 4.1. And the data obtained from all these
DLEPR test curves such as the peak activation current density (Ia), peak re-activation current
density (Ir), corrosion potential (Ecorr), passivation potential (Epp) and the calculated DOS ratios
are presented in table 4.1. Whereas the Back Scattered Electron (BSE) micrographs showing the
after DLEPR test surfaces of the SA and all the sensitized 304L SS specimens studied in this
research work are presented in figure 4.2.

No relevant trends could be drawn from the corrosion and passivation potentials obtained
for the SA and sensitized 304L SS specimens. The DOS ratio of SA specimen was found to be
0.003 %, which is representative of an unsensitized material that is significantly resisting corrosion
by the formation of a strong passive oxide film on its surface. This is evident in the BSE
micrograph showing its surface after the DLEPR test in figure 4.2 (i), which exhibits a surface
unaffected by the DLEPR test solution.

The sensitization behavior of the 304L SS specimens aged for 5h, appears to be severe
when aged at 650°C & 675°C, displaying DOS ratios 0f 2.95 % and 2.1 % respectively, as opposed
t0 0.15 % and 0.09 % shown by the 304L SS specimens aged at 600°C & 700°C respectively. The
difference in-between the DOS ratios of specimens aged for 5h at {650°C & 675°C} and specimens
aged for 5h at {600°C & 700°C} appears to be small. Especially with the difference between DOS

ratios of specimens aged for Sh at 650°C & 675°C being small, a clear indication of the temperature
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However, when the 304L SS specimens were aged for 24h, a clear distinction in their
sensitization behavior was apparent with respect to the different aging temperatures studied here.
The specimen aged at 650°C for 24h showed a significantly higher DOS ratio of 14.09 % than
when compared to the DOS ratios of the other three specimens aged for 24h at the other three
temperatures studied here. The DOS ratios of these 304L SS specimens aged for 24h at 600°C,
675°C, and 700°C were measured to be only 1.37 %, 2.85 %, & 0.17 %, respectively. Nevertheless,
the relationship between the DOS ratios exhibited by the 304L SS specimens sensitized at the four
different temperatures studied here that are either aged for 5h or 24h exhibit the same trend as

follows: the DOS ratio of 304L SS specimen sensitized at 650°C > 675°C > 600°C > 700°C.

Peak Re- Degree of

. Peak Activation L. o Corrosion Passivation
Aging time Aging Current Densit Activation Sensitization, otential, Ecorr otential, E
ging temperature Ta A/em?) Y Current Density %DOS = P (m\’f) P (mV’) PP
¢ Ir (A/em?) ((Tr/1a) * 100)
Baseline/Solution Annealed 0.056010 0.000002 0.003 -430 158
600°C 0.086030 0.000128 0.15 -451 255
650°C 0.051440 0.001518 2.95 -426 151
5h
675°C 0.056860 0.001196 2.10 -431 183
700°C 0.075920 0.000068 0.09 -452 208
600°C 0.080630 0.001102 1.37 -453 219
650°C 0.059890 0.008441 14.09 -420 183
24h
675°C 0.058420 0.001663 2.85 -431 187
700°C 0.083240 0.000144 0.17 -450 240

Table 4.1: Data obtained from the DLEPR test curves of solution annealed and sensitized 304L SS specimens
that are tested in 0.5M H2S04 + 0.05M KSCN solution.

During aging / sensitization treatment of 304L SS specimens, depletion of chromium
occurs from areas immediately adjacent to the grain boundaries which then combines with carbon
present in the alloy composition leading to the simultaneous formation of chromium carbide
precipitates and chromium depleted zones (CDZs) along the grain boundaries. Such depletion of

Cr by sensitization phenomenon is deleterious because it adversely affects the formation of passive
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chromium oxide film on the austenitic stainless steel (ASS) specimen’s surface whose purpose is
to act as a barrier between the metal and the surrounding environment providing corrosion
resistance to ASSs. During the DLEPR tests, the sulfides in the corrosive test solution uniformly
attack the passive chromium oxide film formed on the 304L SS specimen’s surface. And the
weaker passive film formed at the CDZs due to a lack of Cr content will quickly disintegrate with
relative ease and will not be able to regenerate at a pace that is required for providing further
corrosion resistance thereby, leading to heavy metal dissolution at these CDZs. This loss of
material to corrosion during DLEPR tests at the CDZs appears as ditches in the BSE micrographs
as can be seen from figures 4.2 (a) — (h), which are displaying the after DLEPR test surfaces of all
the sensitized 304L SS specimens studied in this research work. Depending on the degree of
sensitization occurring in the material / specimen during the different aging / sensitization
treatments, the number and size of ditches formed during the DLEPR tests will vary, giving a direct
qualitative measure of the CDZs formed during the 304L SS specimen’s respective sensitization
treatments performed with different sensitization parameters.

The ditches seen in the BSE micrographs of all the differently aged 304L SS specimens in
figure 4.2 and their obtained DOS ratios align proportionally well with each other. Upon
comparing the micrographs of 304L SS specimens aged at different temperatures for the same
duration (i.e., comparing all the 304L SS specimens aged at 5Sh or 24h among themselves), it can
be observed that the number and size of the ditches formed along the grain boundaries is
substantially greater in 304L SS specimens aged at 650°C than the specimens aged at the other
three temperatures studied in this research. Hence, from both the DOS ratios and the BSE
micrographs of sensitized 304L SS specimens, it can be concluded with certainty that among the

sensitization temperatures studied in the current research work, the DOS / chromium depletion or
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the kinetics of nucleation and growth of chromium carbide precipitates in 304L SS alloy occurs

most profoundly at 650°C.
600°C, 5h > DOS: 0.15%  650°C, 5h > DOS: 2.95 %

675°C, 5h > DOS: 2.10 %
® FH o e

700°C, 5h = DOS: 0.09 %

600°C, 24h - DOS: 1.37% 650°C, 24h - DOS: 14.09% 675°C, 24h - DOS: 2.85%

Figure 4.2: Back scattered electron (BSE) micrographs showing after DLEPR test surfaces of (i) solution
annealed (S4), and (a-h) differently aged 304L SS specimens tested in 0.5M H2504 + 0.05M KSCN test
solution. The sensitization parameters and the obtained DOS ratios for all the 304L SS specimens are
presented at the top of their respective micrographs.

4.2 Evaluating the Microstructure, Phases, Hardness, Residual stress and
Corrosion Properties of Sensitized, CS, LACS and AFS 304L SS w.r.t the
CH-R and SA 304L SS Plate Specimen

From the research study performed in section 4.1, where the temperature at which the
highest degree of sensitization occurring in 304L SS plate material was determined to be at 650°C
among the four different temperatures studied there, gives a baseline sensitization temperature of
650°C with aging durations of 5h and 24h to be used for further studies where several properties
of sensitized 304L SS specimen will be evaluated and compared with respect to the properties of
unsensitized or as-received CH-R & SA 304L SS plate specimen. As described in sections 4.1 and

82



3.1, the sensitized 304L SS specimens for further testing were obtained by sectioning them from
the CH-R & SA 304L SS plate specimen and subjecting them to the appropriate sensitization
parameters (temperature: 650°C, durations: Sh & 24h) using the conventional Thermolyne Type
48000 furnace located at The University of Cincinnati itself. Whereas the CS, LACS, and AFS
304L SS coatings / cladding deposited using appropriate parameters were obtained from The
University of Alabama as described in section 3.1.

In order to thoroughly evaluate and compare the Sensitized, CS, LACS, and AFS 304L SS
material / coatings / cladding with that of the as-received CH-R & SA 304L SS plate specimen,
their properties such as microstructure, phases, hardness, residual stress, surface topography,
degree of sensitization / susceptibility, and pitting corrosion behavior have been studied in the
current research work, whose results and analysis have been discussed thoroughly in the following
sections of this chapter.

But first, the designations used for conveniently representing the different 304L SS

specimens studied in this research work pertaining to this chapter are as follows:

304L SS Specimen’s Surface Condition Designation
As-received Conventionally Hot-Rolled & SA
Solution Annealed specimen
Sensitized at 650°C for 5h specimen S5
Sensitized at 650°C for 24h specimen S24
As Cold Sprayed specimen As-CS
As Laser Assisted Cold Sprayed specimen As-LACS
As AFS/MELD deposited specimen As-AFS
Polished to 1200grit CS specimen CS+P
Polished to 1200grit LACS specimen LACS +P
Polished to 1200grit AFS specimen AFS+P

Table 4.2: Designations used for representing the different 304L SS specimens studied in this Ph.D.
Dissertation research work.
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4.2.1 Microstructural Analysis using Electron Back Scattered Diffraction (EBSD)
Technique

The EBSD analysis of the SA and Sensitized 304L SS specimens was performed at two
magnifications - 250X and 1000X using a step size of 0.7 um and 0.15 pm respectively. For
different analysis, the EBSD images captured at the magnification most appropriate for accurately
representing the relevant data have been used accordingly. Whereas the EBSD analysis of CS,
LACS, and AFS 304L SS coatings / cladding were performed at a higher magnification of 2500X
using a step size ranging from 65 nm — 80 nm as required by different specimen’s microstructure.

The EBSD analysis of SA, Sensitized, CS, LACS, and AFS 304L SS specimens performed
at the different magnifications using the step sizes that are appropriate to the magnification being
used results in acquiring the respective specimen’s inverse pole figure (IPF) maps which show
their crystallographic orientation and texture. Using the EDAX/TSL OIM Analysis 7 software,
other relevant data such as the grain boundary misorientation (GBM) maps showing low angle
grain boundaries (LAGBs i.e., 2°-15°) and high angle grain boundaries (HAGBs 1.e., > 15°); grain
size (GS) and misorientation angle (MA) distribution charts; kernel average misorientation (KAM)
maps and their kernel distribution charts have been obtained for all the different 304L SS
specimens and the obtained data is presented here in this section.

Note that the black area seen at the top of the microstructures (e.g. figure 4.3 (a-f), figure
4.4 (a-c) etc.) represents the void space above the specimen surface i.e., the interface between the
black area and the colored grains seen here represents the actual surface of the specimen.
Moreover, the color scheme used in the KAM maps (e.g. figure 4.5 (a-c) or figure 4.6 (b) etc.)
which represent the plastic strain present in the material follows the relationship: blue < green <

yellow < red. Whereas, the white color seen in the KAM maps (e.g. figure 4.6(b)) represents the
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0-point kernels which are either heavily deformed or signify very tiny grains that are difficult for
EBSD detection.

Sensitized 304L SS:

Figure 4.3 (a), (b), (c) show the inverse pole figures (IPF) maps and (d), (e), (f) show the
phase distribution maps of SA, S5, and S24 304L SS specimens respectively that are obtained
using the EBSD technique. The IPF maps of SA, S5, and S24 specimens indicate that all the

specimens have random crystallographic orientation and no texture.

Solution Annealed Sensitized at 650°C, S5h Sensitized at 650°C, 24h

Color Coded Map Type: Phase Color Coded Map Type: Phase Color Coded Map Type: Phase

Total Partition Total Partition Total Partition
Phase Fraction Fraction Phase Fraction  Fraction Phase Fraction Fraction

Bl ustente 0894 0.894 Il Austenite 0892 0892 Bl Austenie 0877 0877
[ Ferrite 0.066  0.086 [ Ferite 0030 0030 [ Ferite 0.055 0055
Austenite Ferrite (g)
g 111
oo 101 oo1 101

Figure 4.3: Maps obtained from EBSD analysis with (a), (b) & (c) representing the Inverse Pole Figures (IPF);
(d), (e) & (f) representing the Phase distribution maps (ved-austenite, yellow-delta ferrite) of cross-sectioned 304L
SS specimens SA, aged at 650°C for 5h & 24h respectively, (g) represents the legend of IPF maps in (a-c). The top

black edge seen at the top of all the images (a-f) is the respective specimen s surface.
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Observing the phase distribution maps in figure 4.3 (d-f), a small fraction of delta ferrite
(yellow) stringers can be seen in the austenite (red) matrix of SA, S5, and S24 specimens. Also, it
can be observed that there are very few to no delta ferrite stringers up to a depth of ~ 50 um from
their surface beyond which the delta ferrite content increased and is randomly dispersed throughout
the material in all the three specimens.

GBM maps obtained from the EBSD analysis of SA, S5, and S24 304L SS specimens are
presented in figure 4.4 (a), (b), and (c) respectively and their corresponding GS vs area fraction
and MA vs number fraction charts are presented in figure 4.4 (d-f) and (g-1) respectively. On
comparing the SA and S5 specimens, the following observations can be made: the total length of
grain boundaries (GBs) i.e., both LAGBs and HAGBs decreased tremendously in S5 specimen
(3.4 mm) from that of SA specimen (6.03 mm); whereas the GS increased from 3.7 pm in SA to
7.2 um in S5 specimen along with a higher average MA value noticed for the S5 specimen (43.4°)
than that of SA specimen (35.2°), all of which indicate that grain boundary migration or grain
coarsening is occurring in the S5 specimen during its aging / sensitization treatment.

Now, on comparing the EBSD data obtained for the S5 specimen with that of the S24
specimen, the following observations were made: the total length of GBs increased tremendously
in S24 specimen (8.5 mm) from that of the S5 specimen (3.4 mm); whereas the GS decreased
from 7.2 um in S5 specimen to 3.8 um in S24 specimen along with a decrease in average MA
value of 43.4° in S5 specimen to 37.9° in S24 specimen. Additionally, it must be noted that the
total length of GBs, average GS, and average MA values of S24 specimen have reverted closer to
that of the SA specimen’s values from that of the S5 specimen’s values. These changes observed
in the EBSD data of S24 specimen from that of S5 specimen indicates that recrystallization

phenomenon is occurring in the 304L SS alloy between the aging durations of 5h and 24h. The
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Figure 4.4: Maps obtained from EBSD analysis with (a), (b) & (c) representing the Grain Boundary
Misorientation (GBM) maps, (d), (e) & (f) representing the grain size diameter vs area fraction charts, and (g),
(h) & (i) representing the misorientation angle vs number fraction charts of cross-sectioned 304L SS specimens

SA, aged at 650°C for 5h & 24h respectively. The top black edge in images (a-c) is the specimen’s surface.

same is reflected clearly in a visual manner from (b) and (c) in figure 4.4, which show that there
are many twins appearing in the S24 specimen from that of S5 specimen and the GS of S24
specimen decreased from that of S5 specimen as well which would increase the total length of

GBs in the former specimen from that of the latter. Furthermore, the significant increase in
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HAGBSs of S24 specimen from that of S5 specimen which are also considerably higher than the
HAGBs present in SA specimen could be an indication of enhanced chromium -carbide
segregation occurring at the grain boundaries of S24 specimen which would make it highly
susceptible to intergranular stress corrosion cracking (IGSCC). The change in the degree of
sensitization behavior of S5 to S24 specimen has been clearly observed in the DLEPR corrosion
test results presented in section 4.2.6.

Figure 4.5 (a), (b), (c) represent the Kernel Average Misorientation (KAM) maps of SA,
S5, and S24 304L SS specimens respectively and (d-f) represent their corresponding KAM
distribution charts showing the average kernel average misorientation in degrees vs number
fraction. The average KAM value gives information regarding the local lattice distortion or plastic
strain present within the material. The obtained average KAM values of SA (0.76), S5 (0.64), and
S24 (0.73) specimens seen in figure 4.5 (d-f), indicate that the S5 specimen has slightly lower

Solution Annealed Sensitized at 650°C, 5h Sensitized at 650°C, 24h

arne average wsrentzvan e average wescentzion e average wsentztan

Average KAM = 0.73

2 3 2 2 2 3
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Figure 4.5: Maps obtained from EBSD analysis with (a), (b) & (c) representing the Kernel Average
Misorientation (KAM) maps of cross-sectioned 304L SS specimens SA, aged at 650°C for 5h & 24h
respectively and (d), (e) & (f) representing their respective KAM charts showing the kernels misorientation in
degrees with respect to number fraction. The top black edge in images (a-c) is the specimen s surface.
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plastic strain in it when compared to the SA and S24 specimens, which could be attributed to grain
coarsening occurring by the grain boundary migration in S5 specimen during its
aging/sensitization treatment. Whereas the increase in chromium carbide segregation at the grain
boundaries and/or the increase in total number of grain boundaries itself due to recrystallization
in the S24 specimen, could have caused an increase in its lattice distortion yielding an average
KAM value greater than that of the S5 specimen and one that is closer to that of the SA specimen.

CS & LACS 304L SS:

Figures 4.6 and 4.7 represent the EBSD microstructures and data pertaining to the near-
surface cross-sectional areas of CS and LACS 304L SS coatings respectively. The IPF map in
figure 4.6 (a) belonging to the CS 304L SS specimen exhibits an extremely deformed
microstructure possessing very tiny, deformed grains. Its average KAM value of 2.6 is extremely
high and indicates the presence of high amount of plastic strain in the CS coating that could have
resulted from the extreme plastic deformation undergone by the 304L SS powder particles during
their CS deposition / coating process. The total length of LAGBs and HAGBs present in the CS
304L SS specimen were determined to be 3.47 mm and 35.5 mm respectively.

Whereas its average values of GS and MA were found to be 0.24 um and 38.3° respectively.
Also, from observing (a) or (b) or (d) in figure 4.6, it can be said that the CS coatings have porosity
in them with pores being represented by the black areas within the material’s EBSD
microstructures where no EBSD patterns were detected. These porous areas are represented by
white arrows in figure 4.6 (a).

The IPF map in figure 4.7 (a) belonging to the LACS 304L SS specimen exhibits a
homogenous grain structure with random crystallographic orientation (or without texture).

Although the processing technique of LACS involving the simultaneous application of laser to the
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Near-surface area of cross-sectioned as-CS 304L SS Coating — 2500X magnification.
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Figure 4.6: Maps obtained by EBSD analysis performed on the near-surface area of cross-sectioned as-CS
deposited 304L SS coating representing its (a) Inverse Pole Figure (IPF) map, (b) Kernel Average
Misorientation (KAM) map, (c) KAM distribution chart (d) Grain Boundary Misorientation (GBM) map, (e)
Misorientation Angle (MA) distribution chart, (f) Grain Size (GS) distribution chart, and (g) legend of IPF
map in (a).
solid-state deposition of powder particles aims to produce a completely dense product, some voids/
porosity can be observed within the microstructure of LACS 304L SS specimen represented by the
small lamellar black areas in figure 4.7 (a, b & d). The near-surface average values of GS and MA

were found to be 1.0 um and 44.7° respectively. Whereas the total length of the LAGBs and

HAGBs present in the LACS 304L SS specimen were determined to be 0.49 mm and 3.54 mm
respectively. Also, its average KAM value was discovered to be 0.6 representing that of a less
strained material with strain present only at the grain boundaries whereas the grains themselves
appear to be strain free as can be seen from figure 4.7 (b). The lower KAM value of the LACS

deposited 304L SS coating from that of the CS 304L SS coating’s value of 2.6 could be attributed
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to the simultaneous application of laser to the traditional cold spray technique resulting in the in-
situ annealing of the material (i.e., recrystallization) thereby, relieving the typical cold work that
is generated by the bombardment of powder particles during cold spray, leading to a coating /

material with strain free grains.

Near-surface area of cross-sectioned as-LACS 304L SS Coating — 2500X magnification.
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Figure 4.7: Maps obtained by EBSD analysis performed on the near-surface area of cross-sectioned as-LACS
deposited 304L SS coating representing its (a) Inverse Pole Figure (IPF) map, (b) Kernel Average
Misorientation (KAM) map, (c) KAM distribution chart (d) Grain Boundary Misorientation (GBM) map, (e)
Misorientation Angle (MA) distribution chart, (f) Grain Size (GS) distribution chart, and (g) legend of IPF

map in (a).
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AFS 304L SS:

Figures 4.8 and 4.9 represent the EBSD analysis performed at the top-edge and center area
of cross-sectioned AFS/MELD 304L SS respectively. The top-edge and center areas in this analysis
are representative of a single layer of AFS deposit. As the AFS layers have repetitive characteristics

only the top layer is analyzed where the subsequent UNSM treatment will be performed.
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Top-Edge of cross-sectioned as-AFS Coating — 2500X magnification.
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Figure 4.8: Maps obtained by EBSD analysis from the top-edge of cross-sectioned 304L SS as-AF'S coating
representing its (a) Inverse Pole Figure (IPF) map, (b) Kernel Average Misorientation (KAM) map, (c) KAM
distribution chart (d) Grain Boundary Misorientation (GBM) map, (e) Misorientation Angle (MA) distribution
chart, (f) Grain Size (GS) distribution chart, and (g) legend of IPF map in (a).

Looking at the IPF maps in figures 4.8 and 4.9, a large difference in the grain size can be
observed at the center of the AFS layer from that of its top edge. The average GS at the top and
the center of the layer were measured to be 0.55 pm and 2.38 pum respectively. Also, both the
LAGBs and HAGBs decreased significantly from the top layer to its center area combined with an
increase in average MA from 33° to 39.8°. Therefore, with all these observations it can be said that
considerable amount of grain growth has occurred at the center of the AFS layer. The grain growth
at the center of the AFS layer can be attributed to the differences in cooling rate of an individual
layer from its top edge to its center. AFS being an open atmosphere process that is occurring in a

semi solid state, the cooling of an individual layer will commence from the top proceeding to the
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bottom as the top of the AFS layer will be exposed to the atmosphere. Therefore, the top layer will
cool faster resulting in very fine recrystallized grains at the very top followed by a gradient increase
in grain size as the cooling progresses to the bottom of the AFS layer allowing the grains to grow

for longer through the depth of the AFS layer.

Center Area of cross-sectioned AFS Coating — 2500X magnification.
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Figure 4.9: Maps obtained by EBSD analysis from the center area of cross-sectioned 304L SS AF'S coating
representing its (a) Inverse Pole Figure (IPF) map, (b) Kernel Average Misorientation (KAM) map, (c) KAM
distribution chart (d) Grain Boundary Misorientation (GBM) map, (e) Misorientation Angle (MA) distribution
chart, (f) Grain Size (GS) distribution chart, and (g) legend of IPF map in (a).

The KAM map and its distribution chart representing the plastic strain present in a material
are given in (b) and (c) of figures 4.8 and 4.9 respectively. The average KAM values obtained from
the top edge and center of the AFS layer are found to be 1.2 and 0.48 respectively. The KAM map
of the top AFS layer and its average KAM value show that some degree of plastic strain is present
at the top of AFS layer. This plastic strain could be a result of the rotating tool shoulder and the

hydrostatic pressure under which the feedstock material is deposited during MELD processing.
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However, due to the grain growth observed at the center of the AFS layer, strain relief occurs
resulting in a decrease in the plastic strain as observed from its KAM map and its lower average
KAM value. Therefore, it can be conveyed that through the depth of an AFS layer the grain size
increases accommodated by a consequent decrease in grain boundary area and plastic strain.
4.2.2 X-Ray Diffraction Phase Analysis

Sensitized 304L SS:

Figure 4.10 (a) and (b) shows the XRD scans of SA and sensitized 304L SS specimens
respectively with different surface conditions. In both (a) and (b) the blue scan represents the as-
is specimen surface condition, and the orange scan represents the polished to 1200 grit specimen
surface condition. The XRD scan of as-SA 304L SS specimen reveals it to be predominantly made
of austenite phase with the presence of a small amount of delta () ferrite. The presence of § ferrite
is indicated by the minor peak of o ferrite seen at a 20 of 44.5°. When the SA specimen was
polished to 1200 grit surface condition, its XRD scan appears to be similar to that of the as-SA
specimen’s XRD scan with a minor difference, which is that the d ferrite peak intensity seen at the
20 of 44.5° increased considerably.

When it comes to the XRD scan of as-sensitized 304L SS specimen, it shows an oxidized
surface with peaks corresponding to both iron and chromium oxides. However, upon polishing the
sensitized specimen, its XRD scan revealed it to be similar to that of the polished SA specimen’s
XRD scan, exhibiting it to be made of predominantly austenite phase with a high intensity o6 ferrite
peak at the 20 of 44.5°. Therefore, it can be said that the sensitization treatment of 304L SS
specimen led to its surface oxidation which was then removed by polishing.

From the phase maps of SA and sensitized 304L SS specimens seen in figure 4.3 (d-f), it

was inferred that very minimal delta ferrite stringers were present up to a depth of ~ 50 um from
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their surface beyond which their presence increased notably. Typically, upon polishing a specimen
to 1200 grit surface condition, ~ 50 — 100 um of material is removed from the surface. Therefore,
the notably higher o ferrite peak intensities of polished SA and sensitized specimens seen in their

respective XRD scans can be attributed to the polishing action removing the material from their

(a) XRD scans of SA 304L SS specimen
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(b) XRD scans of Sensitized 304L SS specimen
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Figure 4.10: XRD scans of (a) SA and (b) sensitized 304L SS specimens in as-is and polished to 1200 grit
surface conditions.
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surface thereby, exposing a surface with higher o ferrite content (i.e., surface beyond 50 pm depth
seen in figure 4.3 (d-f)) to the X-rays while performing their X-ray diffraction scans. Hence, from
both the phase maps and the XRD scans it can be said with certainty that the acquired 304L SS
plate has some amount of o ferrite in it.

CS & LACS 304L SS:

Figure 4.11 (a) represents the XRD scans performed on SA, CS, and LACS 304L SS
specimens in as-is condition i.e., before polishing. The XRD scans of as-CS and as-LACS coatings
reveal to be just like as-SA specimen having completely austenitic phase with a very weak delta
ferrite peak located at a 20 of 44.5°.

Figure 4.11 (b) represents the XRD scans performed on SA, CS, and LACS 304L SS
specimens after polishing them to 1200 grit surface finish. Like SA specimen, the polished CS and
LACS coatings show an increase in the delta ferrite peak intensity at a 26 of 44.5°. Therefore, all
the specimens seem to be predominantly austenitic but, with a very small amount of delta ferrite
present in the material.

AFS 304L SS:

The XRD patterns obtained from the as-AFS specimen surface are presented in figure 4.12
(a) along with the XRD patterns of as-SA 304L SS and as-sensitized at 650°C for 24h 304L SS
specimens for comparison. The XRD pattern of as-AFS specimen reveals that it has oxidized
surface with peaks similar to the as-sensitized 304L SS specimen. The 304L SS specimen was aged
in a conventional open atmosphere furnace which resulted in an oxidized surface. Similarly, the
AFS/MELD processing being an open atmosphere process resulted in the oxidation of the outer
surface layer. From the XRD pattern of as-AFS deposit the nature of the oxide film on its surface

could not be deduced precisely but they contain peaks from both iron and chromium oxides.
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(a) XRD scans of as-SA, as-CS and as-LACS 304L SS
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(b) XRD scans of polished SA, CS and LACS 304L SS
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Figure 4.11: Comparing the XRD scans of rolled SA 304L SS, CS and LACS deposited 304L SS coatings in
their (a) as-is surface condition and (b) polished to 1200 grit surface condition.
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(a) XRD scans of as-SA, as-Sensitized and as-AFS 304L SS
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(b) XRD scans of Polished SA, and AFS deposited 304L SS
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Figure 4.12: XRD patterns of (a) rolled SA, sensitized at 650°C for 24h, and as-AF'S deposited 304L SS and (b)
polished SA and polished AFS deposited 304L SS (polished to 1200 grit surface finish).
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The as-AFS specimen was polished with SiC emery papers until all the surface oxide was
removed to acquire the XRD pattern of polished AFS specimen surface which is presented in figure
4.12 (b). It revealed that the AFS deposit is predominantly austenitic but has a small amount of
delta ferrite in it. The delta ferrite peak can be observed in the XRD scan at a 26 of 44.5° like that
of the polished SA specimen.

4.2.3 Nano Hardness Analysis

The nano hardness measurements of all the SA, Sensitized, CS, LACS, and AFS 304L SS
specimens were made on their cross-sectioned areas, at 30 um intervals up to a depth of ~ 600 pm
from their surface. The nano hardness measurements for these different as-received or untreated
304L SS specimens have been obtained in the form of depth profiles for two reasons (1) to observe
for any variations in hardness throughout the depth of these specimens which especially evaluates
the processing of 304L SS powder particles deposited through CS, LACS, and AFS techniques and
(2) to use these depth profiles in the next chapter to make an assessment on the impact of UNSM
surface treatment on the hardness characteristics of these different 304L SS specimens along their
depth.

Sensitized 304L SS:

The nano hardness depth profiles of SA (green), S5 (blue), and S24 (red) 304L SS
specimens are presented in figure 4.13. The average hardness values of SA, S5, and S24 specimens
that are calculated by averaging all their respective through-the-depth hardness values are found
to be 297 Hv, 238 Hv, and 264 Hv respectively. The Hall-Petch relationship states that an increase
in grain size leads to a consequent decrease in hardness and vice versa. Therefore, the decrease in
the average hardness value of S5 specimen from that of the SA specimen can be attributed to the

increase in grain size of S5 specimen from that of the SA specimen. The increase in GS of S5
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specimen is a result of the grain growth phenomenon occurring in it during its sensitization
treatment as observed from figure 4.4 (d) & (e). Similarly, the increase in the average hardness
value of S24 specimen from that of the S5 specimen can be attributed to the recrystallization
phenomenon occurring in the 304L SS alloy between the 5h and 24h of sensitization treatment as

observed from figure 4.4 (b) & (c).

Vickers Nano Hardness Depth Profile of SA and sensitized
304L SS specimens
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Figure 4.13: Nano Hardness Depth Profile comparison of SA and sensitized at 650°C for 5h and 24h 304L SS
specimens.

The average GS of SA and S24 specimens were measured to be almost the same with values
of 3.7 um and 3.8 pm respectively. Therefore, minding the Hall-Petch relationship, it would be
expected that the average hardness values of SA and S24 specimens would be very close to each
other. However, this is not the case with SA and S24 specimens exhibiting quite the variance in
their average hardness values. So, to explain this contradictory behavior exhibited by the SA and
S24 specimens with respect to their hardness values, we need to look closely at their hardness
depth profiles where they appear to be close to each other but the hardness values of S24 specimen
exhibit much larger deviations when compared to the deviations in the SA specimen’s hardness

values. These larger deviations in the hardness values of S24 specimen can be due to the enhanced
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chromium carbide segregation occurring at the grain boundaries of S24 specimen during its
sensitization treatment which would consequently increase the area of chromium depleted zones
(CDZs) formed in the material. The CDZs having less amount of chromium exhibit lower hardness
than the unaffected areas thereby, creating localized regions with reduced hardness. Therefore,
when the indentation during hardness testing falls at or close to these CDZs the material
reciprocates a lower hardness value than the unaffected area which explains the larger deviations
in the hardness values of S24 specimen and its lower average hardness than that of SA specimen.

CS & LACS 304L SS:

Figure 4.14 compares the nano hardness values that were obtained along the depth of SA,
CS, and LACS 304L SS specimens. The average hardness values of SA, CS, and LACS 304L SS
specimens that were measured by averaging all their obtained through-the-depth hardness values
were found to be 297 Hv, 594 Hv, and 378 Hv respectively. The hardness values of both CS and
LACS coatings appear to be higher throughout their depth than when compared to the hardness
values of the SA specimen which can be attributed to the plastic deformation the 304L SS powder
particles undergo during their deposition by CS and LACS processing techniques.

Nano Hardness Depth Profiles of SA, CS, and LACS 304L SS
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Figure 4.14.: Nano Hardness depth profiles of SA, CS, and LACS 304L SS specimens.
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On comparing the obtained hardness values of CS and LACS coatings with each other, it
can be observed that the hardness values throughout the depth of LACS coating exhibited
significantly lower values than when compared to the hardness values of CS coating which can be
attributed to the simultaneous application of laser with CS resulting in the in-situ annealing of the
LACS 304L SS coating leading to recrystallization phenomenon in the LACS coating as can be
seen by comparing the EBSD micrographs in figures 4.6 and 4.7. The recrystallization in LACS
coating results in increased grain size than that of the CS coating and consequently decreases its
hardness from that of the CS coating satisfying the Hall-Petch relationship.

AFS 304L SS:

Figure 4.15 compares the nano hardness values along the depth of SA, as-AFS and AFS +
P 304L SS specimens. The near-surface hardness of the as-AFS deposit exhibits a considerably
higher value of ~ 530 Hv that is maintained up to a depth of 50 — 60 um. Beyond which the
hardness decreases drastically within one interval followed by a gradual decrease eventually
reaching closer to the hardness values of SA specimen. The higher near-surface hardness values of
as-AFS specimen are because of the very fine grains present at the very top surface of the as-AFS
deposited layer as seen in figure 4.8.

As expected, after polishing the as-AFS deposit down to 1200 grit surface finish and
performing the hardness depth profile on the AFS + P deposit, the near-surface hardness values of
AFS + P specimen exhibited lower hardness values than the values exhibited by the as-AFS
specimen near its surface. This is due to the polishing action performed on the as-AFS specimen
resulting in the removal of the very fine grains at its surface that were contributing to the higher
near-surface hardness values of as-AFS specimen. Also, looking at the AFS + P specimen’s

hardness depth profile, we can observe that the hardness values at its tail cross over to values that
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are of lower magnitude than that of the SA specimen’s hardness values. Additionally, it can also
be seen from the trendlines of both the as-AFS and polished AFS specimens that they exhibit a
steep decline in the hardness values. This is because of the gradient microstructure observed in the
AFS deposit during EBSD analysis (figure 4.8 and 4.9) i.e., affected by the difference in cooling
rate the grain size increased gradually through the depth of the AFS deposit. Therefore, the gradual
increase in grain size through the depth of the AFS specimen resulted in a consequent gradual

decrease in hardness satistying the Hall Petch relationship.

Nano Hardness Depth Profiles of As -rolled SA, As-AFS and
AFS+ P 304L SS specimens
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Figure 4.15: Nano Hardness depth profiles of SA, and AFS deposited 304L SS specimens.

4.2.4 Surface Topography Analysis

As both the SA and Sensitized 304L SS specimens have been sectioned from the same CH-
R & SA 304L SS plate specimen, there would not be any notable difference in their as received or
polished surface roughness values. With no notable difference in their surface topography, there
will not be any relevance of the surface roughness properties of SA and Sensitized 304L SS
specimens with that of their other properties especially their corrosion properties. Therefore, it was
deemed unnecessary to perform the surface topography analysis of as received or untreated SA

and Sensitized 304L SS specimens and hence, no such data is presented here.
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However, the surfaces of CS, LACS, and AFS deposited 304L SS coatings/cladding appear
to be extremely rough even to the naked eye as seen in figures 3.1 and 3.2. And as surface
roughness of a specimen can have a significant impact on the corrosion properties of a material
because of the surface inhomogeneities acting as preferential sites for localized corrosion
phenomenon such as pitting and crevice corrosion and also, as it impacts the strength of the
beneficial passive oxide film formed on the surface of 304L SS alloy, the surface topography of
as-deposited and polished to 1200 grit CS, LACS, and AFS 304L SS coatings/cladding has been
studied and the obtained results are presented and discussed here.

CS & LACS 304L SS:

The average surface roughness (Ra) values of as-CS, as-LACS, CS + P, and LACS + P
304L SS specimens that are obtained using Bruker contour GT profilometer are depicted
graphically with the help of a bar chart in figure 4.16 (a) and the obtained surface profile scans
that visually depict their surface topography are given in figure 4.16 (b), (c), (d), & (e) respectively.
From figure 4.16, it can be seen that both CS and LACS processes resulted in as-CS and as-LACS
304L SS specimens to possess a significantly rougher surface, and intriguingly both of them
exhibiting a very similar average Ra value of ~ 16 + 1.9 um, whose value was obviously reduced
by polishing the as-CS and as-LACS specimens with SiC emery papers to 1200 grit surface finish,
resulting in the CS + P and LACS + P 304L SS specimens exhibiting an average Ra value of 0.03
+ 0.006 pm and 0.02 £+ 0.003 pm respectively.

The surface scans of as-CS and as-LACS 304L SS specimens depict a very irregular surface
capable of developing several annihilating concentration cells (i.e., the driving force for the
occurrence / acceleration of corrosion would be the existence of concentration gradience from one

area to another area on the same specimen surface) by corrosive species either during corrosion
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(a) Surface Roughness (Ra) average of as-sprayed and polished CS
and LACS 304L SS specimens
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Figure 4.16. Surface topography analysis of as-sprayed and polished to 1200 grit CS and LACS 304L SS
specimens with (a) representing their average surface roughness values in a bar graph, and (b), (c), (d), & (e)
representing the surface profile scans of as-CS, as-LACS, CS + P, and LACS + P 304L SS specimens
respectively.

tests or during real time applications of these coatings. Whereas the surface scans of CS + P and
LACS + P 304L SS specimens show a very smooth surface on which the setup of concentration

cells could be difficult, lethargic, and possibly confined to the mere porosity sites on these
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specimen’s surface which were seen in their EBSD micrographs given in figures 4.6 and 4.7.

AFS 304L SS:

\ ével'age Ra + standard devi
e . Bl e e e Tt T A

(b) Surface Roughness (Ra) average of as-deposited and polished
AFS 304L SS cladding
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Figure 4.17: (a) Surface roughness average (along with standard deviations) of as-AFS specimen surface
showing vastly different values in different regions, and Surface topography analysis of as-deposited and
polished to 1200 grit AFS 304L SS specimens with (b) representing their average surface roughness values in
a bar graph, and (c) & (d) representing the surface profile scans of as-AFS and AFS + P 304L SS specimens
respectively.
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When viewed with naked eye itself, it could be seen that the surface roughness of as-
AFS/MELD deposited 304L SS varied greatly along its surface from figure 3.1 or figure 4.17 (a).
Therefore, the as-AFS specimen surface was divided into three sections as shown in figure 4.17
(a) and multiple surface roughness measurements were performed per section and the average Ra
values representing each section in figure 4.17 (a) are presented in it. Also, the attained average
Ra values for as-AFS and AFS + P 304L SS specimens are presented graphically using a bar chart
in figure 4.17 (b) along with their surface profile scans in figure 4.17 (c¢) & (d) respectively. The
average Ra of the roughest region on as-AFS specimen surface was measured to be 8.6 £ 4.6 um.
Whereas the average Ra value of the AFS + P specimen was measured to be 0.03 + 0.012 pm.
4.2.5 Residual Stress Analysis

Sensitized 304L SS:

The surface residual stress (SRS) of polished SA, S5, and S24 304L SS specimens were
measured to be in the compressive residual stress (CRS) state along both their orthogonal
directions (i.e., step direction (SD) and transverse direction (TD) of the specimen or UNSM
treatment direction to be used in the later chapter) exhibiting magnitudes ranging between -140
MPa & -230 MPa as shown in figure 4.18. These low magnitude CRSs at their surfaces are due to

the mechanical stress placed on the specimen’s surface during polishing with SiC emery papers.

Surface Residual Stress of Polished SA and sensitized 304L
SS specimens
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Figure 4.18: Surface residual stress comparison along both the orthogonal directions of Polished SA and sensitized
304L SS specimens.
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CS & LACS 304L SS:

The SRS measurements obtained for the as sprayed and polished to 1200 grit surface finish
CS and LACS coatings are presented graphically in figure 4.19. The SRSs of as-CS specimen were
measured to be of compressive nature (i.e., having a negative magnitude) with magnitudes of -109
MPa and -123 MPa along its SD and TD respectively. Whereas the SRSs of as-LACS specimen
were found to have a mixed nature of stress state with CRS of -24 MPa along its SD and tensile

residual stress (TRS) i.e., having a positive magnitude of 42 MPa along its TD.

Surface residual stress analysis of as sprayed and polished to 1200
grit CS and LACS 304L SS coatings
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Figure 4.19: Surface residual stress measurements of as sprayed and polished CS and LACS 304L SS coatings.

Generally, due to the mechanical stress placed on a specimen’s surface during polishing,
the SRSs along both the orthogonal directions of a specimen increase by a magnitude of -150 MPa
to -200 MPa on top of the values that are existing in them prior to their polishing. Also, these CRSs
induced in a specimen due to polishing would be confined to the topmost surface up to a depth of
approximately less than 5 um to 10 um. Therefore, the CRSs obtained for the polished LACS
specimen that are seen in figure 4.19 are typical of a specimen surface that has undergone a slight
amount of stress during polishing. However, the CRSs measured with respect to the polished CS
specimen exhibiting magnitudes of -543 MPa and -620 MPa along its SD and TD directions
respectively are not typical of mechanical polishing action. These high CRSs obtained for the

polished CS specimen represent the extensive plastic deformation that was embedded in the CS
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coating during its processing due to the bombardment of 304L SS powders onto the substrate
material generating cold work in it. Therefore, to determine the extent and the behavior of the
CRSs seen at the surface of both the as-sprayed CS and LACS 304L SS coatings along their depth,
through-the-depth residual stress analysis along both the orthogonal directions of these coatings
was performed.

Through-the-depth residual stress profiles of as-sprayed CS and LACS 304L SS coatings:

The residual stress depth profiles of as-CS and as-LACS coatings and their corresponding
full width half maximum (FWHM) profiles are given in figure 4.20. Note that the RS depth profiles
of as sprayed CS and LACS coatings would be inclusive of the RS depth profiles of polished CS
and LACS coatings and hence, RS depth profiles pertaining to only as sprayed CS and LACS
coatings have been performed and presented here.

The RS depth profile of as-CS coating has been done along both of its orthogonal directions
up to a depth of Imm from its surface and the obtained profiles are presented in figure 4.20 (a).
The RS depth profile performed on as-CS coating revealed that CRSs were present consistently
throughout the coating confirming the induction of cold work in the CS coating due to the
bombardment of 304L SS powder particles onto the substrate material during the CS processing.

The RS depth profile of as-LACS coating has been performed up to a depth where the CRS
that was present along its SD transformed to be of a tensile nature. Nevertheless, the RS behavior
along both the orthogonal directions of the untreated LACS specimen as a function of its depth
was measured and documented in figure 4.20 (b). The low magnitude surface CRS present along
the SD of the untreated LACS coating lasted up to a depth of ~ 150 um before transforming to
tensile stress state whereas the surface TRS present along its TD increased notably in magnitude

in the tensile direction with increasing depth.
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(a) RS depth profile of as-CS 304L SS coating (b) RS depth profile of as-LACS 304L SS coating
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Figure 4.20: Residual stress depth profiles of (a) as-CS, and (b) as-LACS 304L SS coatings and (c) their
corresponding FWHM depth profiles.

The mixed nature of RS state along the orthogonal directions observed up to a certain depth
of the LACS coating could be due to the thermal gradience existing only along the SD of the
deposited coating that leads to the locking of thermal stresses along this direction at the near-
surface of the coating. This phenomenon can be explained as follows: LACS process involves the
simultaneous application of laser with the deposition of powder particles onto a substrate. The use
of laser heats up the depositing powder particles to higher temperatures resulting in the in-situ
annealing of the deposited aggregate coating which is typically expected to produce strain free
grains exhibiting tensile residual stresses along both the orthogonal directions of the coating.
However, LACS processing involves the stepwise progression of the application of laser +
deposition of powder particles with an overlap in the steps i.e., overlap between subsequent passes
of powder particle deposition + laser application. This creates some thermal gradients to exist

between subsequent passes of deposited powder particles along the SD of the deposit whereas the
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temperature remains uniform along its TD. This should not be of much concern since the aggregate
deposit undergoes recrystallization before the deposit is completely cooled. However, since LACS
is an open atmosphere process, the rate of cooling at the surface of the coating would be much
faster compared to its internal area. Therefore, the near surface thermal stresses along the SD of
the coating get locked in place before recrystallization could relieve them. So, the very near surface
RS of the LACS coating along its SD was compressive (i.e., up to ~ 150um from the surface in
this case) which transforms to tensile at subsurface whereas the RS along its TD was always tensile
in nature.

The FWHM depth profiles of as-CS and as-LACS coatings given in figure 4.20 (c)
represent the amount of plasticity present in a material. They show that as-CS coating had
significantly higher degree of plasticity or strain in the material than compared to the as-LACS
coating which aligns well with the observations made from their EBSD analysis in figures 4.6 and
4.7. As stated earlier, the high plastic strain seen in CS coating is due to cold work and the decrease
in plastic strain of LACS coating is because of its in-situ annealing due to the application of laser
that is resulting in recovery and recrystallization in the LACS 304L SS coating.

AFS 304L SS:

The SRS measurements of as deposited and polished AFS 304L SS specimens are given in
figure 4.21. The SRS measurements for all the specimens were performed at nine different areas
on their surface along both their orthogonal directions represented as step direction (SD) and
transverse direction (TD), and the average SRS is presented here. The SD of AFS specimens is
along the direction of movement of rotating tool shoulder depositing material during MELD
processing. The TD of AFS specimen is perpendicular to its SD. The SRS of as-AFS specimen

was measured to be in the compressive state (i.e., having a negative magnitude) with values of -
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208 and -295 MPa along its SD and TD respectively. After polishing the AFS specimen to 1200
grit surface finish no notable changes in SRS values could be observed in either of the orthogonal

directions.

Surface Residual Stress of as-deposited and polished AFS 304L SS
specimens
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Figure 4.21: Surface residual stress measurements of as deposited and polished AFS 304L SS specimens.

4.2.6 Corrosion Analysis — Sensitization / Susceptibility Behavior

Sensitized 304L SS:

The results of the DLEPR tests performed to determine the degree of sensitization (DOS)
in SA, S5, and S24 304L SS specimens which give an account of the chromium carbide precipitates
/ chromium depleted zones (CDZs) present in a particular material / specimen that make the
material susceptible to IGSCC have already been presented in section 4.1 of this chapter in figure
4.1 along with the pertinent data in table 4.1 and their after DLEPR test surface micrographs in
figure 4.2. However, in section 4.1, the DLEPR curves, data, and micrographs pertaining to SA,
S5, and S24 specimens have been presented along with the curves, data, and micrographs of other
304L SS specimens as well that are sensitized at the other three temperatures, since the goal of that
study was to determine the sensitization temperature at which the greatest DOS occurs in 304L SS

specimens that are sensitized at the four different temperatures considered in that study. Therefore,
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to exclusively study and compare the sensitization behavior of CH-R & SA 304L SS specimen
with the most sensitized 304L SS specimen that is the specimens sensitized at 650°C for Sh and
24h, the DLEPR curves, the pertinent data, and the after DLEPR test surface micrographs of SA,
S5, and S24 specimens have been pulled separately from section 4.1 and the results exclusive to
these three specimens are presented, compared, and the analysis is discussed here in the following
paragraphs of this section.

Figure 4.22 (a) presents the obtained DLEPR test curves depicting the effect of
sensitization treatments of S5, S24 on 304L SS alloy by comparing them with the DLEPR curve
of SA 304L SS specimen and all their corresponding values of corrosion potential (Ecorr),
passivation potential (Epp), peak activation current density (Ia) and peak reactivation current
density (Ir) obtained from the DLEPR curves, and the DOS calculated as a ratio from the formula
% DOS = (Ir/Ia) * 100, along with the Epp - Ecorr values, which depict the passivation behavior

of a specimen are tabulated in table 4.3.

Peak Peak Re- .
o o Degree of Corrosion .
. Activation Activation Bt . Passivation
Specimen Sensitization, potential, . Epp -
o Current Current _ potential,
condition . . %DOS = Ecorr Ecorr
Density, Ia Density, Ir ((Ir/Ia) *100) (mV) Epp (mV)
(A/cm?) (A/em?)
SA 5.60E-02 1.80E-06 0.003 -430 159 589
Ss 5.14E-02 1.52E-03 2.95 -426 153 580
S24 5.99E-02 8.44E-03 14.1 -420 184 604

Table 4.3: Degree of sensitization ratios and the relevant corrosion data obtained from the DLEPR curves in
figure 4.22 (a).

Firstly, no significant differences were observed in the passivation behavior of SA, S5, &
S24 specimens with them showing very close Epp-Ecorr values of 589 mV, 580 mV, and 604mV
respectively. However, a DOS ratio of 0.003% was obtained for the SA specimen, representing it
to be an unsensitzed material, with its small DOS ratio being contributed by the presence of o

ferrite or other inclusions in the material that can act as initiation sites for passive film breakdown.
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Figure 4.22: (a) DLEPR Corrosion test curves and their corresponding % degree of sensitization values of SA
and sensitized for Sh and 24h at 650°C 304L SS specimens, and (b), (c), & (d) represent the corresponding
BSE micrographs showing the surface after DLEPR testing of SA and sensitized for 5h and 24h at 650°C 304L

SS specimens respectively.

Whereas the DOS ratios of S5 & S24 specimens were found to be 2.95 % & 14.09
respectively giving a direct qualitative measure on the degree of chromium carbide segregation o
CDZ formation happening in the 304L SS alloy at the respective aging durations upon subjecting
it to sensitization / aging treatment at 650°C. Therefore, from the respective DOS ratios of the
sensitized 304L SS specimens, it can be said that upon aging 304L SS alloy at 650°C for 5h a few

CDZs form which increased signficantly upon aging for a longer duration of 24h.
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The same is reflected visually in figure 4.22 (b), (c), & (d) which are showing the BSE
micrographs of SA, S5, and S24 specimens after DLEPR test surfaces respectively. That is with
respect to the BSE micrograph showing the after DLERP test surface of SA specimen, no effect of
DLEPR test solution could be observed on its surface reflecting well with its extremly low DOS
ratio. Whereas with respect to the S5 specimen surface, considerable number of isolated ditches
varying in size can be seen and with respect to the S24 specimen surface, an even greater number
of ditches that are much larger in size and well connected with each other can be observed.
Futhermore, the ditches in both the S5 and S24 specimens could be seen to have formed
predominantly at their grain boundaries.

The ditches that are seen forming in the sensitized 304L SS specimens in figure 4.22 (c) &
(d), form by the loss of material through oxidation during their DLEPR tests. This material loss
majorly occurs because of the presence of CDZs in the sensitized 304L SS speicmens. The CDZs
form along the grain boundaries of 304L SS alloy duirng its sensitization treatment or more
generally during its welding. And during DLEPR tests, the corrosive test solution uniformly
attacks the passive film that is formed on the specimen’s surface. This passive film forms on the
304L SS alloy surface with the help of the Cr content available in its composition as discussed in
the literature review chapter presented in this thesis. However, the passive film that forms at the
CDZs of sensitized 304L SS specimens will be weaker compared to the unaffected areas due to a
lack of chromium content and therefore, it will quickly disintegrate locally at the CDZs due to the
attack of DLEPR corrosive test solution. Additionally, because of the low Cr content at the CDZs,
the passive film will not be able to regenerate quickly within time to provide further protection
leading to continuous heavy metal dissolution at the CDZs, ultimately resulting in the formation

of ditches at the CDZs as seen in figure 4.22 (c) & (d).
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CS & LACS 304L SS:

The DLEPR test curves of as sprayed and polished CS & LACS 304L SS coatings are
compared with the DLEPR curve of as-SA 304L SS specimen in figure 4.23 and all of their
corresponding data such as Ecorr, Epp, Ia, Ir, % DOS, and Epp — Ecorr values are consolidated in
table 4.4. Note that the abbreviation DOS in the case of SA, CS, LACS, and AFS 304L SS
specimens denotes their degree of ‘“‘susceptibility” and not degree of sensitization, as these
specimens have not undergone any sensitization phenomenon like the S5 and S24 304L SS
specimens. Also, note that the SA + P specimen’s data from table 4.3 is added in table 4.4 for
comparison purposes but its DLEPR curve is not shown in figure 4.23 as there is not much

difference between the as-SA and SA + P 304L SS specimens % DOS ratios.

Peak Peak Re-

. Activation Activation Degr(?e N f COI‘I‘OS.I O%  passivation
Specimen Susceptibility, potential, . Epp -
. . Current Current o = potential,
designation . . %DOS = ((I,/1.) Ecorr Ecorr
Density Ia Density I, %100) (mV) Epp (mV)
(A/cm2) (A/cm?)
As-SA 6.63E-02 1.11E-06 0.002 -369 175 544
SA+P 5.60E-02 1.80E-06 0.003 -430 159 589
As-CS 1.11E-01 1.34E-02 12.1 -428 502 930
CS+P 1.00E-01 1.38E-02 13.8 -445 353 798
As-LACS 9.28E-02 1.83E-02 19.7 -410 258 668
LACS +P 9.94E-02 3.14E-03 3.2 -450 352 802

Table 4.4: Degree of susceptibility and corrosion data obtained from the DLEPR curves in figure 4.23.

The DOS ratios of as-SA and SA + P 304L SS specimens were found to be 0.002 % and
0.003 % respectively, representing that of an unsensitized material that is greatly resisting
corrosion signifying the formation of a strong passive film on their surface. Additionally, the
potential difference between Epp and Ecorr (i.e., Epp - Ecorr) which determines the kinetics of the
passive film formation on a specimen’s surface was measured to be 544 mV in the case of the as-
SA 304L SS specimen.

As-CS 304L SS coating: The Epp — Ecorr value obtained for the as-CS coating is extremely
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high exhibiting a value of 930 mV when compared to the Epp — Ecorr value of 544 mV for the as-

SA specimen. This extremely high Epp — Ecorr value of as-CS specimen indicates that its

passivation behavior is lethargic compared to the SA specimen which can be attributed to its

extremely high surface roughness (figure 4.16 (a) & (b)), giving it difficulty to form a stable

passive film on its surface during its DLEPR test. Moreover, the DOS ratio of as-CS coating was

also measured to be extremely high exhibiting a value of 12.1 % indicating that a very weak passive

film formed on its surface which could not effectively resist corrosion during the reverse scan of

its DLEPR test. The high DOS ratio of as-CS coating can be attributed to it having persistent

presence of porosity (figure 5.18) and large number of grain boundaries (figure 4.6) with the

typical weak interparticle bonding that exists in the CS coatings [67][68]. Because the porous sites

present in the CS coating can act as chromium depleted zones (CDZs) where the corrosive test

solution can attack preferentially thereby, weakening the passive film locally at these areas and /
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Figure 4.23: DLEPR Corrosion test curves and their corresponding % degree of susceptibility values of as

sprayed and polished CS and LACS 304L SS coatings compared with as-SA 304L SS specimen.
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exposing the underneath metal to accelerated corrosion. And since the CS coating has very small
grains and large number of grain boundaries possessing weak interparticle bonding which can act
as preferential pathways for the corrosive test solution to attack ultimately resulting in heavy metal
dissolution during its DLEPR corrosion test.

As-LACS 304L SS coating: The Epp - Ecorr value acquired for the as-LACS coating is

668 mV which is significantly lower than the as-CS coating’s Epp — Ecorr value of 930 mV. But
the DOS ratio of as-LACS coating is measured to be 19.7 % showing that the corrosion
experienced by the as-LACS coating is far worse than the corrosion experienced by as-CS coating
during their respective DLPER tests.

Despite both the as sprayed coatings exhibiting similar surface roughness values (figure
4.16 (a)) of ~ 16 = 1.9 um, the Epp - Ecorr value of as-LACS coating is contradictorily
considerably lower than the as-CS coating’s Epp — Ecorr value. Additionally, the porosity seen in
both the CS and LACS coatings from figure 5.18 showed that they have very similar levels of
porous sites, and in research performed by different authors [67][68], it was reported that the
interparticle bonding of coatings made with LACS process improved significantly from that of the
coatings made with the traditional CS process.

Therefore, due to the improvement in the interparticle bonding, it would be expected that
the DOS ratio of as-LACS coating would be much better than the DOS ratio of as-CS coating
along with both the as sprayed coatings exhibiting very close Epp — Ecorr values because of their
similar surface roughness values. However, this is not the case, and they exhibit contradictory
behavior showing that while something is positively influencing the passivation behavior of as-
LACS coating from that of the as-CS coating (despite similar Ra values), the corrosion behavior

of as-LACS coating is worsening than that of the as-CS coating.
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So, to determine this mixed behavior observed between the passivation and corrosion
behaviors of as sprayed CS and LACS coatings, EDS analysis was performed on both their surfaces
and the obtained results are presented in figure 4.24. The EDS analysis revealed that the as-LACS
coating has oxidized surface. The LACS processing technique, which is typically performed in an
open atmosphere involving the use of high-temperature laser could be the reason for the surface
oxidation seen in the as sprayed LACS coating. Also, this oxide film would have to be thin and
confined to the very near surface of the coating because no oxygen peaks were detected during the
XRD phase analysis performed on the as-LACS coating using Rigaku XRD machine (figure 4.11

(a)) in which the X-rays penetrate deeper into the material.

As-CS coating As-LACS coating
S A ]?{;‘t“;“)t As-CS  As-LACS
CK 6.31 4.43
OK - 4.78
CrK 21.29 22.32
MnK 1.4 2.74
FeK 63.84 60.32
NiK 7.16 5.42

Figure 4.24: SE images of as-CS and as-LACS coatings and their corresponding EDS analysis results.

Nevertheless, the oxidized surface of as sprayed LACS coating clearly explains the
contradictory passivation and corrosion behaviors exhibited by the as-LACS coating in
comparison with the as-CS coating. The prior oxidized surface of as-LACS coating assists it during
the forward scan of its DLEPR test to form a passive film on its surface quicker than the unoxidized
surface of as-CS coating. Therefore, the Epp — Ecorr value of as-LACS coating was significantly
lower suggesting that its passivation behavior was better than that of the as-CS coating despite
both the coatings having a similar surface roughness.

However, it must be noted that because of the prior oxidized surface of as-LACS coating,

the passive film that forms on the surface of as-LACS coating during its DLEPR test would not be
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entirely made of the beneficial homogenous chromium oxide film that is primarily responsible for
the corrosion resistance of ASSs. Instead, it will have compositional irregularities which along
with the porous sites and high surface roughness of the as-LACS coating can act as localized
concentration sites which can be preferentially attacked by the DLEPR corrosion test solution
leading to a relatively quicker breakdown of the passive film during the reverse scan of its DLEPR
test. Also, these numerous localized concentration sites make it difficult for the rapid regeneration
of the passive oxide film during the reverse scan of its DLEPR test leading to continuous
accelerated corrosion in the as-LACS coating that ultimately results in a very high DOS ratio of
19.7 %. Therefore, the high DOS ratio of as-LACS coating can be attributed to the combined effect
of its surface oxide film formed during processing, persistent presence of porosity in the coating
and its high surface roughness and the huge difference between the DOS ratios of as-CS and as-
LACS being attributed to the presence of surface oxide film on the latter specimen.

CS +Pand LACS + P 304L SS coatings: The Epp — Ecorr values of polished CS and LACS

coatings were measured to be of almost the same values with them exhibiting 798 mV and 802
mV respectively. The Epp - Ecorr values of both the polished CS and LACS coatings are worse
than the SA specimen’s Epp — Ecorr value indicating that there was a delay in the formation of a
stable passive film on their surface during their DLEPR corrosion tests which can be attributed to
the porosity present in the coatings. Additionally, in a hypothetical manner, the similarity in the
Epp — Ecorr values obtained for the polished CS and LACS coatings can indicate that the porosity
levels present in both the coatings could roughly be the same.

The passivation behavior (Epp - Ecorr) of CS coating improves by polishing because of
the decrease in its surface roughness enabling the coating to passivate quicker. Whereas the

passivation behavior of LACS coating appears to be contradictorily aggravated by polishing. But
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this is not the reality because the deleterious surface oxide film formed on the surface of as-LACS
coating during its processing was removed by polishing and therefore, will not be meddling with
the formation of passive film on the surface of polished LACS coating during its DLEPR test.
Therefore, the passivation behavior of as-LACS and LACS + P must not be compared with each
other and the passivation behavior of LACS + P coating must be considered as the true passivation
behavior of 304L SS material deposited by LACS process. Also, the passive film formed on the
LACS + P specimen surface will be made of the beneficial homogenous chromium oxide film that
is stronger than the passive film formed on the as-LACS coating surface.

The elemental composition peaks obtained from the EDS analysis performed on the as-
LACS and LACS + P coating surfaces are presented in figure 4.25. The presence and absence of
detected oxygen peak in the EDS scans of as-LACS and LACS + P coating surfaces respectively
indicates that the oxide film on the as-LACS coating surface was removed by polishing. The
oxygen peak detected in the EDS scan of as-LACS coating is represented by the black arrow in
figure 4.25.

Coming to the DOS ratios of polished CS and LACS 304L SS coatings, they were found
to exhibit values of 13.8 % and 3.2 % respectively. Despite the improvement seen in the passivation
behavior of CS coating by polishing, no improvement could be observed in its sensitization
behavior due to polishing. Because the CS coating has very tiny grains with inherently weak
interparticle bonding, LACS + P specimen tends to suffer heavy metal dissolution during its
DLEPR test even though its extremely rougher surface has been smoothened by polishing.

In the case of the polished LACS coating, its DOS ratio decreased tremendously from 19.1
% to 3.2 % showing an outstanding improvement of nearly 6X after polishing. This improvement

seen in the DOS ratio of LACS coating by polishing can be explained as follows - with no
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Figure 4.25: BSE micrographs and the corresponding EDS analysis results of as-LACS and LACS + P 304L SS
coatings.

compositional irregularities in the passive oxide film formed on the surface of LACS + P coating
during its DLERP test due to the removal of oxide film on its surface by polishing along with the
significant reduction in its surface roughness by polishing, reduces / limits the number of localized
concentration sites present in the LACS + P coating to its lone porosity sites. This significant
reduction in the number of localized concentration sites by polishing will result in an improvement
in the passive film characteristics of LACS + P coating during the reverse scan of its DLEPR test
making it to experience reduced corrosion than that of the as-LACS coating during their respective
corrosion tests. Therefore, in conclusion, it can be said that the significant improvement seen in
the DOS ratio of LACS + P coating from that of the as-LACS coating’s DOS ratio can be attributed
to the removal of the deleterious surface oxide film and the significant decrease in surface
roughness of as-LACS coating by polishing. Hence, the DOS ratio obtained for the LACS + P

coating can be regarded as the true DOS ratio of LACS processed 304L SS material.
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Additionally, on comparing the DOS ratios of both the polished CS (13.8 %) and LACS
(3.2%) coatings it can be said that due to the application of laser simultaneously with CS increases
the corrosion resistance of 304L SS coating despite both the coatings exhibiting roughly the same
degree of porosity. Therefore, the betterment in the DOS ratio of polished LACS coating from that
of the polished CS coating can be attributed to the enhancement in the interparticle bonding of
LACS coating by recrystallization (figures 4.6 and 4.7) of the 304L SS powder particles during
their LACS processing.

AFS 304L SS:

The DLEPR test curves of as-AFS and AFS + P specimens are compared with the DLEPR
curve of as-SA 304L SS specimen in figure 4.26 and all their corresponding data such as Ecorr,
Epp, 1a, Ir, % DOS, and Epp — Ecorr values are consolidated in table 4.5. Repeating the statement
from earlier section, note that the SA + P specimen’s data from table 4.3 is added in table 4.5 for
comparison purposes but its DLEPR curve is not shown in figure 4.26 as there is not much

difference between the as-SA and SA + P 304L SS specimens % DOS ratios.

Peak Peak Re- .
R .. Degree of Corrosion ..
. Activation  Activation nar . Passivation
Specimen susceptibility, potential, . Epp -
. . Current Current o _ potential,
designation . . %DOS = Ecorr Ecorr
Density Ia Density I, ((1/1,) *100) (mV) Epp (mV)
(A/cm2) (A/em?) roe

As-SA 6.63E-02 1.11E-06 0.002 -369 175 544

SA+P 5.60E-02 1.80E-06 0.003 -430 159 589

As-AFS 2.45E-02 2.64E-02 107.8 -337 7.9 345

AFS +P 7.00E-02 6.48E-06 0.009 -441 187.2 628

Table 4.5: Degree of susceptibility and corrosion data obtained from the DLEPR curves in figure 4.26.

As-AFS: The Epp — Ecorr and DOS ratio obtained for the as deposited AFS specimen are
345 mV and 107.8 % respectively. Upon comparing with as-SA specimen, the low Epp — Ecorr
value of as-AFS specimen deceives us into thinking that its passivation behavior is better than SA
specimen, but it is due to the already present oxide film on its surface influencing its passivation.
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The presence of oxide film,on as-AFS specimen was revealed by the XRD analysis shown in figure
4.12 (a). It was also observeq from its XRD pattern that the oxide film on the as-AFS specimen

ad mixed peaks of chromium and iron oxides. Therefore, the oxide film forming on the as-AFS

formed during thé, DLEPR test of as-AFS specimen will contain
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Figure 4.26: DLEPR Corrosion test curves and their corresponding % degree of susceptibility values of as

deposited and polished AFS 304L SS claddings compared with as-SA 304L SS specimen.

The SE micrographs of as-AFS specimen before and after DLEPR test along with the

analysis performed on their surface are presented in figure 4.27. The EDS analysis pgrformed on
as-AFS specimen surface showed a very high intensity O» peak as expected. And the\ O, peak

intensity on after-DLEPR test surface decreased considerably but still shows that significantoxide




levels were still present on the surface. Also, observing the SE micrographs we can see that
corrosion has occurred on the oxide film of as-AFS specimen without exposing the underneath
AFS metal to the test solution during the course of the DLEPR test. Thus, the humongous DOS
ratio obtained for the as-AFS tested surface is attributed to the oxide film and does not represent
the AFS deposited 304L SS. However, it can be deduced from this test that the oxide film formed
on the as-AFS surface is not made of the beneficial chromium oxide and therefore is detrimental
for corrosion resistance. Nevertheless, further study would be required to determine how this oxide
film on the as-AFS surface can impact the underneath metal if the DLEPR test were to be
performed for longer i.e., until the oxide film is completely eroded exposing the underneath metal

to the altered test solution containing the eroded oxide film.
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Figure 4.27: SE micrographs of as deposited AF'S surface before and after DLEPR test and the results of the
EDS analysis performed on their surface.
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Polished AFS: The Epp — Ecorr of polished AFS specimen was found to be 628 mV which
is slightly higher than the SA specimen. Moreover, the increased Epp — Ecorr of polished AFS
from that of the as-AFS specimen represents the removal of the oxide film showing the true
passivation potential difference of AFS deposited 304L SS material. The DOS ratio of polished
AFS specimen was measured to be 0.009% which is extremely close to the SA specimen
representing that the 304L SS deposited by AFS/MELD processing exhibits a great ability to resist
corrosion and the passive film formed on its surface is stable, strong, and protective like that of
the conventionally hot-rolled SA specimen’s. The SE micrographs of polished AFS surface before
and after DLEPR test are shown in figure 4.28 which show only light uniform corrosion occurring

on its surface, reflecting proportionally well with its low DOS ratio.

Polished AFS Polished AFS + DLEPR
N ———
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Figure 4.28: SE micrographs of polished AFS surface before and after DLEPR test.

4.3 Discussion

In this chapter, the microstructures, phases, hardness, surface topography, residual stress,
and corrosion behavior of Sensitized, CS, LACS, and AFS 304L SS have been evaluated and
compared with respect to the conventionally hot-rolled and solution annealed 304L SS alloy. The
only similarity between the distinct 304L SS materials studied in this research work, was revealed

by the XRD phase analysis, which showed that all the distinct 304L SS material / coatings /
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cladding 1i.e., Sensitized, CS, LACS, and AFS 304L SS had predominantly austenitic
microstructure with the presence of a small amount of delta ferrite.

Although the peak intensity of delta ferrite varied with the specimen’s surface condition
1.e., if it was in as-is surface condition or in polished surface condition, with the delta ferrite peak
intensity increasing for the polished specimen surface condition from that of the as-is specimen
surface condition for the SA, Sensitized, CS, and LACS 304L SS specimens. This increase in delta
ferrite peak intensity of SA and Sensitized 304L SS specimens upon polishing, is attributed to the
polishing action removing the top surface area, and exposing the underneath area with increased
density of delta ferrite stringers that are present below the 50 um depth level from the specimen
surface, as evidenced by the phase maps obtained during their EBSD analysis, to the X-rays during
their XRD phase scans.

Whereas in the case of CS and LACS 304L SS coatings as well, the increase in delta ferrite
peak intensity upon polishing is attributed to the removal of their extremely rougher surfaces by
polishing, thereby allowing the XRD phase scans to be performed on the flat surfaces of polished
CS and LACS 304L SS coatings yielding increased delta ferrite peak intensities. However, in the
case of as-deposited AFS 304L SS cladding, its XRD scan revealed it to have oxidized surface,
and when the surface oxide film was removed by polishing, its subsequent XRD phase scan i.e.,
of polished AFS 304L SS cladding revealed it to exhibit a scan very similar to that of the other
304L SS materials studied here.

The EBSD analysis performed on the cross-sectional areas of SA, S5, S24, CS, LACS, and
AFS 304L SS specimens, helped to determine the plasticity present in the particular material, that
is derived from the Kernel Average Misorientation (KAM) value, which revealed that the plastic

strain in the SA, S5, S24, and LACS 304L SS specimens appeared to be within close proximity of
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each other with their KAM values ranging between 0.6 — 0.76, which is attributed to the plastic
strain present at the grain boundaries of these specimens. Whereas the KAM value obtained for
the CS 304L SS specimen is ~ 3X to 4X times greater exhibiting a value of 2.6, and the KAM
value obtained for the AFS cladding specimen varied significantly from its top edge to its center
exhibiting a value of 1.2 and 0.48 respectively.

The higher plastic strain present at the top edge of the AFS cladding, could be a result of
the rotating tool shoulder and the hydrostatic pressure under which the feedstock material is
deposited during MELD processing. And with AFS being an open atmosphere process, a difference
in the cooling rates will exist between the top edge and the center area of a single AFS deposited
layer, resulting in a faster cooling of the top edge and allowing the center area of an AFS layer to
cool slowly leading to grain coarsening and strain relief at the center area of the AFS layer, due to
which a large difference in the KAM values of the top edge and center areas of an AFS layer is
observed. Therefore, the lower KAM value obtained for the center area of the AFS layer indicates
the occurrence of strain relief due to grain coarsening.

Whereas the greater KAM value of CS 304L SS coating is attributed to the cold work
generated in the coating during its traditional CS processing, which involves the bombardment of
304L SS powder particles onto a substrate material, resulting in heavily deformed grains or the
embedment of plastic strain into the material, as evidenced from its inverse pole figure map
showing a microstructure with heavily deformed grains. With the simultaneous application of laser
to CS processing as in during LACS, in-situ annealing of the coating occurs resulting in
recrystallization and grain growth phenomenon which tends the material to undergo strain relief
as opposed to the solely CS material, yielding an LACS 304L SS coating with extremely lower

KAM value than when compared to the CS 304L SS coating.
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This viewpoint is also supported by the full width half maximum (FWHM) profiles
obtained during the residual stress (RS) depth profiles of CS and LACS 304L SS coatings. The
FWHM profiles or values give a quantitative measure of the plastic strain present in the material
at its surface or at the particular depth of the specimen where the RS measurement is being done
and the FWHM profile of CS and LACS 304L SS coatings reveal that high and low degree of
plastic strain is present in these specimens respectively, supporting the obtained KAM values of
these specimens. Additionally, the RS depth profiles performed on the CS and LACS 304L SS
coatings, showed that compressive residual stresses were present throughout the CS coating as a
result of the generated cold work during the CS processing, which were relieved to a greater extent
with residual stresses in the tensile and low compressive magnitude range to be present at the
surface and near sub-surface of LACS 304L SS coatings and with their magnitudes increasing
towards the tensile region with an increase in the depth of the LACS coating.

The average grain sizes (GS) of SA, S5, S24, CS, LACS, AFS — top edge, and AFS — center
area were also determined from their EBSD analysis and the co-relation between their grain sizes
and their obtained hardness values satisfying the Hall-Petch relationship which states that hardness
increases as grain size decreases and vice versa, is established here. The GS and hardness values
of all the distinct 304L SS specimens studied here, are presented in the following table (4.6) and

figure (4.29), in the decreasing order of grain size, which shows that as GS decreases hardness

increases.
AFS AFS
Specimen SS S24 SA LACS CS
(center area) (top edge)
Grain Size (um) 7.2 3.8 3.7 2.4 1 0.55 0.24
Hardness (Hv) 238 264 297 322 378 533 594

Table 4.6: Grain Size and Hardness values of distinct 304L SS specimens studied in this research.
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Co-relation between Grain Size and Hardness of distinct 304L SS
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Figure 4.29: Line chart showing the co-relation between grain size and hardness of distinct 304L SS specimens
studied in this research work.

Corrosion Behavior Analysis of Distinct 304L SS Specimens

The data obtained with respect to the corrosion behavior of distinct 304L SS specimens
studied in this research work, such as the degree of sensitization / susceptibility (DOS), corrosion
rate (CR), and pitting potentials (PP) of as-SA, SA + P, S5 + P, S24 + P, as-CS, CS + P, as-LACS,
LACS + P, as-AFS, and AFS + P 304L SS specimens are presented in tables 4.7 and 4.8. The
corrosion rate and pitting potential data of these specimens in their untreated (i.e., before their
UNSM treatment) surface state have been pulled from section 5.2.7 of chapter 5 in this dissertation,
where this data has been used to determine the impact of UNSM treatment on the CR and PP of
these distinct 304L SS specimens.

Analysis with respect to Sensitization / Corrosion Susceptibility Behavior

The extremely low DOS ratio of solution annealed (SA) 304L SS specimen, in either of it’s

as-is or polished surface condition clearly represents that of an unsensitized material that will
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greatly resist corrosion by the formation of a strong passive oxide film on its surface. Also, there
is not much difference between the DOS ratios of as-SA and polished SA (SA + P) 304L SS
specimens.

The 304L SS specimens sensitized at 650°C for 5h (S5) and 24h (S24) exhibited very high
DOS ratios of 2.95 % and 14.1 % respectively, giving a quantitative representation of the degree
of chromium depleted zones formed in these specimens, as a result of their aging or sensitization
treatment.

The cold sprayed 304L SS coatings have very tiny grains possessing porosity and
inherently weak interparticle bonding, due to which the CS specimen in both of its as sprayed (as-
CS) and polished (CS + P) surface conditions experienced heavy metal dissolution during their
DLEPR tests consequently resulting in higher DOS ratios which are on par with that of the S24

specimen’s DOS ratio.

Specimen As- SA+ S5 S24 As- CS+ As - LACS + As - AFS +
SA P +P +P CS P LACS P AFS P
DOS (%) 0.002 0.003 295 14.1 12.1 13.8 19.7 3.2 107.8 0.009

Table 4.7: Degree of Sensitization / Susceptibility ratios of distinct 304L SS specimens studied in this research
work.

The as sprayed LACS (as-LACS) coating exhibited an even worse DOS ratio than the as-
CS coating which is attributed to the combined effect of the surface oxide film formed on the as-
LACS surface due to the application of high temperature laser during its processing, persistent
presence of porosity in the coating and its high surface roughness. With the porosity levels and the
surface roughness of as-CS and as-LACS coatings being approximately the same, the significant
difference between their DOS ratios is attributed to the presence of surface oxide film on the latter

specimen.
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Whereas the polished LACS coating (LACS + P) yielded a much-improved DOS ratio
exhibiting a value of ~ 6X times less than the DOS ratio of as-LACS specimen and its DOS ratio
is close to the DOS ratio of S5 304L SS specimen. This significant improvement in the sensitization
behavior of LACS + P coating is attributed to the removal of the deleterious surface oxide film
and the significant decrease in surface roughness of as-LACS coating by polishing. The removal
of deleterious surface oxide film and the decrease in surface roughness by polishing reduces /
limits the number of localized concentration sites present in the LACS + P coating, to its lone
porosity sites. This significant reduction in the number of localized concentration sites by polishing
will in turn result in the improvement of the passive film characteristics of LACS + P coating
reducing the corrosion experienced by it compared to the as-LACS coating. Also, the DOS ratio
obtained for the LACS + P coating can be regarded as the true DOS ratio of LACS processed 304L
SS material and with the porosity levels of CS and LACS 304L SS coatings being approximately
the same, the huge improvement in the DOS ratio of LACS + P coating from that of the CS + P
coating can be attributed to the improvement in the interparticle bonding of LACS coatings, that
is occurring by the simultaneous application of laser to CS technique resulting in in-situ annealing
or recrystallization of LACS deposited 304L SS coating.

The thick oxide film present on the surface of as deposited AFS (as-AFS) 304L SS cladding
resulted in it exhibiting an abnormally high DOS ratio. And the true DOS ratio of the 304L SS
material deposited by AFS is obtained from the oxide free polished surface of AFS cladding (AFS
+ P), whose value is extremely close to the DOS ratio of the conventionally hot-rolled and solution
annealed 304L SS plate specimen, indicating that the 304L SS deposited by AFS is free of porosity
or is close to being 100 % dense, resulting in the formation of a strong passive film on its surface

that is greatly resisting corrosion like the CH-R & SA 304L SS material. However, the AFS + P
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304L SS cladding’s DOS ratio is slightly higher than the DOS ratio of the as-SA or SA + P
specimens, indicating the presence of greater number of inclusions and/or impurities on the surface
of the polished AFS cladding material.

Analysis with respect to Pitting Corrosion Behavior

The corrosion rate of a material is largely dependent on the amount of exposed surface area
or surface roughness of the material and the number of inclusions or impurities present on its
surface that can act as localized corrosion sites which can be preferentially attacked by the
corrosive environment leading to the occurrence of localized corrosion phenomenon such as
pitting or crevice corrosion.

The corrosion rate of as-SA 304L SS specimen decreased along with an increase in its
pitting potential to a more noble value upon polishing it, indicating that the as-SA specimen surface
had some inclusions or impurities on its surface that were reduced or removed by polishing.

The CR of S24 + P 304L SS specimen is approximately the same as that of the SA + P
304L SS specimen, as the sensitization treatment would not introduce any new inclusions or
impurities into the specimen and since the oxide film formed on the surface of sensitized specimen
is removed by polishing, sensitization treatment will not impact the corrosion rate results.
However, due to the formation of chromium depleted zones during the sensitization treatment in
S24 304L SS specimen, S24 + P specimen exhibits a pitting potential that is far inferior to the
pitting potential of SA + P specimen. And this inferior pitting potential of S24 + P specimen is
attributed to the chromium depleted zones in the sensitized 304L SS specimen acting as localized
concentration sites where segregation of chloride ions occurs during the CPP tests, leading to
earlier stable pit formation due to the relatively easy breakdown of passive film on its surface at

the chromium depleted zones than when compared to the unsensitized SA + P 304L SS specimen.
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Specimen As- SA+ S24+ As- CS+ As - LACS + As - AFS +

SA P P CS P LACS P AFS P
CR (mpy) 0.016 0.012 0.014 0.235 0.05 0.325 0.036 0.36 0.07
PP (mV) 164 489 257 - -78.2 - -141 - 245

Table 4.8: Corrosion rates and pitting potentials of distinct 304L SS specimens studied in this current research
work that are obtained from the CPP corrosion tests performed in 3.5 Wt.% NaCl solution.

The extremely high unevenness or high surface roughness seen on the surfaces of as-CS,
as-LACS, and as-AFS 304L SS specimens, provides numerous localized corrosion sites where the
corrosive chloride ions in the test solution can accumulate, leading to enhanced localized corrosive
attack at these sites by the setup of higher degree of concentration cells, resulting in these
specimens to exhibit extremely high corrosion rates. In the case of as-LACS and as-AFS 304L SS
specimens, the additional presence of non-homogenous oxide film on their surface contributes to
a much greater number of localized corrosive sites to be present, tending these materials to exhibit
far worse corrosion rates than that of the as-CS 304L SS coating.

Because of the high corrosion rates of as-CS, as-LACS, and as-AFS 304L SS specimens,
they could not exhibit any pitting potential or resistance to pitting, indicating that a stable passive
film that could resist pitting was not able to form on them at any point during their CPP tests. That
is due to the higher degree of concentration cells of chloride ions being setup on the surfaces of
as-CS, as-LACS, and as-AFS specimens, because of the higher variations in their surface
unevenness, led to their inability of being able to show any re-passivation ability of the initial pits
formed on their surface thereby, resulting in the continuous growth of the initial pits formed on
their surface throughout their CPP tests without yielding any sign of resistance to pitting. In short,
the kinetics of chloride ions attack at the pits or chloride ion accumulation regions is much greater

than the kinetics of passive film regeneration at these regions or pits.
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Polishing of as-CS, as- LACS, and as-AFS 304L SS specimens, resulted in them exhibiting
a significant decrease in their CRs, which is attributed to the significant decrease in the unevenness
of their surfaces and the removal of oxide film as well in the case of LACS + P and AFS + P
specimens by the polishing action, which in turn resulted in a decrease in the degree of
concentration cells that can be setup on their surfaces by the corrosive chloride ions in the test
solution thereby, decreasing their CRs significantly. The CRs of CS + P, LACS + P, and AFS + P
specimens are extremely close to each other but are higher than the CR of SA + P 304L SS
specimen, indicating that there are factors at play which are responsible for the higher CR of the
former specimens than that of SA + P specimen. In the case of CS + P and LACS + P coatings,
smaller degree of concentration cells could be set up at the porosity sites on their surfaces, leading
them to exhibit slightly higher CRs than that of SA + P specimen’s CR. But in the case of AFS +
P cladding, even though it is 100 % dense like the SA + P specimen, its CR is slightly higher than
that of CS + P and LACS + P coatings, leading to or asserting the hypothesis that the AFS cladding
has many inclusions and/or impurities on its surface where the corrosive chloride ions are
attacking, leading it to exhibit higher CR than the CRs of SA + P, CS + P, and LACS + P specimens.

Additionally, polishing of as-CS, as- LACS, and as-AFS 304L SS specimens, led them to
exhibit a pitting potential showing some resistance to the pitting phenomenon occurring in these
specimens during their CPP tests. This exhibition of pitting potential by CS + P, LACS + P, and
AFS + P 304L SS specimens, is attributed to the polishing action reducing the localized corrosion
sites on their surfaces to the lone porosity sites in the case of CS + P and LACS + P specimens and
to the inclusions or impurities in the case of AFS + P specimen, thereby significantly slowing down
the accumulation of chloride ions on their surfaces during CPP tests than when compared to the

extremely rougher and/or oxidized surfaces of as-CS, as-LACS, and as-AFS specimens that are
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having numerous accumulation sites, ultimately resulting in a significant delay in the formation of
stable pits on the surface of polished CS, LACS, and AFS specimens i.e., allowing the initial pits
formed on their surface to re-passivate (unstable pits) during their CPP tests and allowing them to
exhibit a pitting potential. That is, the kinetics of passive film regeneration at the initial pits formed
on the CS + P, LACS + P, and AFS + P specimen surfaces during their CPP tests is greater than the
kinetics of chloride ions attack at these areas.

However, the pitting potentials exhibited by these polished CS, LACS, and AFS 304L SS
specimens are still significantly lower than the pitting potential of SA + P 304L SS specimen,
which can be attributed to the presence of defects like porosity sites in the case of polished CS and
LACS coatings and to the presence of inclusions in the case of AFS + P cladding. Nevertheless,
the pitting potential exhibited by the AFS + P cladding is the closest to the SA + P specimen’s
pitting potential among the three specimens and is extremely closer to the pitting potential of S24
+ P specimen, ascertaining the fact that AFS cladding is indeed 100 % dense, unlike the CS + P
and LACS + P coatings. Even, in between the CS + P and LACS + P coatings that have
approximately the same levels of porosity and despite the better interparticle bonding of LACS
coating, it exhibits inferior pitting potential than that of CS + P coating, which is attributed to the
presence of compressive residual stresses in the CS 304L SS coating aiding it to exhibit better
pitting potential than the LACS 304L SS coating having tensile or very low magnitude
compressive residual stress state. Also, despite the CS + P coating having greater magnitudes of
compressive residual stresses than that of AFS + P, SA + P, and S24 + P specimens, it exhibits
inferior pitting potential than the latter specimens, which is attributed to the presence of porosity
in the CS coating deteriorating its pitting potential or deeming the benefit of compressive residual

stresses generated during the CS processing to be of no significance when porosity is present.
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4.4 Motivation for Further Research Carried Out in the Next Chapter

From the research work presented in this chapter, a few drawbacks or shortcomings have

been observed with respect to the Sensitized, CS, LACS, and AFS 304L SS specimens, which

provided the motivation for carrying out the research work presented in the next chapter, which

involves the application of UNSM surface treatment on these specimens to improve their

properties i.e., address the drawbacks observed in this chapter through UNSM, the drawbacks are

as follows:

(@)

(i)

The surface residual stress state of all the distinct 304L SS specimens studied in
this research work have been found to be in the tensile or low compressive residual
stress state except for the CS 304L SS coating, which are deemed to be insufficient
in effectively tackling the SCC susceptibility of sensitized 304L SS specimen and
insufficient in providing a complete hermetic seal to the canisters repaired through
LACS and AFS processing techniques, as the tensile or low magnitude of
compressive residual stresses would not be able to prevent the propagation of any
un-arrested pre-existing cracks or even arrested cracks which can propagate in the
future by the presence of external forces. Therefore, presence of greater magnitudes
of compressive residual stresses at the surface and sub-surface of sensitized, LACS,
and AFS 304L SS specimens will be desired for the canister applications, which
can be provided by a cost-effective mitigation technique like UNSM.

The degree of sensitization of polished sensitized 304L SS specimens and the
degree of susceptibility of as-CS, as-LACS, and as-AFS 304L SS specimens, needs
to be improved. Even though polishing of as-LACS and as-AFS specimens led to a
significant improvement in their degree of susceptibility by the removal of their
deleterious surface oxide film due to polishing, the DOS ratio of LACS + P
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(iii)

specimen is on par with that of the 304L SS specimen sensitized at 650°C for 5h,
necessitating the requirement of looking for means to improve its DOS ratio further.
Whereas polishing did not impact the DOS of CS 304L SS specimen at all. It is to
be seen if UNSM can impact the DOS of CS specimen in either of its as-is or
polished surface state. Also, if UNSM can improve the DOS of LACS + P specimen
and that of as-LACS and as-AFS specimens directly without requiring the need for
polishing them is to be seen i.e., to find out if UNSM can directly impact the surface
oxide film on these specimens. Nevertheless, the residual stress state of LACS + P,
AFS + P, as-LACS, and as-AFS needs to be improved by UNSM, and it is to be
observed how this impacts their DOS, especially that of AFS + P specimen’s, as its
DOS ratio is exceptionally close to that of as-is or polished SA specimen’s, i.e., it
is to be seen if UNSM improves the residual stress state of AFS + P specimen and
also its DOS ratio or what would be the case.

The corrosion rates of as-CS, as-LACS, and as-AFS 304L SS specimens have been
extremely high due to their extremely high surface roughness or unevenness and
need to be improved. Although polishing improved their corrosion rates by the
reduction in surface unevenness and/or removal of deleterious surface oxide film,
the corrosion rates of CS + P, LACS + P, and AFS + P specimens were still slightly
higher than the CR of SA 304L SS specimen due to the presence of porosity and/or
inclusions on the surfaces of the former specimens. As UNSM is a direct material
contact dynamic impact process, it is to be seen if it can further improve the
corrosion rate of polished CS, LACS, and AFS specimens by decreasing their

porosity levels and/or removal of inclusions on the surface of these specimens.
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Also, as UNSM would be able to impact the as-CS, as-LACS, and as-AFS specimen
surfaces through direct material contact, it is to be seen if UNSM would be able to
affect these specimen’s corrosion rates directly without requiring the polishing
action, by decreasing their surface unevenness through the WC tool tip impact
during UNSM.

(iv)  The high corrosion rates of as-CS, as-LACS, and as-AFS 304L SS specimens
prevented these specimens to exhibit a pitting potential, and if UNSM improves
their corrosion rates, it is to be seen if it would be able to instill a pitting potential
or positively impact the pitting corrosion behavior of these specimens. Although
polishing of as-CS, as-LACS, and as-AFS specimens resulted in them exhibiting a
pitting potential by the decrease in their corrosion rates i.e., by the removal of
factors responsible for their high corrosion rates by polishing, their pitting
potentials are still below that of the SA and sensitized 304L SS specimens. Also,
the pitting potential of sensitized 304L SS specimen is below that of SA specimen’s
pitting potential. Therefore, the pitting potential or pitting corrosion behavior of
polished sensitized, CS, LACS, and AFS 304L SS specimens needs to be improved
as well and it is anticipated that this can be achieved to some degree by the induction
of greater magnitudes of compressive residual stresses into these materials by
UNSM.

Despite the differences in the microstructural characteristics of Sensitized, CS, LACS, and

AFS 304L SS specimens, we hypothesize that UNSM surface treatment performed on these
specimens will be able to impact them in a similar manner resulting in the improvement of their

properties of residual stress state, hardness, surface topography, and most importantly enhancing
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the corrosion behavior of the distinct 304L SS specimens studied in this research work through the
induction of high magnitudes of compressive residual stresses, near-surface hardening, and near-
surface nano crystallization which have been deemed to be responsible for improving the SCC
resistance of a material. Therefore, the motivation for the research work performed in the next
chapter is to find out if this hypothesis holds true or false or partially false, and in case if it is

deemed to be false or partially false, the goal would be to determine the factors responsible for it.
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Chapter 5. Impact of Ultrasonic Nanocrystal Surface Modification
on the Microstructure, Hardness, Residual Stress and
Corrosion Properties of Sensitized, CS, LACS & AFS 304L SS

In this chapter, with the intent of improving the properties, especially the corrosion
properties of Sensitized, CS, LACS, and AFS 304L SS, the Ultrasonic Nanocrystal Surface
Modification (UNSM) treatment was applied on the aforementioned 304L SS materials / coatings
/ cladding and the UNSM treatment s impact with respect to the properties that have an immense
influence on the SCC resistance of a material like the microstructure, phases, hardness, surface
roughness, residual stress, degree of sensitization/susceptibility and pitting corrosion behavior
have been studied and the underlying mechanisms or factors that influenced the material's
behavior to behave in one way or the other upon the application of UNSM treatment have been

discussed extensively.

5.1 UNSM Parametric Study of 304L SS Alloy
In order to surface treat the Sensitized, CS, LACS, and AFS 304L SS with UNSM surface

treatment technique, firstly, a UNSM parametric study was done to determine the most beneficial
UNSM parameters that can be used for surface treating the 304L SS alloy in general, as UNSM
processing involves several parameters like Static Load (SL), Dynamic Load or Amplitude (A),
Peening Speed (PS), and Interval Feed Rate (IFR) whose degree of impact changes with different
parameter combinations yielding different results for different materials. The combination of
UNSM parameters studied in the current research work are given in table 3.3 and the specimen’s
surface preparation prior to UNSM treatment and the procedure followed for the UNSM surface
treatment itself are outlined in sections 3.1.4 and 3.2 of Chapter 3 in this thesis, respectively. The
surface roughness, hardness, surface and in-depth residual stress are the material properties, based

on which the most beneficial UNSM parameters for surface treating the 304L SS alloy have been
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chosen from the several parameter combinations studied in this research. These properties were
considered because of their beneficial impact on a material’s SCC resistance, with the ultimate
goal of choosing a UNSM parameter combination that yields the best or desired combination of
low surface roughness, high surface compressive residual stress (CRS), greater depth of CRS
induction, high near-surface hardness and deeper hardness penetration depth. The results obtained
during this UNSM parametric study, and the analysis performed for choosing the most beneficial
UNSM parameter combination are discussed in the next few sections.
5.1.1 Surface Topography Analysis

Surface roughness average (Ra) values of 304L SS specimens UNSM treated with different
combinations of parameters as shown in table 3.3 are presented in figure 5.1. The average Ra

values of all the specimens were measured to be < 1 pm except for peens 3, 4, and 7.

Surface Roughness average (Ra) after UNSM

treatment
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Figure 5.1: Surface Roughness average values of 304L SS specimens UNSM treated with different UNSM
parameter combinations.

The UNSM parameters common between peens 3, 4, and 7 are the high peening speed (PS)
of 3000 mm/min and low static load (SL) of 20N. Observing the peens 1-8 that were applied at
20N SL, it was found that the peens performed with 3000 mm/min PS (3, 4, 7 and 8) have
considerably higher Ra values than the peens performed with 2000 mm/min PS (1, 2, 5 and 6).

This increase in Ra can be attributed to a lack of sufficient SL and less overlap between peening
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shots in the TD, forcing the material to form a wavy structure with taller peaks as seen in figure
5.2 (SD — step direction and TD — transverse direction of UNSM). Also, from peens 3, 4, 7 & 8
i.e., low SL + high PS, it was found that the Ra values increased significantly with a decrease in
interval feed rate (IFR) from 70 um (4&8) to 30 um (3 & 7). This is because, when the IFR was
decreased, the overlap between the parallel TD UNSM tracks increases, nudging the material peaks
formed at low SL + high PS further taller, resulting in further higher Ra values. However, all these
factors affecting the Ra of UNSM treated 304L SS specimens with low SL were minimized when
the SL was increased to 40N (peens 9-16), which have much lower deviation in their measured Ra
values. Hence, it can be said that the high SL alone has significant impact on the surface roughness

of UNSM treated 304L SS specimens independent of other UNSM parameters.

Figure 5.2: Optical microscopy image of peen 7 showing the wavy structure formed due to UNSM performed
at low SL with high PS.

5.1.2 Residual Stress Analysis

Surface residual stress (SRS) values along both the orthogonal directions (step direction
(SD) - 0° and transverse direction (TD) - 90°) of UNSM treated 304L SS specimens peened with
different parameter combinations are presented in figure 5.3. All the UNSM peens made with
different parameter combinations resulted in very high magnitude of surface compressive residual
stresses (CRSs) along both the orthogonal directions of UNSM treated 304L SS specimens. The
SRS values when compared with respect to SL keeping the other three parameters (amplitude (A),

PS, IFR) constant i.e., comparing peens 1&9, 2&10 etc., it was observed that most of the peens
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made with 40N SL have slightly higher SRS along both the orthogonal directions than the peens

made with 20N SL.

Surface Residual Stress of UNSM treated 304L SS specimens
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Figure 5.3: Surface Residual Stress values of UNSM treated 304L SS specimens along both the step and
transverse direction of UNSM peens made with varying UNSM parameters.

Figures 5.4 and 5.5 represent through-the-depth residual stress profiles corresponding to
martensite phase and austenite phase of all the 16 different UNSM treated 304L SS specimens
respectively. In both the figures, (a) corresponds to RS depth profile along the SD of UNSM, (b)
corresponds to RS depth profile along the TD of UNSM and (c) corresponds to the full width half
maximum (FWHM) values representing the plasticity / plastic strain present in the respective
specimen. UNSM treatment is performed in a zigzag manner resulting in dissimilar stress
distribution along the orthogonal directions and hence residual stress depth profiles were
performed along both the orthogonal directions of UNSM. Also, UNSM induces severe plastic
deformation (SPD) in the material due to which 304L SS specimens undergo a complete

martensitic transformation at the surface whose percentage gradually decreases along the depth of

144



the specimens with a subsequent increase in the percentage of austenite phase. Depending on the

impact of UNSM parameters, the martensite is induced only up to a certain depth in the material.

Therefore, the RS measurements after the removal of each layer by electropolishing were

performed with both Mn and Cr X-ray tubes to determine the RSs due to both austenite and

martensite phases respectively until the martensite peak weakens or completely disappears.

Beyond which the RS due to austenite phase was only measured until at least two values were

obtained in the tensile stress region (i.e., > 0 MPa or positive stress values).

Depending on the UNSM parameters, the depth of martensite (DOM) presence was

observed to be in the range of 80 pm to 180 pm. The depth of compression (DOC) i.e., the depth

up to which the CRSs were induced in the 304L SS specimens due to UNSM treatment was
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Figure 5.4: Residual stress depth profiles with respect to martensite phase of UNSM treated 304L SS
specimens peened with different UNSM parameter combinations along the (a) step direction (SD), (b)

transverse direction (TD) of UNSM treatment and their corresponding (c) full width half maximum (FWHM)

values representing the plasticity in the material.
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(a) RS Depth Profile of UNSM treated 304L SS along the SD (Austenite Phase) (C) FWHM Profile of UNSM treated 304L SS (Austenite Phase)
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Figure 5.5: Residual stress depth profiles with respect to austenite phase of UNSM treated 304L SS specimens
peened with different UNSM parameter combinations along the (a) step direction (SD), (b) transverse
direction (TD) of UNSM treatment and their corresponding (c) full width half maximum (FWHM) values
representing the plasticity in the material.

determined from the depth profile plots made with respect to the austenite phase (figure 5.5). The
DOC along SD and TD of UNSM and the DOM presence obtained from the RS depth profile plots
in figures 5.4 and 5.5 for all the 16 different 304L SS specimens are consolidated graphically in
figure 5.6. It was observed that DOC along SD, TD, and DOM were slightly higher for specimens
peened with high SL than the specimens peened with low SL. Also, in all the 8 specimens peened
with high SL (peens 9 - 16), the results of DOC along SD, TD and DOM were consistent
independent of the other three UNSM parameters whereas in the 8 specimens peened with low SL
(peens 1 — 8) significant differences in the DOC along SD, TD and DOM were observed with a
variance in the other three UNSM parameters. For example, among low SL peened specimens,

those peened with low A have lowest DOC along SD when a PS of 2000 mm/min was used and
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have lowest DOC along TD when a PS of 3000 mm/min was used. However, for most of the
specimens treated with 40N SL, the DOC was found to be ~410 um along SD and ~ 500 um along
TD of UNSM. Also, for all the specimens irrespective of UNSM parameters, it was found that the
DOC along TD was higher than along SD. The FWHM depth profiles of all the specimens seen in
figure 5.5 (c) showed that significant amount of plastic strain was induced in the 304L SS
specimens through UNSM treatment up to a depth of ~ 200 um from their surfaces, beyond which

the plasticity remains low and constant.

Depth of presence of Compressive Residual Stresses and Martensite phase
in UNSM treated 304L SS specimens
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Figure 5.6: Depth of compressive residual stresses along both the orthogonal directions of UNSM and depth of
martensite phase presence in 304L SS specimens UNSM treated with different parameter combinations.

5.1.3 Nano Hardness Analysis

Nano hardness measurements along the depth of all 16 UNSM treated 304L SS specimens
are compared against the baseline / solution annealed 304L SS specimen in figure 5.7. The average
hardness value of SA specimen was found to be 297 Hv which was measured by averaging all the

through-the-depth hardness values obtained for its hardness depth profile.
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(@) Nano Hardness Depth Profile of UNSM treated 304L SS specimens
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Figure 5.7: Vickers nano hardness depth profiles of all the 16 UNSM treated 304L SS specimens are compared
against the baseline/solution annealed 304L SS specimen’s nano hardness depth profile in (a) whereas (b), (c),
(d), & (e) represent the same Vickers nano hardness depth profiles of all the 16 UNSM treated 304L SS
specimens, but for better visual clarity, Vickers nano hardness depth profiles of peens 1-4, 5-8, 9-12, & 13-16
are compared against the baseline/solution annealed 304L SS specimen s nano hardness profile in small
batches of four specimens in each line graph respectively.
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From figure 5.7, it can be observed clearly that the near-surface hardness values of all the
UNSM treated specimens increased to a range of 600 £ 100 Hv and decreased gradually along
their depth before eventually reaching the SA / baseline specimen’s nano hardness values. The
significant increase in hardness values can be attributed to the hardening effect caused by the
severe plastic deformation in the 304L SS specimens during their UNSM surface treatment
inducing greater dislocation density, extreme grain refinement and martensitic transformation. The
depth of hardening (DOH) effect i.e., the depth up to which the significant increase in hardness
values could be observed in a UNSM treated specimen from figure 5.7, varied with varying UNSM

parameter combinations and the obtained results are presented graphically in figure 5.8.

Depth of Hardening effect seen in 304L SS specimens peened with
different UNSM parameter combinations
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Figure 5.8: Depth of Hardening effect seen in the 304L SS specimens UNSM treated with different parameter
combinations.

One clear observation from figure 5.8 is that the DOH effect increased and stayed
consistent in the 304L SS specimens when the SL was increased from 20 N to 40 N for UNSM
treating the 304L SS specimens. Also, among the specimens peened with 40N SL, independent of

PS and IFR, the specimens peened with a low amplitude of 8 um (i.e., peens 13 - 16) resulted in a
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maximum DOH effect than all the other 12 specimens, exhibiting a DOH value of approximately

> 300 um. Therefore, it can be concluded that the high SL + low A combination independent of PS

and IFR resulted in the maximum DOH effect to be seen in the conventionally rolled 304L SS

alloy. Furthermore, it must be noted that the 304L SS specimen peened with the parameter

combination of peen 13 yielded the highest DOH effect among all the 16 differently peened

specimens exhibiting a DOH value of up to ~ 360 um.

Finally, all the UNSM parametric study results of 304L SS specimens with respect to their

surface roughness (Ra), surface residual stress (SRS), depth of compression (DOC) along step

direction (SD) and transverse direction (TD), depth of martensite (DOM) presence, and depth of

hardening (DOH) effect are consolidated in table 5.1.

Peen PS SRS SRS DOC DOC

numbe SL A (mm/mi IFR Ra along along along along DOM DOH

r o) (nm) n) (mm) (nm) SD TD SD TD (mm) (mm)
(MPa) (MPa) (mm) (mm)

1 20 20 2000 0.03 0.5 -1429.8 -755.4 0.4 0.49 0.12 0.22
2 20 20 2000 0.07 0.5 -1445.8 -811.0 0.42 0.42 0.08 0.24
3 20 20 3000 0.03 6.3 -1525.2 -791.2 0.33 0.42 0.14 0.28
4 20 20 3000 0.07 1.5 -1384.6 -824.2 0.39 0.42 0.09 0.22
5 20 8 2000 0.03 0.4 -1573.2 -743.2 0.3 0.41 0.08 0.22
6 20 8 2000 0.07 0.6 -1414.4 -762.4 0.22 0.4 0.12 0.22
7 20 8 3000 0.03 2.0 -1636.8 -819.6 0.36 0.36 0.12 0.22
8 20 8 3000 0.07 1.0 -1385.6 -747.6 0.35 0.35 0.13 0.22
9 40 20 2000 0.03 0.6 -1594.6 -832.4 0.4 0.46 0.18 0.27
10 40 20 2000 0.07 0.8 -1477.2 -871.1 0.41 0.5 0.12 0.26
11 40 20 3000 0.03 0.7 -1534.6 -794.0 0.35 0.52 0.17 0.28
12 40 20 3000 0.07 0.9 -1569.0 -897.0 0.46 0.52 0.13 0.27
13 40 8 2000 0.03 0.6 -1693.8 -923.8 0.41 0.5 0.13 0.36
14 40 8 2000 0.07 1.0 -1619.0 -908.0 0.41 0.43 0.12 0.3
15 40 8 3000 0.03 0.5 -1520.2 -824.0 0.35 0.5 0.14 0.3
16 40 8 3000 0.07 0.7 -1601.8 -940.8 0.41 0.48 0.14 0.3

SL-Static Load; A-Amplitude; PS-Peening speed; IFR-Interval feed rate; Ra-Surface roughness; SRS-Surface residual
stress; SD-Step direction, TD-Transverse direction of UNSM; DOC-Depth of compressive residual stress presence;

DOM-Depth of martensite presence; DOH-Depth of hardening effect.

Table 5.1: Consolidated results of UNSM parametric study.
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5.1.4 Discussion on Determining the Most Optimal UNSM Parameters

Static Load:

Analyzing the consolidated results presented in table 5.1 belonging to the UNSM
parametric study performed on the 16 different 304L SS specimens, it was found that among all
the four variable UNSM parameters (SL, A, PS, and IFR), the SL had the most significant impact
on all the various results obtained for the purpose of UNSM parametric study. So, to determine or
to show the effect of SL on the 304L SS specimens in a simple manner, the obtained results of Ra,
SRS, DOC, DOM and DOH for all the 16 UNSM peens are averaged with respect to the two
variable SLs used in this study i.e., results of peens 1-8 are averaged under low SL (20N) and peens
9-16 under high SL (40N). The average of the results is presented in table 5.2, from which it can
be clearly seen that by increasing the SL from 20 N to 40 N, a significant amount of positive impact
has occurred on all the properties. And the most significant impact being observed in the surface
roughness values which depict a lower value by more than 2X times when the SL has been
increased to 40 N. Therefore, it can be said that for UNSM treating the 304L SS alloy, using a

static load of 40 N (over 20 N) is ideal to obtain optimal results.

SL Ra SRS along SD SRS along DOC along DOC along DOM DOH

N)  (um) (MPa) TD (MPa) SD (mm) TD (mm) (mm) (mm)
20 1.60 -1474.43 -781.825 0.35 0.41 0.11 0.23
40 0.72 -1576.28 -873.883 0.40 0.49 0.14 0.29

Table 5.2: Results of UNSM parametric study averaged with respect to the static loads used in this study.

Amplitude:

Similar to static load, the effect of amplitude on the 304L SS specimens peened with 40 N
SL was determined by averaging the obtained results of all the properties with respect to the two
amplitudes employed in this study. The average of these results is presented in table 5.3 and it must
be noted that the 304L SS specimens UNSM peened with 40 N SL were only considered here as

we determined earlier that 40 N SL (over 20 N) is the ideal choice for obtaining optimal results on
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304L SS alloy. Therefore, from table 5.3, it can be observed that the effect of amplitude in
specimens peened with 40N SL with respect to their obtained SRS along both SD and TD of
UNSM and DOH are slightly better when peened with 8 um A than with 20 um A. However, the
difference in surface roughness (Ra), DOC along SD & TD and the DOM presence were observed
to be negligible with respect to the amplitude used in specimens peened with 40 N SL. Therefore,
it can be concluded that to get slightly better results while UNSM treating the 304L SS alloy, an

amplitude of 8§ um must be used (over 20 um) in conjunction with 40 N static load.

SL A Ra SRS along SRS along DOCalong DOCalong DOM DOH

(N) (um) (um) SD(MPa) TD(MPa) SD (mm) TD(mm) (mm) (mm)
o0 20 074 15439 -848.6 0.41 0.50 0.15 027
8 071  -1608.7 -899.2 0.40 0.48 0.13 032

Table 5.3: UNSM parametric study results of 304L SS specimens peened with 40 N static load, averaged with
respect to the amplitudes employed in this study.

Peening Speed and Interval Feed Rate:

To determine the best combination of PS and IFR that yielded the best results when 304L
SS alloy was peened with 40 N SL and 8 um A, the UNSM parametric study results obtained for
the last 4 peens i.e., peens 13 — 16 were compared with each other. The data obtained with respect
to peens 13 — 16 are presented again here-below in table 5.4 for convenience. The major difference
that was observed with respect to PS in peens 13 — 16 is that the obtained SRS is generally slightly
higher when 304L SS alloy was peened with 2000 mm/min PS than with 3000 mm/min PS.
Whereas with respect to the IFR, the major trend that was observed is that the surface roughness
increases with an increase in the IFR from 30 pm to 70 pm irrespective of the peening speed used
in specimens peened with 40 N SL and 8 um A. The same trend between Ra and IFR was also
observed in specimens peened with 40 N SL and 20 um A as well i.e., in peens 9 — 12. However,
the effect of IFR on SRS in peens 13 — 16 was found to be irregular. Therefore, in conclusion, to

obtain a specimen surface with lower surface roughness, an IFR of 30 um and to obtain a specimen
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with higher SRS, a PS of 2000 mm/min must be used along with a SL of 40 N and A of 8§ um. The
finalized four parameter combination that yielded the most optimal results in the UNSM treated
304L SS alloy belongs to peen 13. Additionally, the DOH obtained for peen 13 was also recorded
to be the highest among all the 16 different 304L SS specimens UNSM treated with different

parameter combinations.

SRS SRS DOC DOC
PN SL(N) A PS IFR Ra along along along along DOM DOH
(um) (mm/min) (mm) (um) SD D SD D (mm) (mm)
(MPa) (MPa) (mm) (mm)
13 40 8 2000 0.03 0.6 -1693.8 -923.8 0.41 0.5 0.13 0.36
14 40 8 2000 0.07 1.0 -1619.0 -908.0 0.41 0.43 0.12 0.3
15 40 8 3000 0.03 0.5 -1520.2 -824.0 0.35 0.5 0.14 0.3
16 40 8 3000 0.07 0.7 -1601.8 -940.8 0.41 0.48 0.14 0.3

Table 5.4: UNSM parametric study results of peens 13 — 16 used to determine the optimal PS and IFR to be
used with 40 N SL and 8 um A.

Hence, it can be concluded finally that the most optimal results by UNSM treating the 304L
SS alloy were obtained with a parameter combination of 40 N - SL, 8 um - A, 2000 mm/min — PS,
and 30 um - IFR (Peen 13). Therefore, to study the impact of UNSM treatment on the
microstructure, hardness, surface roughness, residual stress, and corrosion properties of sensitized,
CS, LACS, and AFS 304L SS specimens, the parameter combination of peen 13 will be applied

on all the aforementioned 304L SS specimens possessing distinct microstructural characteristics.

5.2 Investigating the Impact of UNSM on the Microstructure, Hardness,
Residual Stress and Corrosion Properties of Sensitized, CS, LACS & AFS

304L SS Materials Having Distinct Prior Microstructural Characteristics

The major goal of this study is to improve the corrosion behavior of Sensitized, CS, LACS,
and AFS 304L SS materials through the application of UNSM treatment on their surface and also,
to determine the underlying mechanisms or factors that are caused by the application of the
mitigating UNSM surface treatment technique, that are responsible for either improving, or not
having any effect, or deteriorating the corrosion behavior of these 304L SS materials possessing
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distinct prior microstructural characteristics (i.e., sensitized 304L SS — possessing chromium
carbide precipitates at the grain boundaries, CS 304L SS - structure with porosity having weak
interparticle bonding and cold work, LACS 304L SS - structure with porosity but improved
interparticle bonding, and AFS 304L SS — fully dense structure with nano-grains at surface or
possessing gradient microstructure). For this purpose, the impact of UNSM on the microstructure,
phases, hardness, residual stress, surface topography, degree of sensitization / susceptibility, and
pitting corrosion behavior of Sensitized, CS, LACS, and AFS 304L SS materials has been studied
extensively and the results obtained from this research, as well as the conclusions drawn from the
analysis are presented and discussed thoroughly in the following sections of this chapter.
5.2.1 Microstructural Analysis using Electron Back Scattered Diffraction (EBSD)

Technique

The parameters used to obtain the EBSD images and some of the key aspects of the EBSD
analysis presented in the following paragraphs of this section related to the Sensitized, CS, LACS,
and AFS 304L SS specimens subjected to UNSM surface treatment are the same as used for the
untreated 304L SS specimens which are presented in detail in the first two paragraphs of section
4.2.1 of Chapter 4 in this dissertation. For maintaining consistency in EBSD measurements, the
EBSD parameters like the magnifications and step sizes at which the images were taken and how
the EBSD analysis was performed has been kept the same for the UNSM treated Sensitized, CS,
LACS, and AFS 304L SS specimens as that of the untreated 304L SS specimens, allowing for
determining the impact of UNSM surface treatment on the microstructures of these different 304L
SS materials without the interference of any other factors arising from any difference in the EBSD
measurements. Therefore, the information given in the text of the first two paragraphs of section

4.2.1 applies here as well i.e., to section 5.2.1 and has not been repeated here to avoid redundancy.
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Sensitized 304L SS:

The near-surface area of UNSM treated SA, S5, and S24 304L SS specimens can be seen
from their IPF maps presented in figure 5.9 (a-c) and (d-f) that are taken at 250X and 1000X

magnifications respectively.

Solution Annealed + UNSM. Sensitized at 650°C, 5h + UNSM. Sensitized at 650°C, 24h + UNSM.
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( ) 111 111 110
A A 0o 100
a0 101 oo 101

Figure 5.9: Maps obtained from EBSD analysis with (a), (b) & (c) representing the Inverse Pole Figure (IPF)
maps at 250X magnification and, (d), (e) & (f) representing the IPF maps at 1000X magnification of the areas
shown in boxes of (a-c) belonging to the cross-sectioned 304L SS specimens of SA, aged at 650°C for 5h & 24h
respectively that are subjected to UNSM treatment, (g) legend of IPF maps in (a-f). The top black edge of all
the images in (a-f) is the specimen's surface.

The UNSM treatment of SA, S5, and S24 specimens induced a gradient microstructure in
all of them with nanosized grains observed to a depth of ~ 15 - 20 um from their surface. These
nanosized grains are a result of severe plastic deformation, dislocation activity, grain boundary
sliding, and dynamic recrystallization induced by UNSM treatment in the 304L SS specimens

during which stress concentration occurs at the grain boundaries favoring the phase transformation
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of austenite to martensite which in turn leads to grain refinement. At subsurface level, these refined
grains are primarily found at the GBs and extensive lattice distortion can be seen within the grains
as discerned by the fading color of grain’s orientation observed in the IPF maps of figure 5.9.

The GBM maps of UNSM treated SA, S5, and S24 304L SS specimens are presented in
figure 5.10 (a-c) respectively and their corresponding average GS and average MA distribution
charts are presented in figure 5.10 (d-f) and (g-1) respectively. On comparing the GBM maps of
SA, S5, and S24 specimens before and after UNSM treatment that are shown in figures 4.4 and
5.10 respectively, it can be observed that the number of GBs (both LAGBs and HAGBSs) increased
tremendously in all the UNSM treated 304L SS specimens thereby, increasing their total GB area,
which indicates the occurrence of extreme grain refinement and dynamic recrystallization in these
specimens due to SPD during their UNSM treatment. Furthermore, despite the differences
existing in the number of LAGBs and HAGBS among the SA, S5, and S24 specimens prior to
surface treatment, these differences have become negligible after their UNSM treatment
indicating that the surface treatment has affected all the three 304L SS specimens in a similar
manner eradicating their prior surface treatment microstructural differences with respect to their
number of GBs.

Additionally, due to UNSM surface treatment, the near-surface average GS of all the
surface treated specimens reduced vastly from 3.7 um in untreated SA specimen to 0.57 um, 7.2
pum in untreated S5 to 0.55 um, and 3.8 um in untreated S24 to 0.57 pm showing a decline of ~
6.5 X, 13 X and 6.6 X times respectively. It is noteworthy that even though the S5 specimen had
coarser grains than SA and S24 specimens prior to surface treatment, the grain refinement
occurring in all the three specimens due to UNSM appears to be uniform as per the obtained

average GS values of all the three UNSM treated specimens being approximately of the same
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Figure 5.10: Maps obtained from EBSD analysis with (a), (b) & (c) representing the Grain Boundary
Misorientation (GBM) maps, (d), (e) & (f) representing the grain size diameter vs area fraction charts, and (g),
(h) & (i) representing the misorientation angle vs number fraction charts of cross-sectioned UNSM treated SA,
aged at 650°C for 5h & 24h 304L SS specimens respectively. The top black edge in images (a-c) represents the

specimen’s surface.

value. However, the GS distribution of UNSM treated SA, S5, and S24 specimens appears to be

different as seen in figure 5.10 (d-f), which could be attributed to the differences in their hardness

characteristics that are presented later in section 5.2.3. Coming to the average MA, a decline in

their values for all the surface treated specimens has been observed from those of the untreated
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specimens’ average MA values, which indicates an increase in the GB strength of the surface
treated 304L SS specimens which can impede dislocation motion thereby, enhancing the
material’s mechanical strength and hardness. Also, the average MA values for all the UNSM
treated specimens were found to be within 1° of each other, eliminating the differences existing
in their values prior to surface treatment, and their MA distribution curves shown in figure 5.10
(g-1) also being very similar to each other with very minute differences. Therefore, this can be
hypothesized as a demonstration of the uniform mechanical application of UNSM treatment with
respect to both the SA & Sensitized 304L SS specimen surfaces.

The KAM maps of UNSM treated SA, S5, and S24 304L SS specimens and their
corresponding KAM distribution charts are presented in figure 5.11 (a-c) and (d-f) respectively.
On comparing the KAM maps of SA, S5, and S24 specimens before and after UNSM treatment
that are given in figures 4.5 and 5.11 respectively, it can be clearly observed that the KAM maps
of surface treated specimens exhibit the presence of higher degree of plastic strain / lattice
distortion at their surface than the untreated specimens, which gradually decreased along the depth
of the surface treated specimens whereas it remained constant and low in the untreated specimens.
The transition area of mixed yellow, red region to that of mixed green, blue region in the KAM
maps of UNSM treated 304L SS specimens represents the depth up to which the significant amount
of plastic strain was induced into the respective specimen by UNSM treatment. So, from figure
5.11 (a) & (b), the significant amount of plastic strain induced into the SA and S5 specimens by
UNSM can be observed up to a depth of ~ 200 — 220 um, with the induced plastic strain appearing
slightly deeper in the S5 specimen than that of SA specimen. Whereas in S24 specimen the induced
plastic strain appears to be confined to a relatively lesser depth than the SA and S5 specimens,

with it being observed only up to a depth of ~ 150 — 180 um from the surface.
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Solution Annealed + UNSM Sensitized at 650°C, 5h + UNSM. Sensitized at 650°C, 24h + UNSM.
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Figure 5.11: Maps obtained from EBSD analysis with (a), (b) & (c) representing the Kernel Average
Misorientation (KAM) maps of cross-sectioned UNSM treated SA, aged at 650°C for 5h & 24h 304L SS
specimens respectively and (d), (e) & (f) representing their respective KAM distribution charts showing the
kernels misorientation in degrees vs number fraction. The top black edge in images (a-c) represents the
specimen s surface.

The obtained average KAM values of all the three UNSM treated 304L SS specimens
follow the same trend as well, with S5 specimen exhibiting the highest KAM value of 1.68,
followed by SA specimen with 1.58, followed by S24 specimen with 1.3. Therefore, it can be
expressed that UNSM treatment introduced a significant amount of plasticity into all the 304L SS
specimens studied here, with S5 specimen experiencing the highest impact of all the three, which
could be due to its overall lower hardness value than the others (i.e., SA and S24 specimens), led
by the grain growth phenomenon during its aging/sensitization treatment resulting in the decrease
of its hardness (S5 specimen). Finally, the higher KAM values of UNSM treated SA, S5, and S24
specimens than their untreated versions signify the presence of greater local distortions in the
surface treated materials, indicating the introduction of higher dislocation densities and greater

localized plastic deformation in the SA and sensitized 304L SS specimens by UNSM treatment.
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CS & LACS 304L SS:

Figures 5.12 and 5.13 represent the EBSD microstructures and data pertaining to the near-
surface cross-sectional areas of UNSM treated CS and LACS 304L SS coatings respectively.

Comparing the IPF maps (a) and GS distribution charts (f) of untreated and UNSM treated
CS specimens given in figures 4.6 and 5.12 respectively, it can be observed that certain degree of
grain refinement of the few large sized deformed grains seen in the untreated CS specimen has
occurred due to UNSM treatment. This view is supported by their KAM distribution charts given
in (c¢) as well with increased number fraction of 4° and 5° misorientations combined with a
simultaneous decrease in 2° and 3° misorientations upon subjecting the CS specimen to UNSM

Near-surface area of cross-sectioned as-CS + UNSM treated 304L SS specimen — 2500X magnification.
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Figure 5.12: Maps obtained by EBSD analysis performed on the near-surface area of cross-sectioned as-CS +
UNSM treated 304L SS specimen representing its (a) Inverse Pole Figure (IPF) map, (b) Kernel Average
Misorientation (KAM) map, (c) KAM distribution chart (d) Grain Boundary Misorientation (GBM) map, (e)
Misorientation Angle (MA) distribution chart, (f) Grain Size (GS) distribution chart, and (g) legend of IPF

map in (a).
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treatment asserting that some grain refinement had occurred due to UNSM. However, no notable
difference in the average KAM values of untreated and UNSM treated CS specimens could be
found because the untreated CS specimen had already undergone a significant amount of plastic
deformation due to cold working during its CS deposition process, it was unaffected by UNSM
treatment as the material’s ability to implant anymore plasticity is saturated. Also, due to the very
small degree of grain refinement occurring in the CS specimen by its UNSM treatment, a few
negligible changes have been observed in the average GS and MA values of UNSM treated CS
specimen from that of the untreated CS specimen, which are as follows: a slight decrease in
average GS from 0.24 pm to 0.22 um, an increase in average MA value from 38.3° to 42.1° upon
UNSM treatment of CS specimen.

Now, upon comparing the near-surface EBSD analysis of untreated and UNSM treated
LACS specimens given in figures 4.7 and 5.13 respectively, the IPF maps in (a) of both the figures
show that the LACS coating has undergone considerable amount of severe plastic deformation
(SPD) during the UNSM surface treatment due to the severe pounding of WC tool tip on its surface
and that it led to near surface nano crystallization in the coating, a phenomenon typically observed
in UNSM treated specimens. Moreover, due to the UNSM treatment performed on LACS
specimen, the total length of LAGBs and HAGBs increased tremendously from 0.49 mm and 3.54
mm to 2.72 mm and 51.4 mm respectively along with a significant decrease in average GS from 1
pum to 0.23 um indicating the occurrence of extreme grain refinement in the LACS deposited 304L
SS coating by its UNSM surface treatment. Additionally, the average KAM value of surface treated
LACS coating has increased enormously by ~4X times from 0.6 to 2.3 signifying that UNSM has
induced a significant amount of plastic strain into the LACS specimen and immensely increased

its dislocation density. In general, deformation caused in a material increases the average MA value
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of the grains but, after UNSM surface treatment of LACS coating, the average MA value decreased
from 44.7° to 40.5° which could be indicative of dynamic recrystallization occurring in the LACS

coating as a result of the extreme SPD induced into the LACS specimen by UNSM.

Near-surface area of cross-sectioned as-LACS + UNSM treated 304L SS Coating — 2500X magnification.
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Figure 5.13: Maps obtained by EBSD analysis performed on the near-surface area of cross-sectioned as-LACS
+ UNSM treated 304L SS specimen representing its (a) Inverse Pole Figure (IPF) map, (b) Kernel Average
Misorientation (KAM) map, (c) KAM distribution chart (d) Grain Boundary Misorientation (GBM) map, (e)
Misorientation Angle (MA) distribution chart, (f) Grain Size (GS) distribution chart, and (g) legend of IPF

map in (a).

The EBSD data obtained from the cross-sectioned areas of polished CS and LACS coatings
subjected to UNSM treatment is compared with the EBSD data of UNSM treated as sprayed CS
and LACS coatings in table 5.5. As per this EBSD analysis, it can be said that no differences were
observed microstructurally when the CS and LACS coatings have been UNSM treated in either
their as sprayed or polished conditions i.e., no differences microstructurally between as-CS +

UNSM vs CS + P+ UNSM specimens and as-LACS + UNSM vs LACS + P + UNSM specimens.
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Therefore, it can be concluded that UNSM treatment is affecting the near-surface microstructure

of CS and LACS coatings in a consistent manner irrespective of their prior surface condition.

As-CS + UNSM CS + P+ UNSM As-LACS + UNSM LACS +P + UNSM
Number of LAGBs
22792 221 2 2
(20-15°) 79 37 72535 72908
Number of HAGBs
41 10681 1 1340071
(15°-180°) 9387 068158 369373 34007
Total number of 961533 1090295 1441908 1412979
boundaries
Average GS 0.22 0.21 0.23 0.22
Average KAM 2.5 2.6 23 23
Average MA 42.1 423 40.5 40.4

Table 5.5: EDSD data of as-CS + UNSM compared with CS + P + UNSM and as-LACS + UNSM compared
with LACS + P + UNSM.

However, it must be noted that even though the LACS coating had undergone extreme SPD
during its UNSM treatment, the porosity within the LACS coating has not been eliminated by the
surface treatment. But from the corrosion results presented in sections 5.2.6 and 5.2.7, it was
observed that the UNSM treatment of polished LACS specimen led to a partial closure of the
porous sites present on the surface of LACS coating consequently resulting in a significant
improvement in their corrosion properties due to the surface treatment.

Finally, from the EBSD results presented on CS & LACS 304L SS coatings in this section,
it can be concluded that the UNSM treatment of CS coating had a very negligible impact on it,
whereas the UNSM treatment performed on the LACS coating resulted in a gradient microstructure
with extreme grain refinement, near surface nano crystallization, dynamic recrystallization, and a
significant increase in the plastic strain / dislocation density in the LACS 304L SS coating.

AFS 304L SS:

The EBSD analysis performed at the top edge of cross sectioned as-AFS + UNSM and AFS
+ P + UNSM specimens is given in figures 5.14 and 5.15 respectively. To determine the effect of

UNSM on the as-AFS deposit, the EBSD analysis in figures 4.8 and 5.14 will be compared with
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each other. To obtain a polished AFS surface a considerable amount of material had to be removed
because of the grooves embedded by the rotating tool shoulder on the surface of as-AFS deposit
during its processing which can be observed in figure 3.2. Therefore, after a considerable amount
of material removal the very fine recrystallized nano grains and the fine grains at the top will be
removed leaving relatively coarser grains at the top of the polished specimen which closely
resembles the grains seen in figure 4.9 but not as coarse. So, to determine the effect of UNSM on
the polished AFS deposit the EBSD analysis presented in figures 4.9 and 5.15 will be compared
with each other.

The UNSM treatment performed on as-AFS specimen impacted its EBSD results in the

following manner: the GS decreased from 0.55 pm to 0.13 pum showing significant grain

Top-Edge of cross-sectioned as-AFS + UNSM specimen — 2500X magnification.
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Figure 5.14: Maps obtained by EBSD analysis from the top-edge of cross-sectioned 304L SS as-AFS + UNSM
treated specimen representing its (a) Inverse Pole Figure (IPF) map, (b) Kernel Average Misorientation
(KAM) map, (c) KAM distribution chart (d) Grain Boundary Misorientation (GBM) map, (e) Misorientation
Angle (MA) distribution chart, (f) Grain Size (GS) distribution chart, and (g) legend of IPF map in (a).

oo1 101

164



Top-Edge of cross-sectioned AFS + P+ UNSM specimen — 2500X magnification.
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Figure 5.15: Maps obtained by EBSD analysis from the top-edge of cross-sectioned 304L SS AFS + P +
UNSM treated specimen representing its (a) Inverse Pole Figure (IPF) map, (b) Kernel Average Misorientation
(KAM) map, (c) KAM distribution chart (d) Grain Boundary Misorientation (GBM) map, (e) Misorientation
Angle (MA) distribution chart, (f) Grain Size (GS) distribution chart, and (g) legend of IPF map in (a).
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refinement; the LAGBs decreased which could be indicative of a small degree of dynamic
recrystallization occurring in the very fine grains at the top AFS layer and the HAGBs increased
due to severe plastic deformation (SPD); the MA increased significantly from 33° to 42.7° due to
SPD; and the average KAM value increased enormously from 1.2 to 3.5 showing that significantly
higher degree of plastic strain was introduced in the as-AFS deposit by UNSM. Also, the UNSM
treatment performed on the polished AFS specimen impacted the EBSD results in a similar manner
as that of the as-AFS + UNSM specimen showing a decrease in grain size due to grain refinement
with an average GS of 0.28 pm; increase in both LAGBs and HAGBs with a significant change in
misorientation angle distribution due to SPD; and an increase in the average KAM value to 1.8

due to an increase in the plastic strain by UNSM treatment.
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One key observation that can be made between the two UNSM treated AFS specimens is
that the as-AFS + UNSM specimen exhibits considerably higher plastic strain and lower average
GS than AFS + P + UNSM specimen. Looking at the respective GS and KAM values prior to
UNSM treatment of the top and center area of AFS layers (figure 4.8 and 4.9) and their after-
surface treatment values (figure 5.14 and 5.15) it can be viewed that the impact of UNSM treatment
is building proportionally on the prior surface characteristics. Finally, it can be said that UNSM
treatment can induce significant degree of grain refinement with near-surface nano crystallization
and embedment of appreciable amount of dislocation density (plastic strain) in the 304L SS AFS
cladding in either of its surface conditions (i.e., in its as-deposited or polished surface condition).
5.2.2 X-Ray Diffraction Phase Analysis

Sensitized 304L SS:

Figure 5.16 shows the XRD scans of UNSM treated solution annealed and sensitized 3041
SS specimens. They reveal that the surfaces of both the UNSM treated SA and sensitized 304L SS
specimens have undergone a 100% austenitic to martensitic phase transformation, which can be
attributed to the extreme grain refinement and dynamic recrystallization occurring in them due to
the severe pounding of WC tool tip against their surface during UNSM treatment.

CS & LACS 304L SS:

Figure 5.17 represents the XRD scans of SA, CS, and LACS 304L SS specimens showing
the phase changes associated with the UNSM treatment performed on them in their (a) as-is surface
condition and (b) after polishing to 1200 grit surface condition. The UNSM treatment performed
on the as-SA and SA + P 304L SS specimens resulted in a 100% near-surface martensitic phase
transformation as expected because of the SPD induced onto the material during UNSM. However,

the UNSM treatment performed on both the as sprayed and polished surfaces of CS and LACS
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XRD scans of UNSM treated SA & Sensitized 304L SS specimens
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Figure 5.16: XRD surface scans of SA and Sensitized 304L SS specimens subjected to UNSM treatment.

coatings resulted in a martensitic phase transformation, but with a mixed presence of austenite and
martensite phases at their surface unlike the 100% martensitic transformation observed in the
UNSM treated SA specimens. The austenite phase peak in the XRD scans of UNSM treated CS
and LACS coatings can be clearly seen at a 20 of 43.5° in both the (a) and (b) of figure 5.17.

The reason for the partial transformation of austenite to martensite phase detected at the
surface of the UNSM treated CS and LACS coatings can be explained from the BSE micrographs
of untreated CS and LACS coatings shown in figure 5.18 that are taken from their top and cross-
sectioned surface areas which are showing a persistent presence of porosity throughout the
coatings. Typically, during UNSM surface treatment, the WC tool tip dynamically scans over the
specimen’s surface through direct contact, inducing SPD into the material that results in a 100%
near-surface phase transformation from FCC austenite to BCT martensite, whose content gradually

decreases through the depth of the specimen with a simultaneous increase in the percentage of
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austenite before ultimately diminishing to 0% martensite (i.e., detection of 100% austenite). But

while UNSM surface treating the CS and LACS coatings, because of the presence of large number

(2)

XRD scans of as-SA, as-CS and as-LACS 304L SS after UNSM treatment
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XRD scans of polished SA, CS and LACS 304L SS after UNSM treatment
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Figure 5.17: Comparing the XRD scans of SA, CS, and LACS 304L SS coatings after performing UNSM
surface treatment on them in their (a) as-is surface condition and (b) polished to 1200 grit surface condition.
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of porosity sites in the coatings, the WC tool tip will have restricted access to the material
underneath the porous area i.e., depending on the depth of the porous sites the tool tip may have
none to only limited contact with the underneath metal resulting in only a proportional degree of
martensitic transformation. Therefore, unlike in the case of conventionally hot-rolled & SA 304L
SS specimen, UNSM surface treatment does not induce a 100% near-surface martensitic
transformation in the CS and LACS 304L SS coatings. However, it must also be noted that the
surface of the UNSM treated CS and LACS coatings has predominantly transformed to martensite
phase with only a small fraction of austenite phase remaining as seen from their XRD scans in

figure 5.17.

CS — Top surface area LACS — Top surface area

curr  HV
d ABS 0.20 nA 10.00 kV

LACS — Cross-sectional surface area

i T 5

CS — Cross-sectional surface area

i HV
S 0.20 nA 10.00 kV

Figure 5.18: BSE micrographs showing the persistent presence of porosity in the untreated CS & LACS 304L
SS coatings.
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AFS 304L SS:

Figure 5.19 represents the XRD patterns obtained for the UNSM treated AFS 304L SS
specimens showing the phase changes associated with the surface treatment performed on the AFS
304L SS cladding with respect to both of its surface conditions (i.e., UNSM treatment performed
on its as-is surface condition and polished surface condition), along with the XRD pattern of
UNSM treated SA specimen. The XRD patterns of both as-AFS + UNSM and AFS + P + UNSM
specimen surfaces show that UNSM treatment resulted in a 100% martensitic phase transformation
at their surface like that of the SA + UNSM treated 304L SS specimen. And it can also be observed
from the XRD pattern of as-AFS + UNSM specimen not showing any oxide peaks indicating that
the oxide film present on the as-AFS specimen was broken down by the surface treatment.
However, EDS analysis was performed on the specimen surface to confirm if the oxide film has

been completely removed by UNSM or not whose results are presented later in this chapter.

XRD scans of SA and AFS 304L SS after UNSM treatment
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Figure 5.19: XRD patterns of UNSM treated as-AFS, polished AF'S, and SA 304L SS specimens.
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5.2.3 Nano Hardness Analysis

Sensitized 304L SS:

Figure 5.20 (a), (b), & (c) show the effect of UNSM treatment on the nano hardness depth
profiles of SA, S5, and S24 specimens respectively. In all the three specimens, the near-surface
nano hardness value after their UNSM treatment has increased tremendously to ~ 600 Hv
increasing by more than 2X times. Furthermore, this tremendously high near-surface nano
hardness value decreases gradually through the depth of all the three specimens eventually
reaching their prior surface treatment hardness values due to the gradient nature of the
microstructures obtained by UNSM treatment. The depths up to which the impact of UNSM
treatment could be seen on the hardness values of SA, S5, and S24 specimens were determined to
be 0.36 mm, 0.4 mm, and 0.28 mm respectively, which align proportionally well with the
determinations made from their respective KAM maps (figure 5.11 (a-c)) regarding the depth up
to which the induced plastic strain could be observed in these specimens, with the maximum depth
impact seen in these specimens following the relationship S5 > SA > S24.

The tremendous increase in near-surface and sub-surface hardness of UNSM treated SA,
S5, and S24 304L SS specimens can be attributed to the combined effect of the following factors:
(1) intense strain hardening caused by UNSM promoting the multiplication and entanglement of
dislocations thereby, increasing the dislocation density and their accumulation at the grain
boundaries within the material, (2) extreme grain refinement resulting in tiny grains increases the
density of grain boundaries impeding dislocation motion, and (3) austenite to martensite phase
transformation, since martensite phase generally possesses higher hardness than the austenite
phase. Therefore, all these three factors combined are simultaneously contributing to the

tremendous increase in hardness of the SA and sensitized 304L SS specimens by UNSM treatment.
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(a) Vickers Nano Hardness Depth Profile of SA 304L SS before and after UNSM
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Figure 5.20: Nano Hardness Depth Profile comparison of (a) SA, Sensitized at 650°C for (b) 5h and (c) 24h
304L SS specimens before and after UNSM treatment.

CS & LACS 304L SS:

Figure 5.21 depicts the effect of UNSM treatment on as-CS and CS + P 304L SS specimens
with respect to the variations in their through-the-depth nano hardness values. The near-surface
hardness of as-CS and CS + P specimens increased slightly after their UNSM treatment from 594
Hv to ~ 700 Hv and 800 Hv respectively. The slight increase in the near-surface hardness of CS
coatings after their UNSM treatment can be attributed to the martensitic phase transformation and
the small degree of grain refinement occurring in the few larger sized deformed grains that were
present in the untreated CS specimens by UNSM as can be observed by comparing figures 4.6 and
5.12. Also, the higher near-surface hardness of CS + P + UNSM specimen than that of the as-CS
+ UNSM specimen could be due to the increased efficiency of dynamic load transfer through the
WC tool tip onto the smoother surface of polished CS specimen during its UNSM treatment than
that of the rougher as-CS specimen surface. However, the depth hardening impact of UNSM on

172



both the as-CS and CS + P specimens was confined to < 40 um from their surface.
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Figure 5.21: Nano Hardness depth profiles of CS 304L SS before and after UNSM treatment.

Figure 5.22 depicts the effect of UNSM treatment on the as-LACS and LACS + P 304L SS
specimens with respect to the alterations in their through-the-depth nano hardness values. Upon
UNSM treating the LACS coatings their near-surface hardness values have increased
tremendously from 378 Hv to > 700 Hv in both the as-LACS + UNSM and LACS + P + UNSM
specimens which could be attributed to the SPD induced into the specimens during their UNSM
treatment resulting in nano crystallization and increased dislocation density at the surface as can
be seen from figure 5.13. Additionally, martensitic phase transformation by UNSM treatment is
also a contributing factor to the significant increase in near-surface hardness of UNSM treated
LACS 304L SS specimens, as martensite phase generally has higher hardness than austenite phase.
Like CS specimens, the LACS + P + UNSM specimen exhibits slightly higher near-surface
hardness than the as-LACS + UNSM specimen for the same reason that the efficiency of the
dynamic load transfer through the WC tool tip would have improved when UNSM peening was
done on the smoother surface of LACS + P specimen than on the rougher surface of as-LACS

specimen. The sub surface hardness of surface treated LACS coatings decreased gradually along
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the depth of the specimens because of the gradient nature of the microstructure attained by the
LACS coatings after their UNSM treatment (i.e., an increase in grain size, decrease in dislocation
density and martensite phase with an increase in depth from the specimen surface tending to a
decrease in the hardness values of UNSM treated LACS specimens along their depth). The
relatively significant increase in hardness through the depth of both as-LACS + UNSM and LACS

+ P+ UNSM specimens could be observed up to a depth of ~ 160 um from their surfaces.

Effect of UNSM on Nano Hardness Depth Profile of LACS
304L SS

900
800
700 |-
600
500
400

300

—— As-LACS
200 As-LACS + UNSM

Vickers Hardness (Hv)

=@ LACS + P + UNSM

100 i
ooooooo Linear (As-LACS)

0 100 200 300 400 500 600 700

Distance from the edge (um)

Figure 5.22: Nano Hardness depth profiles of LACS 304L SS before and after UNSM treatment.

AFS 304L SS:

Figure 5.23 shows the effect of UNSM on the as-AFS and AFS + P 304L SS specimens
with respect to the variations in their through-the-depth nano hardness values. The near-surface
hardness of both as-AFS and AFS + P specimens more than doubled from 533 Hv and 369 Hv to
1236 Hv and 789 Hv respectively after their UNSM treatment. From the variable increase in
hardness values, it can be said that the UNSM treatment is enhancing the prior surface hardness of
as-AFS and AFS + P specimens proportionally rather than elevating them to the same level. A
similar observation was made with respect to their KAM values as well during their EBSD

analysis. The tremendous increase in near-surface hardness of both as-AFS and AFS + P specimens
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(a) Effect of UNSM on the Nano Hardness Depth Profile of As-
AFS 304L SS deposit
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(b) Effect of UNSM on the Nano Hardness Depth Profile of
polished AFS 304L SS deposit
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Figure 5.23: Effect of UNSM on the Nano Hardness depth profiles of (a) as-AFS and (b) polished to 1200 grit
AFS 304L SS deposit surface.

can be attributed to a combination of factors like martensitic phase transformation, significant
grain refinement and increased dislocation density resulting from the SPD induced by UNSM.
However, the depth up to which the increased hardness values can be observed varies only slightly
in as-AFS + UNSM and AFS + P + UNSM specimens, with it being observed up to a depth of ~
100 um and 130 um from the surface of these specimens respectively. Therefore, it can be said in

conclusion that UNSM is resulting in an enormous and proportional increase in the near surface
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hardness of the AFS specimens whether the surface treatment is performed on the as-is or polished
AFS cladding, & its impact is lasting up to a depth of at least ~ 100 um from the specimen surface.
5.2.4 Surface Topography Analysis

Sensitized 304L SS:

Figure 5.24 represents the SE micrographs showing the surfaces of UNSM treated SA, S5,
and S24 304L SS specimens. All the three specimen surfaces show UNSM tracks consisting of
peaks and valleys that were made by the WC tool tip during their surface treatment. No substantial
differences between their surface topography can be observed visually from their micrographs.
However, when their surfaces were analyzed using Bruker contour GT optical profilometer, the
obtained surface roughness (Ra) values of the three UNSM treated 304L SS specimens had minor
differences exhibiting values 0f 0.63 + 0.06 um, 0.89 = 0.06 um, and 0.55 + 0.18 um by the UNSM
treated SA, S5, and S24 specimens respectively. The UNSM treated SA and S24 specimens exhibit
slightly lower Ra values than the S5 specimen indicating that the former two specimens have
slightly smoother surface finish than the latter specimen after their surface treatment. The higher
surface roughness value of UNSM treated S5 specimen can be attributed to its lower hardness
(figure 4.13) allowing the WC tool tip to make slightly deeper valleys on its surface during UNSM

treatment than when compared to the relatively harder SA and S24 specimens.

SA + UNSM. S5 + UNSM. S24 + UNSM.

Figure 5.24: SE micrographs showing the surface of UNSM treated SA and sensitized at 650°C for 5h and 24h
304L SS specimens.
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CS & LACS 304L SS:

The average Ra values of as-CS + UNSM, as-LACS + UNSM, CS + P+ UNSM, and LACS
+ P + UNSM 304L SS specimens that are obtained using Bruker contour GT profilometer are
depicted graphically with the help of bar charts in figure 5.25 (a) & (b) and their surface profile

scans that visually depict their surface topography are given in figure 5.25 (c), (d), (e), & (f)

respectively.
(a) Effect of UNSM on the surface roughness of as sprayed (b) Effect of UNSM on the surface roughness of Polished
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Figure 5.25: Surface topography analysis showing the effect of UNSM treatment on the surface roughness (Ra)
values of (a) as sprayed and (b) polished to 1200 grit surface finish CS and LACS 304L SS coatings and (c),
(d), (e), & (f) represent the surface profile scans of as-CS + UNSM, as-LACS + UNSM, CS + P + UNSM, and
LACS + P + UNSM 304L SS specimens respectively.
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Upon UNSM treating the as-sprayed CS and LACS coatings, their Ra values declined from
~16+ 1.9 umto 5.7 = 1.3 um and 2.5 £ 0.2 um decreasing by ~ 3X and 6X times respectively.
This decrease in the Ra of as-sprayed CS and LACS coatings by UNSM occurred due to the severe
pounding of WC tool tip with significant impact density on the coating’s surface. Also, the decrease
in Ra value due to UNSM treatment is far greater in the as-LACS coating than in as-CS coating
because of the lower hardness value of LACS coating allowing the WC tool tip to dynamically
penetrate deeper into the material than it could into the heavily deformed CS specimen.

Whereas the UNSM treatment performed on the polished CS and LACS coatings increased
their surface roughness marginally from that of their polished state because of the peaks and
valleys created by WC tool tip on their surface during their UNSM treatment. However, the
obtained Ra values of CS + P + UNSM (0.34 + 0.079 pm) and LACS + P + UNSM (0.39 + 0.068
pum) specimens can be considered as insignificant when compared to the Ra values of as-sprayed
coatings (~ 16 £ 1.9 um) or to that of the as-sprayed + UNSM treated coatings.

The surface scans of UNSM treated as-CS, as-LACS, CS + P, and LACS + P coatings
depict a uniform surface area, characteristic of a typical UNSM treated specimen surface,
showcasing clearly visible rows of vertical lines that represent the sequential impact of WC tool
tip on the specimen surface. From the surface scans it appears that medium degree of concentration
cells could be setup on the as-CS + UNSM and as-LACS + UNSM specimens whereas it would
be extremely difficult for the corrosive chloride ions in the corrosion test solutions or during real
time applications to settle or setup concentration cells on the CS + P + UNSM and LACS + P +
UNSM specimen surfaces similar to that of the CS + P and LACS + P specimen surfaces.

Finally, it can be concluded that UNSM surface treatment performed on both the as-sprayed
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CS and LACS 304L SS coatings was extremely effective in reducing their surface roughness or
surface unevenness, with the most impact being seen on the surface of the as-LACS coating than
on the as-CS coating surface owing to the huge difference observed in their hardness characteristics
and that UNSM does not significantly impact the surface roughness of polished CS and LACS
coatings in a negative manner.

AFS 304L SS:

The attained average Ra values for as-AFS + UNSM and AFS + P + UNSM 304L SS
specimens are presented graphically using a bar chart in figure 5.26 (a), along with their surface
profile scans in figure 5.26 (b) & (c) respectively. The UNSM treatment on as-AFS cladding was

performed on the rightmost section of the as-AFS cladding shown in figure 3.2 or figure 4.17 (a).

(@)  Effect of UNSM on the average surface roughness of
AFS 304L SS cladding
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Figure 5.26. Surface topography analysis showing the effect of UNSM treatment on the surface roughness (Ra)
values of (a) as sprayed and polished to 1200 grit surface finish AF'S 304L SS coatings, and (b) & (c) represent
the surface profile scans of as-AFS + UNSM and AFS + P + UNSM 304L SS specimens respectively.
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Therefore, to determine the effect of UNSM on the surface roughness of as-AFS specimen,
only the Ra value pertaining to the rightmost section was considered and compared with the Ra
value of as-AFS + UNSM treated specimen surface. And from figure 5.26, it can be seen that
UNSM treating the as-AFS specimen resulted in nearly 2X decrease in its Ra value from 8.6 + 4.6
um to 4.4 + 3.0 um due to the severe pounding of WC tool tip on its surface during the surface
treatment. Whereas upon UNSM treating the polished AFS specimen, its surface roughness
increased slightly as expected, from a value of 0.03 = 0.012 um to 0.48 £+ 0.034 um, because of
the peaks and valleys created by the dynamic action of WC tool tip on the polished AFS specimen
surface. Nevertheless, it can be said that UNSM can effectively reduce the surface roughness of
the as-AFS 304L SS cladding and does not negatively impact the Ra of polished AFS much.
5.2.5 Residual Stress Analysis

Sensitized 304L SS:

Upon UNSM treating the polished SA, S5, and S24 specimens, their surface residual stress
(SRS) increased enormously in the compressive stress state to greater than -1600 MPa and -900
MPa along their step direction (SD) and transverse direction (TD) of UNSM respectively and their
exact magnitudes are presented in figure 5.27. The CRSs are generated in a material by the creation
of stress concentration and strain accumulation regions in it through rearrangement of atomic
positions, dislocation pile-up and development of strain incompatibility between neighboring
grains caused by the SPD and grain fragmentation in the material during UNSM.

Through-the-depth RS profiles of UNSM treated SA and sensitized 304L SS specimens
were determined because they can have an impact on the SCC resistance of a material. At every
depth interval, the RSs due to both austenite and martensite phases were measured until martensite

phase disappeared. Beyond it, only RS pertaining to austenite phase was measured until at least
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two RS values were obtained in the tensile region, so as to determine the depth up to which the

impact of UNSM was felt in the induction of CRSs in the SA, S5, and S24 304L SS specimens.

Surface Residual Stress of UNSM treated SA and sensitized
304L SS specimens
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Figure 5.27: Surface residual stress comparison along both the orthogonal directions of UNSM treated
Polished SA and sensitized 304L SS specimens.

The RS depth profiles related to both the martensite and austenite phases and their
corresponding full width half maximum (FWHM) profiles of UNSM treated SA, S5, and S24 304L
SS specimens are presented in figures 5.28 (martensite) and 5.29 (austenite) respectively. In both
the figures, (a) represents the SA + UNSM treated, (b) represents the S5 + UNSM treated, (c)
represents the S24 + UNSM treated 304L SS specimens RS depth profiles along both the
orthogonal directions of UNSM and (d) represents the FWHM depth profiles of all the three
specimens. The RS depth profiles of all the three specimens with respect to both the austenite and
martensite phases show stress distribution curves that are typically observed in specimens
processed by common surface processing techniques, with the highest CRS being observed at the
surface of the specimen that gradually decreases along its depth.

The near-surface CRSs with respect to both the austenite and martensite phases of UNSM

treated SA, S5, and S24 specimens along their SD were observed to be significantly greater in
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magnitude than the CRSs along their TD of UNSM. The induction of CRSs pertaining to the
martensite phase of all the three specimens was seen up to a depth of ~ 140 — 150 um below their
surface along both the orthogonal directions of UNSM. Whereas the CRSs pertaining to the
austenite phase of all the three specimens could be observed up to a depth of ~ 400 um and 500

um along the SD and TD of UNSM respectively.
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Figure 5.28: Residual stress depth profiles along both the orthogonal directions of UNSM treated (a) SA, (b)
S5, and (c) §24 304L SS specimens w.r.t their martensite phase and (d) their corresponding FWHM profiles
depicting the plasticity present in the material along their depth.

Despite the near-surface CRS values along the TD of all the three UNSM treated specimens
being of a lower magnitude than their CRS values along their SD of UNSM, the induction of CRSs
up to a certain depth of the specimens has been highest along their TD of UNSM than along their
SD of UNSM. Another observation made from the CRS values of UNSM treated SA, S5, and S24
specimens is that the CRS values pertaining to the martensite phase at every depth interval along

both the orthogonal directions of the UNSM treated specimens is exceptionally higher than the
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CRS values pertaining to the austenite phase. Also, as the CRS values due to both the austenite
and martensite phases are not the same, it indicates that the RS due to both these phases are not
equi-biaxial. Lastly, despite the differences in the GS and hardness characteristics of untreated SA,
S5, and S24 specimens, the depth up to which the CRSs and martensite phase were induced in all
the three specimens by UNSM treatment along both their SD and TD of UNSM are extremely

close to each other with their exact values being presented in figure 5.30.
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Figure 5.29: Residual stress depth profiles along both the orthogonal directions of UNSM treated (a) SA, (b)
S5, and (c) §24 304L SS specimens w.r.t their austenite phase and (d) their corresponding FWHM profiles
depicting the plasticity present in the material along their depth.

The FWHM values presented in figures 5.28 and 5.29 that are obtained along the depth of
the SA and sensitized 304L SS specimens depict the plasticity or strain present in the respective
specimen’s material. As martensite phase exists only up to a certain limited amount of depth, the
FWHM profile pertaining to austenite phase is considered to demonstrate the plasticity embedded

by UNSM treatment throughout the entire depth of the 304L SS specimens studied here. Therefore,
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from figure 5.29 (d), it can be observed that the UNSM treatment has embedded a significant and
similar degree of plasticity or strain at the surface of all the three specimens which decreased
gradually along their depth. The notably higher plastic strain deduced from the FWHM profiles of
the UNSM treated SA and sensitized 304L SS specimens is determined to exist up to a depth of ~
200 — 230 um which coordinates well with the observations made from the KAM maps in figure
5.11 (a-c) where the extensive plastic strain introduced into the specimens by UNSM could be seen

visually.
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resiudal stresses in UNSM treated SA and sensitized 304L SS
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Figure 5.30: Depth of presence of martensite phase and induction of compressive residual stresses in the
UNSM treated SA and sensitized 304L SS specimens.

CS & LACS 304L SS:

The effect of UNSM surface treatment on the residual stress state of as sprayed and
polished CS and LACS 304L SS coatings has been studied along both the orthogonal directions of
the specimens (step direction -SD and transverse direction - TD) i.e., every residual stress
measurement taken on the surface of UNSM treated CS and LACS coatings has been determined
with respect to both the SD and TD of the specimens. Also, to maintain constant directionality, the

UNSM surface treatment was performed on the CS and LACS coatings by aligning the step and
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transverse directions of UNSM processing with those of the CS and LACS processed coatings.
Moreover, the XRD phase analysis seen in figure 5.17 shows that the UNSM treated CS and LACS
coating surfaces consisted, both the austenite and martensite phases because of the partial phase
transformation occurring in the CS and LACS coatings by SPD during their UNSM treatment.
Therefore, the RS measurements of surface treated CS and LACS coatings were measured with
respect to both the austenite and martensite phases.

The SRS measurements obtained for the UNSM treated as sprayed and polished to 1200
grit surface finish CS and LACS coatings are presented graphically in figure 5.31 with (a) and (b)
representing the SRS due to their austenite and martensite phases respectively. The SRSs of as-CS
and as-LACS specimens after their UNSM treatment with respect to both the austenite and
martensite phases have increased vastly in the compressive stress region exhibiting magnitudes
greater than -1250 MPa and -730 MPa along their SD and TD respectively. Whereas the SRSs of
polished CS and LACS specimens after their UNSM treatment with respect to both the austenite
and martensite phases have increased further in the compressive state than the as sprayed + UNSM
treated CS and LACS coatings to an even higher magnitudes of greater than -1570 MPa and -980

MPa along their SD and TD respectively.

(a) Effect of UNSM on the surface residual stress of CS and (b) Effect of UNSM on the surface residual stress of CS and
LACS 304L SS coatings - Austenite phase LACS 304L SS coatings - Martensite phase
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Figure 5.31: Effect of UNSM treatment on the surface residual stress measurements of as sprayed and polished CS
and LACS 304L SS coatings pertaining to (a) austenite phase and (b) martensite phase.
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It was established earlier in section 4.2.5, that polishing the CS and LACS 304L SS
coatings resulted in higher SRSs than that were present on the surface of the as sprayed CS and
LACS coatings. Now, it can be observed that the SRSs related to both austenite and martensite
phases of CS + P+ UNSM & LACS + P + UNSM specimens are higher than the SRSs of as-CS +
UNSM and as-LACS + UNSM specimens indicating that the higher SRSs present in the polished
coatings than those of the SRSs in the as sprayed coatings are heightening proportionately to higher
magnitudes upon subjecting the as sprayed and polished CS and LACS coatings to UNSM surface
treatment. That is the magnitude of SRS present on the respective specimen’s surface prior to its
surface treatment is having an influence on the magnitude of SRS obtained on the specimen’s
surface after its UNSM surface treatment. Also, the residual stresses due to austenite and
martensite phases are not equi-biaxial.

Through-the-depth residual stress profiles of UNSM treated CS and LACS 304L SS

coatings: Effect of UNSM on the RS depth profile of CS specimens: The residual stress depth

profiles performed on both the as-CS + UNSM and CS + P + UNSM specimens with respect to
both the austenite and martensite phases along both of their orthogonal directions are presented in
figure 5.32. The RS depth profiles of UNSM treated CS specimens pertaining to their martensite
phase shown in figure 5.32 (c) could be attained only up to a depth of ~ 90 um, beyond which
strong martensite peaks were not present. Whereas the RS depth profiles of UNSM treated as-CS
and CS + P coatings pertaining to their austenite phase are presented in figure 5.32 with (a) and
(b) representing the depth profiles along their SD and TD respectively. The impact of UNSM on
through the depth RS of CS coatings was determined by comparing the heightened CRSs due to
UNSM with the already present CRSs in the CS coating prior to surface treatment. The vast

increase in CRSs in the CS coatings due to UNSM treatment could be observed along their SD and
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TD up to a depth of ~ 350 um and 260 pm in the as-CS + UNSM specimen and up to a depth of
~330 um and 310 um in the CS + P+ UNSM specimen respectively from their respective surfaces.

(a) Effect of UNSM on the RS depth profile of CS 304L SS coating (b) Effect of UNSM on the RS depth profile of CS 304L SS coating
along its SD - Austenite phase along its TD - Austenite phase
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Figure 5.32: Residual stress depth profiles of as-CS + UNSM and CS + P + UNSM specimens pertaining to
their austenite phase along their (a) step direction, and (b) transverse direction, (c) pertaining to their
martensite phase along both the orthogonal directions, and (d) all their corresponding FWHM depth profiles.

The FWHM depth profiles of UNSM treated CS specimens with respect to both austenite
and martensite phases are compared against the FWHM depth profile of as-CS specimen in figure
5.32 (d). The FWHM profiles pertaining to martensite phase of UNSM treated CS specimens show
that the plasticity due to martensite phase increases only at the top surface of the coating and
decreases drastically along its depth. The FWHM profiles pertaining to the austenite phase of
UNSM treated CS specimens show a notable increase in their near-surface plastic strain due to
UNSM but is confined to a mere 20 um depth from their surface. At their sub-surface between 20
and 200 um, there is a marginal decrease in plastic strain in both the as-CS + UNSM and CS + P

+ UNSM specimens before retreating to the levels of strain already present in the as-CS specimen.
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This decrease in plastic strain at the sub surface after UNSM of the CS coating can be attributed
to dynamic recovery and dynamic recrystallization occurring through SPD during UNSM.
Dynamic recrystallization occurring in an already heavily deformed material can help redistribute
the plastic strain to the newly formed grains resulting in a decrease of the strain concentration that
was present in the former heavily deformed areas. Therefore, it can be concluded that UNSM is
resulting in sub-surface strain relief of the heavily deformed CS coating up to a small depth.

Effect of UNSM on the RS depth profile of LACS specimens: The RS depth profiles

performed on both the as-LACS + UNSM and LACS + P + UNSM specimens with respect to both
the austenite and martensite phases along both their SD and TD are presented in figure 5.33. The
RS due to martensite phase in both the UNSM treated LACS specimens could be obtained only up
to a depth of 60 um — 70 um and the respective depth profiles are given in figure 5.33 (c). Beyond
60 um - 70um depth of UNSM treated LACS specimens, strong enough martensite peaks were
not present in either of the orthogonal directions of the specimen representing the disappearance
of martensite phase. Whereas the RS depth profiles pertaining to the austenite phase of UNSM
treated LACS specimens along their SD and TD are given in figure 5.33 (a) and (b) respectively
which were carried out until the CRSs seen at their surface transformed to TRS state along their
depth in both of their orthogonal directions. The CRSs in both as-LACS + UNSM and LACS + P
+ UNSM specimens were present up to a depth of ~ 390 um and 420 um from their surface along
the SD and TD of UNSM respectively.

The FWHM depth profiles of UNSM treated LACS specimens with respect to both the
austenite and martensite phases are compared against the FWHM depth profile of as-LACS
specimen in figure 5.33 (d). The FWHM profiles related to both the austenite and martensite phases

after UNSM show substantial increase in plastic strain at the surface of the coatings which
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gradually decreased along their depth. The significantly high degree of plasticity induced by the
surface treatment into both the LACS coatings can be seen up to a depth of ~ 200 um from their
surface, as can be observed from the FWHM profiles pertaining to the austenite phase of the
UNSM treated LACS specimens. Beyond 200um depth, the plastic strain appears to have reverted
to the levels present in the untreated LACS coating. This increase in plastic strain observed from
the surface treated LACS specimens FWHM profiles corelates well with the observation made
from the increase in average KAM value signifying the increase in plastic strain / dislocation

density in UNSM treated LACS coating while comparing the EBSD analysis in figures 4.7 & 5.13.

(a)  Effect of UNSM on the RS depth profile of LACS 304L SS (b)  Effect of UNSM on the RS depth profile of LACS 304L SS
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Figure 5.33: Residual stress depth profiles of as-LACS + UNSM and LACS + P + UNSM specimens pertaining
to their austenite phase along their (a) step direction, and (b) transverse direction, (c) pertaining to their
martensite phase along both the orthogonal directions, and (d) all their corresponding FWHM depth profiles.

The depth of presence of martensite and the depth of induction of CRSs data obtained for
all the UNSM treated CS and LACS coatings are consolidated into table 5.6. In both CS and LACS

coatings subjected to UNSM treatment no notable differences in the depth of induction of CRSs
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or the depth of presence of martensite could be seen between them i.e., between as sprayed +
UNSM vs polished + UNSM treated CS and LACS coatings. Therefore, the difference in the
impact of UNSM with respect to the surface condition (as sprayed or polished) of the CS and

LACS coatings was majorly confined to the near-surface compressive residual stresses only.

Depth of CRS along SD Depth of CRS along TD Depth of
of UNSM - Austenite of UNSM - Austenite martensite

phase (mm) phase (mm) presence (mm)
As-CS + UNSM 0.35 0.26 0.09
CS +P + UNSM 0.33 0.31 0.09
As-LACS + UNSM 0.39 0.42 0.06
LACS + P + UNSM 0.39 0.42 0.07

Table 5.6: Depth of presence of martensite and depth of induction of CRSs by UNSM on CS and LACS

coatings.

Finally, it can be concluded that the UNSM surface treatment of the CS and LACS coatings
enormously increased their SRS magnitudes in the compressive region lasting up to an appreciable
depth from the specimen’s surfaces which can be extremely beneficial in improving the SCC
resistance of the CS and LACS 304L SS coatings.

AFS 304L SS:

The UNSM treatment was performed on the AFS specimens by aligning the SD and TD of
UNSM process with that of the AFS specimens. The XRD phase analysis performed on the UNSM
treated AFS specimens revealed that both as-AFS + UNSM and AFS + P + UNSM have undergone
a 100% martensitic phase transformation at their surface (figure 5.19). Therefore, the SRS
measurements of UNSM treated AFS specimens given in figure 5.34 are pertaining to martensite
phase measured by Cr X-ray tube whereas the SRS of untreated AFS specimens are pertaining to
austenite phase measured by Mn X-ray tube using Proto LXRD system. The SRSs of AFS
specimens have increased enormously in the compressive region due to UNSM treatment in both

as-AFS and AFS + P specimens to magnitudes of - 2370 MPa and - 1990 MPa along the SD and -
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1434 MPa and -1040 MPa along the TD respectively. The high magnitude of compressive residual
stresses (CRSs) introduced into the specimens by UNSM is due to the severe plastic deformation
and extreme grain refinement leading to dislocation pile up near the surface creating a stress field
that induces compressive stresses in the material. Moreover, like the EBSD and hardness analysis,
the SRS after UNSM of as-AFS cladding was measured to be higher than that of the UNSM treated

AFS + P specimen due to the assistance of nano grains present at the as-AFS specimen’s surface.

Effect of UNSM on the surface residual stress of AFS 304L SS

deposit
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Figure 5.34: Surface residual stress measurements of as deposited and polished AF'S 304L SS before and after
UNSM treatment.

Through-the-depth residual stress (SRS) analysis of UNSM treated AFS specimens: The

surface of AFS specimens was found to have been transformed from austenite to 100 % martensite
upon UNSM treatment due to the SPD. However, the amount of martensite content will decrease
through the depth with a subsequent increase in austenite phase because of the gradient
microstructure created by UNSM treatment. Therefore, the residual stress depth profile of UNSM
treated AFS specimens was performed at every depth interval with respect to both austenite and
martensite phases until the martensite phase disappears completely. The residual stress depth
profile with respect to austenite phase was performed until the compressive residual stresses

induced by UNSM transform to tensile residual stresses (TRSs) which helps in determining the
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depth impact of UNSM in inducing CRSs.

The RS depth profiles performed on both as-AFS + UNSM and AFS+ P + UNSM
specimens with respect to austenite and martensite phases along both SD and TD of UNSM are
presented in figure 5.35. The RS depth profiles due to martensite phase are given in figure 5.35 (¢)
which shows that the depth up to which martensite phase could be found in as-AFS + USNM and
AFS + P + UNSM was limited to ~ 60 um and 100 um respectively. The RS depth profiles related
to the austenite phase in UNSM treated AFS specimens along their SD and TD are given in figure
5.35 (a) and (b) respectively. Comparing the RS depth profiles pertaining to austenite phase with
that of martensite phase, it can be noticed that until the little while martensite existed, the RS due
to it has always been higher than RS due to austenite phase showing that the stress due to them is
not equi-biaxial. The CRSs in as-AFS + UNSM specimen measured with respect to austenite phase
could be observed up to a depth of 500 um and 520 um along SD and TD of UNSM respectively.
Whereas the CRSs in AFS + P + UNSM specimen could be found up to 560 pm and 470 pm from
the surface along the SD and TD of UNSM respectively.

The FWHM depth profiles of UNSM treated AFS specimens related to both austenite and
martensite phases are displayed in figure 5.35 (d). FWHM values represent the degree of plastic
strain present in a material. The FWHM profiles of UNSM treated AFS specimens related to both
austenite and martensite phases show significantly higher plastic strain near-surface which
gradually decreased through their depth. The near-surface plastic strain of as-AFS + UNSM
specimen is considerably higher than AFS + P + UNSM specimen due to both austenite and
martensite phases. Therefore, the correlation of near-surface plastic strain observed from these
FWHM values aligns exceptionally well with the plastic strain determined from the KAM maps

during EBSD analysis (figures 5.14 and 5.15). Also, the plastic strain induced by UNSM through
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(a) Effect of UNSM on the RS depth profile of AFS 304L SS (b) Effect of UNSM on the RS depth profile of AFS 304L SS
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Figure 5.35: Residual stress depth profiles of as-AFS + UNSM and AF'S + P + UNSM specimens pertaining to
their austenite phase along their (a) step direction, and (b) transverse direction, (c) pertaining to their
martensite phase along both orthogonal directions, and (d) all their corresponding FWHM depth profiles.

the depth of AFS specimens could be seen from the austenite phase FWHM profiles. The induction
of plastic strain by UNSM in as-AFS specimen appears to be higher than AFS + P + UNSM
throughout their depth up to 200 pm beyond which not much difference exists between them. Also,
the increase in plastic strain due to UNSM in both AFS specimens could be seen up to a depth of
~ 300 um from their surface before becoming constant beyond it.

5.2.6 Corrosion Analysis — Sensitization / Susceptibility Behavior

Sensitized 304L SS:

The DLEPR test curves of SA, S5, and S24 304L SS specimens before and after their
UNSM treatment are compared in figure 5.36 (a), (b), and (c) respectively. Whereas the relevant
data pertaining to these specimens showing the effect of UNSM treatment on their degree of

sensitization (DOS) ratios is presented in table 5.7.
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Peak Peak Re-

. Activation Activation Degl.'ee (.)f COI‘I’OS.I O passivation
Specimen Sensitization,  potential, . Epp -
. Current Current _ potential,
condition . . %DOS = Ecorr Ecorr
Density, Ia Density, Ir ((Ir/Ia) *100) (mV) Epp (mV)
(A/em?) (A/cm?)
SA 5.60E-02 1.80E-06 0.003 -430 159 589
SA + UNSM 4.85E-02 1.90E-05 0.039 -427 53 480
S5 5.14E-02 1.52E-03 2.95 -426 153 580
S5 + UNSM 5.52E-02 1.60E-04 0.29 -443 62 505
S24 5.99E-02 8.44E-03 14.1 -420 184 604
S24 + UNSM 6.42E-02 9.81E-03 15.3 -445 130 575

Table 5.7: Degree of sensitization ratios and the relevant corrosion data, showing the impact of UNSM
treatment on the SA, S5, and S24 304L SS specimens.

Figure 5.36 (a) compares the DLEPR curves of SA specimen before and after UNSM
treatment. The Epp-Ecorr value of SA specimen decreased considerably by 109 mV after UNSM
treatment showing that its passivation behavior improved by the surface treatment. The
improvement in the passivation behavior of SA specimen by UNSM can be attributed to the
extreme grain refinement caused by the surface treatment in the SA specimen resulting in smaller
sized grains that can accelerate the formation of passive film on its surface. However, the DOS
ratio obtained for the UNSM treated SA specimen was 0.039 % which increased considerably from
that of the untreated SA specimen’s DOS ratio (0.003 %) but in hindsight it’s value is still
considerably lower than the DOS ratio of S5 specimen (2.95 %). The increase in the DOS ratio of
SA specimen after its UNSM treatment can be attributed to the severe pounding of WC tool tip on
its surface leading to the formation of peaks and valleys at its surface as seen in figure 5.24. These
minor peaks and valleys present on the surface of UNSM treated SA specimen can act as
crevices/initiation sites for the breakdown of passive film during the reverse scan of the DLEPR
test leading to slightly higher amount of uniform corrosion occurring on its surface than when
compared to the untreated SA specimen’s surface during their respective DLEPR corrosion tests.
These observations are affirmed by the BSE micrographs of untreated SA and SA + UNSM treated
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specimens seer\ in figure 5.37 which clearly show that the UNSM treated SA specimen is
undergoing slightl more uniform corrosion than that of the untreated SA specimen. Also, unlike
the sensitized specimgns S5 and/or S24, the UNSM treated SA specimen’s micrograph does not
show the formation of §ny deeper ditches on its surface, confirming that there is no localized
corrosion occurring anywhdge on its surface due to the preferential attack of the corrosive solution.

Figure 5.36 (b) comp¥res the DLEPR curves of S5 specimen before and after UNSM
treatment. They show that UNSN treatment had a huge positive impact on the DOS ratio of S5
specimen, with it’s value decreasiyg immensely by 10X times from 2.95 % prior to surface
treatment to 0.29 % after surface treatriyent. Visually as well, from the BSE micrographs showing
the surface of untreated and surface treatdd S5 specimens after their DLEPR test in figure 5.37, a
clear distinction in their micrographs could B¢ observed with only a very few shallow ditches seen
on the UNSM treated S5 specimen surface as §pposed to a lot of them seen on the untreated S5

specimen surfaced indicating an improvement ir\the sensitiation behavior of S5 specimen by
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extreme grain refinement casued by the SPD in the specimen during its UNSM treatment. Due to
the Cr redistribution occurring in the UNSM treated S5 specimen, the overall surface area of the
small and isolated CDZs that were present in the untreated S5 specimen would decrease in the
UNSM treated S5 specimen leading to the formation of a stronger chromium oxide film on the
latter specimen surface that would greatly resist localized corrosion during the reverse scan of its
DLEPR test yeilding a much improved DOS ratio for it. Additionally, the Epp-Ecorr value of S5
specimen also decreased after its UNSM treatment by 75 mV indicating a betterment of its
passivation behavior due to the extreme grain refinement occurring in it by the surface treatment.
However, the improvement seen in the passivation behavior of UNSM treated S5 specimen was
not as prominent as it was seen in the UNSM treated SA specimen because of the few remaining
CDZs that were still present on the UNSM treated S5 specimen surface as can be stated by
observing its after DLEPR test surface shown in the BSE micrograph of figure 5.37 which is
showing a few shallow ditches being formed on its surface during its DLEPR test.

Figure 5.36 (c) compares the attained DLEPR curves of S24 specimen before and after
UNSM treatment. The DOS ratios obtained for the untreated and UNSM treated S24 specimens
are 14.1 % and 15.3 % respectively, showing no positive impact due to UNSM treatment on it. The
BSE micrographs in figure 5.37 showing the after DLEPR test surfaces of S24 specimens without
and with UNSM treatment also show similar surfaces with almost the same number of well-
connected or merged ditches being formed. The only minor difference that was observed between
them is that the ditches formed on the untreated S24 specimen surface have sharper edges whereas
the ditches formed on the UNSM treated S24 specimen surface have rounder or hazy edges which
could be due to smudging of the CDZ edges by WC tool tip during UNSM. Unlike S5 specimen

which had small and isolated CDZs, the S24 specimen has large interconnected CDZs which could
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Figure 5.37: BSE micrographs showing the surface after DLEPR testing of SA and sensitized for 5h and 24h at
650°C 304L SS specimens on the left side and the surface after DLEPR testing of their UNSM treated
counterpart specimens on the right side.

not be impacted or reduced by UNSM treatment because of their larger and wider sizes, as well as

their interconnectedness. Moreover, despite the significant grain refinement caused in the S24
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specimen by UNSM, its Epp-Ecorr value exhibited a decrement of only 29 mV upon its UNSM
treatment from that of its untreated specimen’s value, showing only a minor improvement in its
passivation behavior by UNSM which could be because of the large unaffected CDZs being still
present on its surface even after the surface treatment.

So, in conclusion, it can be expressed that UNSM treatment was not able to redistribute Cr
to the larger well-interconnected CDZs present in S24 specimen, leading to the hypothesis that the
positive impact of UNSM treatment on the sensitization behavior of sensitized 304L SS speicmens
has a limitation and that it depends on the critical size and distribution characteristics of CDZs
present in the material. More research would have to be done to ascertain the critical size of CDZs
up to which the UNSM treatment can positively influence in redistributing Cr content to i.e.,
leading to a reduction in the total area of CDZs present in the material thereby, resulting in an
overall decrease in the DOS ratio of a sensitized 304L SS material by UNSM treatment. However,
it can be concluded that UNSM treatment could be effective in reducing the DOS of welded 304L
SS material since a welded material undergoes sensitization phenomenon for only a few minutes
to less than an hour depending on the welding technique being employed. Also, even though
UNSM treatment cannot effectively improve the sensitization behavior of 304L SS alloy that has
undergone sensitization phenomenon for a longer time period, its residual stress state and
mechanical properties can be improved drastically by UNSM treatment which could be extremely
benefical in improving its SCC resistance characteristics.

CS & LACS 304L SS:

The DLEPR curves of untreated and surface treated as sprayed and polished CS
and LACS 304L SS specimens are compared in figures 5.38 (CS) and 5.40 (LACS). The corrosion

data such as Ecorr, Epp, Ia, Ir acquired from the DLEPR curves and the calculated Epp - Ecorr &
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DOS ratios of the UNSM treated CS and LACS 304L SS coatings are consolidated in table 5.8.

Peak Peak Re- .
.. A Degree of Corrosion ..
. Activation  Activation g . Passivation
Specimen C Susceptibility, potential, . Epp -
. . urrent Current _ potential,
designation . . %DOS = Ecorr Ecorr
Density Ia  Density I ((1/1) *100) (mV) Epp (mV)
(A/cm2) (A/em?) oo

As-CS + UNSM 9.87E-02 1.38E-02 13.9 -433 318 751

CS+ P+ UNSM 8.72E-02 1.33E-02 15.2 -449 258 706

As-LACS + UNSM  7.78E-02 1.55E-02 20.0 -426 207 633

LACS + P+ UNSM  8.68E-02 1.26E-03 14 -444 294 737

Table 5.8: Degree of susceptibility and corrosion data of UNSM treated CS and LACS 304L SS coatings
obtained from their DLEPR curves in figures 5.38 and 5.39.

Passivation behavior of UNSM treated CS and LACS 304L SS coatings: The Epp — Ecorr

values of all the UNSM treated CS and LACS specimens decreased from their respective untreated
specimen’s Epp — Ecorr values, suggesting that the surface treatment is improving the passivation
behavior of both CS and LACS 304L SS coatings irrespective of their prior surface condition (i.e.,
UNSM performed on as sprayed or polished CS and LACS). UNSM treatment generally results in
a uniform redistribution of alloy composition in the surface treated specimens which improves the
passivation behavior of a specimen. Additionally, in case of the CS and LACS coatings, due to the
severe pounding of WC tool tip on their surface, partial closure of their surface porosity sites
occurs reducing their total surface pore area thereby, improving their passivation characteristics in
this manner as well. Therefore, the combined effect of these two factors i.e., uniform redistribution
of alloy composition and the reduction in the total surface pore area by UNSM would be the reason
for the improvement seen in the passivation behavior of all the UNSM treated CS and LACS
coatings from that of their untreated counterparts.

Sensitization behavior of As-CS + UNSM and CS + P + UNSM 304L SS coatings: The

UNSM treatment performed on the as-CS and CS + P specimens resulted in a slight worsening of
their DOS ratios from 12.1 % and 13.8 % to 13.9 % and 15.2 % respectively. Firstly, UNSM

treatment process which does not involve the application of any significant amount of heat input
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into the specimen being surface treated) will not be able to do anythifig to improve thgZinheéntly
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Figure 5.38: Effect of UNSM on the DLEPR corrosion test curves and % degree of susceptibility values of as
sprayed and polished CS 304L SS coatings.

reover, the slight worsening seen in the DOS ratios of as-CS and C§ + P specimens

their UNSM surfage treatment can be explained by observing their UNSM traated surfaces

shown in figure 5.39/which show that the surface treatment has created many smud
surfaces along the INSM tracks some of which are indicated by arrows in their SE micrggraphs

in figure 5.39. Fhese numerous sharp-edged smudges formed on the UNSM treated CS coatings

surface can g€t as crevices or initiation sites where DLEPR test solution can attack preferentia
leading to/the breakdown of passive film and exposing the underneath metal to corrosion.

hese smudges are formed on the surface of as-CS and CS + P specimens upon their UNSM

ent because of the higher hardness or the heavy plastic deformation already present in the
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CS coatings prior to their surface treatment, would resist the WC tool tip penetration into the
coatings, causing the material at the surface of the CS coatings to be smudged by the dynamic
action of the WC tool tip during their UNSM treatment. The statement made in the prior sentence
is also supported evidently by comparing the EBSD & hardness analysis performed on the
untreated and surface treated CS coatings whose results are presented in figures 4.6, 5.12, and 5.21
which show that due to the extensive plastic deformation already present in the CS coatings, the
impact of UNSM treatment on them was limited to only their utmost top surface of <20 pm.

As-CS + UNSM

i

CS + P+ UNSM

\,k; cur Hy HRW it | | b det cur  HV mag it
o) 0.20 nA 10.00 nm 1.06 mm 0.0 ° o) d ETD 0.20 nA 10.00 kV 120 x 0.0°

Figure 5.39: SE micrographs of as-CS and polished CS coatings showing the smudges formed on their surface
due to UNSM treatment.

Although the following observation does not lead to any relevant consequences or
conclusions, it is simply stated here, which is that the smudges formed on the surface of the as-CS
+ UNSM specimen appear thicker than the ones formed on the CS + P + UNSM specimen surface.
The smudges formed on the former specimen appear thicker than those formed on the latter
specimen because of an additional contributing factor apart from the higher hardness and/or prior
plastic deformation present in the CS coatings which is the extremely high surface roughness of
as-CS specimen from that of the CS + P specimen. The bubbled like rougher surface of as-CS

specimen seen in figure 4.24, upon impact of WC tool tip on its surface tends to the creation of
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thicker smudges than those formed by the WC tool tip’s impact on the smoother surface of CS +
P specimen.

Finally, it can be said that due to the prior heavy plastic deformation already present in the
CS coatings, resisting the penetration of WC tool tip into the coatings during their UNSM
treatment, tends to the formation of numerous smudges on the UNSM treated CS coating surfaces
which act as crevice or initiation sites, where preferential attack of the corrosive test solution
occurs during their DLEPR tests, contributing to the slight worsening in the DOS of UNSM treated
CS coatings from that of their untreated counterpart specimens.

Sensitization behavior of As-LACS + UNSM 304L SS coating: The DOS ratios of

untreated and surface treated as-LACS specimens determined from their respective DLEPR curves
are 19.7 % and 20 % respectively indicating that UNSM surface treatment had no impact on
improving the sensitization behavior of as-LACS coating. It was stated earlier that the untreated
as-LACS coating had oxidized surface which contributed to its significantly high DOS ratio.
Therefore, with both the as-LACS and as-LACS + UNSM specimens yielding almost the same
DOS ratios indicates that UNSM treatment must not have had any impact on the oxide film of the
as-LACS specimen.

To clearly determine the impact or non-impact of the UNSM treatment on the oxide film
of the as-LACS specimen, EDS analysis was performed on the as-LACS + UNSM specimen whose
results are presented in figure 5.41. The EDS analysis results show that the oxide layer on the as-
LACS coating surface was broken down by UNSM as indicated by the absence of oxygen element
in the EDS results obtained from the areas 1 and 2 in figure 5.41. However, some of the particles
from the broken-down oxide film got embedded and/or finely dispersed on the surface of UNSM

treated as-LACS specimen as indicated by the presence of oxygen element in the elemental
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oreover, similar to the CS coatings, the UNSM treatment of as-LACS cgating led to the
ation of smudges on its surface, some of which are shown by arrows in figurd 5.41 (a). As

because of its bubbled like extremely high rougher surface (exhibiting an Ra value of ~\ 6 um)

seen in figure 4.24.

Element

As-LACS + UNSM surface EDS analysis area
: : : (Wt.%)

Areal Area2 Spotl Spot2

CK 5.51 4.42 3.14 14.39

FelL 5536 39.66 1032 263

Crk 39.12 5592 6452  29.5

oK 13 664

SiK 9.01

CuL 17.9
4 i SK 5.27

Figure 5.41: SE image of (a) as-LACS + UNSM treated specimen surface and (b) showing the area and spots
where EDS analysis was performed on it along with the corresponding EDS analysis results.
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Therefore, even though UNSM breaks down majority of the deleterious oxide film on the
as-LACS specimen surface, the other consequences of UNSM treatment on its surface like the
creation of smudged areas and the dispersion of broken-down oxide particles on the coating’s
surface led to the as-LACS + UNSM specimen obtaining an equally worse DOS ratio as that of
the as-LACS specimen. That is the smudged areas and the dispersed oxide particles in the as-
LACS + UNSM specimen act as localized corrosion sites for preferential attack of DLEPR test
solution where passive film breaks down with relative ease which onsets the accelerated corrosion
phenomenon in the surface treated as-LACS specimen similar to the untreated as-LACS specimen
thereby, both the specimens yielding worse DOS ratios.

Sensitization behavior of LACS + P + UNSM 304L SS coating: The DOS ratio of LACS

+ P+ UNSM treated specimen was measured to be 1.4 % showing an improvement of more than
2X times from that of the untreated LACS + P coating DOS ratio of 3.2 % even though the surface
roughness of LACS + P coating increased slightly by UNSM surface treatment. The average
surface roughness (Ra) value of LACS + P specimen increased from 0.02 + 0.003 um to 0.39 +
0.068 um after its UNSM surface treatment which can be considered as negligible when compared
to the average Ra value of 16.3 + 1.9 um measured for the as-LACS coating.

Also, the UNSM surface treatment performed on the LACS + P coating did not create any
smudges on the surface of LACS + P + UNSM specimen whose smudge free surface can be
observed from its SE micrograph shown in figure 5.42. Since the surface of LACS coating was
smoothened by polishing prior to its surface treatment, the bubbled surface of the as-LACS coating
was eliminated which in turn avoided the formation of smudges due to the impact of WC tool tip
on the LACS +P coating surface during UNSM. Also, the hardness and plastic strain present in the

LACS coating were lower than the CS coating which allows a dynamically efficient penetration
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of WC tool tip onto the surface of LACS coating thereby, resulting in a smudge free surface after

its UNSM surface treatment unlike the CS + UNSM treated specimens.

v mag
A 10.00 kv 120

Figure 5.42: SE micrograph of LAS + P + UNSM treated 304L SS specimen surface.

Moreover, polishing of LACS coating removed the deleterious oxide film formed on the
surface of as-LACS coating thereby eliminating the possibility of embedment of oxide particles
onto the surface of LACS + P coating by its UNSM treatment. Furthermore, UNSM treatment on
the LACS + P coating surface would result in the partial closure of porous sites at the absolute
surface of the coating due to the severe pounding of WC tool tip on the coating’s surface which
reduces the total surface porous area that can be attacked preferentially by the corrosive test
solution. Therefore, with the absence of both the sharp-edged smudges & embedded oxide particles
that can act as localized corrosion sites combined with the partial closure of porosity sites by
UNSM treatment without causing any notable increase in the surface roughness of LACS + P
specimen led to the formation of a stronger passive oxide film on the surface of LACS + P +
UNSM specimen, consequently resulting in a decrease in the corrosion during the reverse scan of
its DLEPR test yielding a better DOS ratio than both the as-LACS + UNSM and untreated LACS
+ P specimens.

SE Micrography showing the after DLEPR test surfaces of as sprayed and polished CS and

LACS coatings with and without UNSM treatment: The SE micrographs showing the corrosion
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attack incurred on the as sprayed and polished CS and LACS coatings with and without UNSM
treatment during their respective DLEPR corrosion tests are presented in figures 5.43 and 5.44
respectively. The corrosion attack on all the CS coatings appears to be more pronounced at their
grain boundaries whereas on LACS coatings the corrosion attack seems to be affecting the material
surface in a uniform manner. Within the CS coatings i.e., as sprayed and polished with and without
UNSM treatment, no notable differences in their degree of corrosion can be observed from their
after-DLEPR test micrographs shown in figure 5.43 which bodes well with the very close

quantitative DOS ratios obtained for all the CS coatings.

As-CS + DLEPR CS + P+ DLEPR

VD HFW ikt
0 mm 508 ym 0.0 *

As-CS + UNSM + DLEPR CS + P+ UNSM + DLEPR

H tilt
J_ Standard ETI A 10.00 kV x 7.7 mm 508 pm 0.0 * ¥ tandard ETD 0.20 nA 10.00 kV x 7.3 mm 508 ym 0.0 °

Figure 5.43: SE micrographs showing the surface after DLEPR testing of as sprayed and polished CS coatings
with and without UNSM treatment.
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Upon observing the after-DLEPR test micrographs of LACS coatings shown in figure 5.44,
a clear distinction in the degree of corrosion can be seen between the as-LACS vs LACS + P
specimen and their respective UNSM treated specimens as well. The corrosion dimples formed on
the as-LACS specimen appear deep whereas the dimples formed on the LACS + P specimen appear
shallow indicating the formation of a stronger passive film on the polished specimen surface
resulting in it showing better corrosion resistance than the as-LACS specimen during their
respective DLEPR tests as indicated by their respective DOS ratios.

As-LACS + DLEPR LACS + P+ DLEPR

-

As-LACS + UNSM + DLEPR LACS + P+ UNSM + DLEPR

H Q\’
Standard ETD nA 10.00 kv 250 x 508 pm 0.0 * ] o £ .0 * 5

Figure 5.44: SE micrographs showing the after DLEPR test surface of as sprayed and polished LACS coatings
without and with UNSM treatment.

The SE micrograph of as-LACS + UNSM + DLEPR tested specimen in figure 5.44 shows

that the sharp-edged smudges observed in its prior to DLEPR testing micrograph in figure 5.41 (a)
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have been corroded during its corrosion test, leaving trough shaped areas on the after DLEPR
tested surface. Also, it seems like the corrosion during its DLEPR test might have initiated at or
underneath those sharp-edged smudges with the corrosive test solution flowing inwards into them
as shown by the arrow in figure 5.44 indicating the occurrence of a crevice type corrosion at the
smudged areas on the as-LACS + UNSM surface.

The SE micrograph of LACS + P+ UNSM + DLEPR tested specimen in figure 5.44 shows
very few and smaller sized porous sites on its after-corrosion surface when compared to the
untreated as-LACS or LACS + P specimens, pointing out that UNSM is leading to partial closure
of porous sites at the surface of LACS + P coating that results in the strengthening of passive film
formed on its surface thereby further improving the corrosion resistance / DOS ratio of LACS + P
coating by UNSM.

AFS 304L SS:

The DLEPR test curves of as-AFS and polished AFS specimens before and after UNSM
treatment are compared with as hot-rolled & SA 304L SS specimen in figure 5.45 and the data

corresponding to UNSM treated as-AFS and AFS + P specimens is given in table 5.9.

Peak Peak Re- .
o A Degree of Corrosion ..
. Activation  Activation ar . Passivation
Specimen susceptibility, potential, . Epp -
. . Current Current N _ potential,
designation . . %DOS = Ecorr Ecorr
Density Ia  Density I, ((1/1,) *100) (mV) Epp (mV)
(A/cm2) (A/cm?) roe
As-AFS + UNSM  4.67E-02 2.30E-02 49.3 -412 46.3 458
AFS+P+UNSM  5.32E-02 2.00E-05 0.038 -435 57.5 492

Table 5.9: Degree of susceptibility and other corrosion data pertaining to the UNSM treated as-AFS and AFS
+ P 304L SS specimens.

As-AFS + UNSM: The Epp — Ecorr and DOS ratio of as-AFS + UNSM treated specimen

are measured to be 458 mV and 49.3% respectively. The SE micrographs of as-AFS + UNSM

specimen before and after DLEPR test are shown in figure 5.46. The increase in Epp — Ecorr of
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Figure 5.45: DLEPR Corrosion test curves and their corresponding % degree of susceptibility values o‘f as \
deposited and polished AFS 304L SS before and after UNSM treatment compared with SA 304L SS specimen.

Therefore, from the results of EDS analysis it can be established that the oxide layer was

UNSM on the AFS 304L SS alloy. On another note, since the XRD phase analysis did not show

any oxide presence in its pattern it could be assumed that the thickness of the oxide film has been
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reduced allowing the X-rays to penetrate deeper into the material retrieving the data of martensitic
transformation due to UNSM of as-AFS specimen. So, it must be noted that despite the presence
of an oxide layer on the AFS surface, UNSM treatment was able to induce 100% martensitic

transformation on the underneath AFS 304L SS.

-AFS + UNSM  As-AFS+UNSM + DLEPR
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Figure 5.46: SE micrographs of as-AFS + UNSM treated surface before and after DLEPR test and the results
of the EDS analysis performed on as-AFS + UNSM specimen surface.

AFS + P + UNSM: The obtained Epp — Ecorr and the DOS ratio of AFS + P + UNSM

specimen are 492 mV and 0.038 % respectively. The SE micrographs of AFS + P + UNSM
specimen before and after DLEPR test are shown in figure 5.47. The Epp — Ecorr value of polished
AFS specimen decreases from 628 mV to 492 mV after UNSM treatment indicating that the
passivation behavior is immensely improved by the surface treatment. This could be attributed to

the grain refinement and increased dislocation density by UNSM treatment providing more
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nucleation sites for the initiation of passive film formation thereby leading to a quicker formation
of a stable and stronger passive film on the material surface.

The DOS ratio of polished AFS specimen was 0.009 % which increased to 0.038 % after
UNSM treatment. The small increase in DOS ratio after UNSM treatment of polished AFS
specimen can be attributed to the formation of peaks and valleys by WC tool tip during UNSM,
that can act as localized crevice sites for corrosion during the reverse scan of its DLEPR test. From
an earlier study it was found that the DOS ratio of a 304L SS specimen sensitized at 650°C for
only 5h was 2.95% and for a specimen sensitized for 24h was 14.09 %.

So, comparing the DOS ratios of these sensitized specimens to the DOS ratio of AFS + P
+ UNSM specimen it can be said that the DOS ratio of the later specimen is still representative of
an unsensitized material. Therefore, it can be expressed that with a small sacrifice in the DOS of
AFS specimen other good factors like grain refinement, high magnitude of compressive residual
stresses, greater near-surface hardening that are beneficial for improving the overall SCC
resistance of a material can be introduced into the polished oxide-free AFS 304L SS cladding by

its UNSM surface treatment.

Polished AFS + UNSM Polished AFS + UNSM + DLEPR

cur  HV mag ¥ it | 100 pm
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Figure 5.47: SE micrographs of AFS + P + UNSM specim
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5.2.7 Corrosion Analysis — Pitting Corrosion Behavior

The cyclic potentiodynamic polarization (CPP) tests carried out in 3.5 Wt.% NaCl solution
were performed to determine the impact of UNSM treatment on the corrosion rate (CR) and pitting
corrosion behavior (i.e., pitting potential (PP)) of Sensitized, CS, LACS, and AFS 304L SS
specimens in chloride containing environment. For this purpose, the CPP tests were performed on
these different 304L SS specimens before and after their UNSM surface treatment, and the pits
formed on all the specimen surfaces due to the CPP corrosion tests were examined with SE/BSE
micrography and some of the visualized pits are presented in the following sections.

Sensitized 304L SS:

The CPP test curves obtained from the corrosion tests performed in 3.5 Wt.% NaCl solution
on SA and S24 304L SS specimens with and without UNSM treatment are presented in figure 5.48.
Note that, since the DLEPR corrosion tests showed that the DOS of S24 specimen did not improve
with UNSM, the effect of UNSM on the CR and PP of sensitized 304L SS specimen in 3.5 Wt.%
NaCl solution using CPP tests was studied with respect to only the S24 specimen here. The
obtained values of corrosion potential (Ecorr), pitting potential (Epit), & corrosion current density
(Icorr), and the calculated values of corrosion rate (CR) for the untreated and UNSM treated SA

and S24 specimens are presented in table 5.10.

Specimen Corrosion potential, Pitting potential, Icorr Corrosion Rate
condition Ecorr (mV) Epit (mV) (nA/cm?2) (mpy)
SA -117 372 0.027 0.012
SA + UNSM -198 421 0.072 0.033
S24 -140 257 0.031 0.014
S24 + UNSM -179 347 0.045 0.020
Table 5.10: Effect of UNSM on the pitting potential and corrosion rate of SA and Sensitized at 650°C for 24h
304L SS specimens.
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Figure 5.48 (a) represents the CPP curves of untreated SA and S24 304L SS specimens.
The Ecorr value of S24 specimen decreased from that of the SA specimen showing that the
sensitized specimen has slightly more tendency to corrode in 3.5 Wt.% NaCl test solution than the
SA specimen. However, the corrosion rates calculated for the untreated SA and S24 specimens
were determined to have values that are very close to each other with magnitudes of 0.012 mpy
and 0.014 mpy respectively. As expected, the corrosion rate of S24 specimen was obtained to be
higher than the SA specimen but considering that the aged specimen has undergone significant
sensitization at 650°C for 24h the difference between their corrosion rates would have been
anticipated to be much higher. But this was not the case with the SA and S24 specimens, with their
corrosion rates which signify the localized corrosion behavior of a specimen prior to the formation
of stable pits exhibiting almost similar behavior. This is not an anomaly and it can be explained as
follows, the localized corrosion phenomenon involving crevice corosion or initiation of unstable
pits (that signifies as corrosion rate) occurs at inclusions, impurities, or at rougher surfaces with
discontinuities on the material surface and therefore, the effect of sensitization on the corrosion
rate of 304L SS alloy was very minimal as sensitization involves compositional changes and not
physical surface changes.

However, the pitting potential obtained for the S24 specimen is notably worse than the
pitting potential of SA speicmen establishing that the formation of stable pits was much more faster
in the sensitized 304L SS specimen. This phenomenon can be explained as follows, once the
unstable pits initiate or the passive film breaks down due to discontinuities present on the material
surface, the CDZs possessing less amount of Cr get preferentially attacked by the chloride ions in
the test solution leading to the formation of pits relatively much quicker in the sensitized specimen

than when compared to the CDZ-free SA speicmen. In figure 5.49, the BSE micrographs taken at
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higher magnifications that are showing the inside area of pits formed in SA and S24 304L SS
specimens subjected to CPP tests in 3.5 Wt.% NaCl solution are presented on the left hand side.

And from these micrographs it is evidently noticed that the pitting corrosion behavior of SA & S24

(a) CPP Corrosion test curves and Pitting Potential values of SA and senstized
at 650°C 24h (S24) 304L SS specimens
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(C) CPP Qprrosion test curves and Pitting Potential values of S24 304L SS
specimen before and after UNSM treatment
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the grains. The difference observed in the corrofion attack meghanism of chloride ions on SA and
S24 specimens seems to be the main implicgtion for the huge difference observed in their pitting
potentials, with CDZs favoring or accelepating the kinetics of pittigg corrosion in the sensitized
specimen. Therefore, the quantitative agsessment of the pitting charactégistics of SA and S24 304L
SS specimens is supported visually Jpy the BSE micrographs presented inXigure 5.49.

Figure 5.48 (b) and (c) rgpresent the CPP test curves demostrating \the effect of UNSM
SS specimens

treatment on the pitting potgntial and corrosion rate of SA and S24 30

respectively. Upon UNSM freatment, the Ecorr value of SA and S24 specimens d§creased from -
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Solution Annealed + CPP. Solution Annealed + UNSM + CPP

Slsndard ABS 0.40 A 10.00 kV 1000 x 7.0 mm 127 pm 0.0 * B standard ABS 0. -13 nA 10.00 kV 1000 x 7.0 mm 127 pm 0.0

Figure 5.49: BSE images showing the pitting corrosion mechanism in SA and sensitized at 650°C for 24h 304L
SS specimens with and without UNSM treatment upon exposing to 3.5 Wt.% NaCl solution through CPP
corrosion tests.

117 mV and -140 mV to -198 mV and -179 mV respectively and the corrosion rate worsened from
0.012 and 0.014 mpy to 0.033 and 0.020 mpy respectively. The decrease in the Ecorr value of SA
and S24 specimens by UNSM treatment indicates that the surface treatment increased the 304L SS
specimens tendency to corrode in the 3.5 Wt.% NaCl solution. Whereas the increase in the
corrosion rate of UNSM treated SA and S24 specimens from that of their untreated CR values
indicates that the localized corrosion phenomenon occuring at the surface of the UNSM treated
specimens prior to the formation of stable pits aggravated due to their surface treatment. The

negative impact of UNSM treatment on both the Ecorr and the corrosion rate values of both the
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SA and S24 304L SS specimens can be attributed to the formation of peaks, valleys, and smudged
edges on their surface by the impact of WC tool tip during their surface treatment as shown by
arrows in figure 5.50, along with the breakdown and dispersion of inclusions as seen in figure 5.51,
all of which can act as additional crevices or initiation sites for localized corrosion to occur thereby,

worsening the Ecorr and CR of UNSM treated SA and S24 specimens.

ETD £.20 A 10.00 kY

Figure 5.50: SE image showing the possible crevice sites where corrosion could occur preferentially on the
surface of UNSM treated 304L SS specimen.

As mentioned in the previous paragraph, the inference indicating the presence of inclusions
in the untreated 304L SS specimen that were brokendown and dispersed in the UNSM treated 304L
SS specimen, was determined through EDS analysis performed on the untreated SA 304L SS
specimen and on the UNSM + DLEPR tested SA specimen. The area / spots on which the EDS
analysis was performed on both the untreated and UNSM + DLEPR tested SA 304L SS specimens
is shown by the BSE micrographs in figure 5.51 (a) & (b) respectively, along with their
corresponding compositional data presented to the right hand side of their respective BSE
micrographs. The EDS analysis pertaining to the determination of inclusions in the UNSM treated
304L SS specimen was performed on the after DLEPR tested surface of UNSM treated SA 304L
SS specimen because the surface of a specimen gets severely altered by UNSM treatment due to
which it becomes extremely difficult to spot any inclusions present on the surface of a UNSM

treated specimen. Therefore, EDS analysis was carried out on the after DLEPR tested surface of
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UNSM treated SA 304L SS specimen, which should not be of any concern as it underwent only
minimal uniform corrosion at its surface as observed from its very low DOS ratio of 0.039 % and

also from its BSE micrograph in figure 5.51 (b) which shows that most of the UNSM tracks are

still intact even after its DLEPR test.

IE:‘I;?‘;? )t Spot1 Spot2 Spot3 Spot4
CK 191 1231 815 392
OK 3333 3693 4247
MgK 8.6
AIK 2546
TiK 415
CrK 1172 3955 3775 4252
MnK  14.56
SK 1121 1162
FeL 53.56

Element
(Wt.%)
CK 454 545 301 471
OK 2942 2375
AIK 1.71 234
: TiK 2626  22.99
CrK 1518 21.72 5811 40.17

MnK 2289  23.76
FelL 3888 55.12

Spot1 Spot2 Spot3 Spot4

Figure 5.51: BSE micrographs of (a) untreated SA 304L SS specimen and (b) UNSM treated SA 304L SS
specimen after its DLEPR test, showing the spots where the EDS analysis was performed on their
respective surfaces along with the obtained corresponding compositional data that is presented to the
right hand side of the respective specimen’s BSE micrograph.

From figure 5.51 (a), small inclusions could be observed on the surface of untreated SA
304L SS specimen, which appear as black or dark spots on the surrounding gray colored matrix.
The EDS spot analysis performed on some of these inclusions revealed that they are comprised of
Mg, Al, Ti, Mn, O, and S elements. And the spot EDS analysis performed on the UNSM + DLEPR

tested SA 304L SS specimen revealed that these inclusions were present even after the UNSM
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treatment of SA specimen and are comprised of Ti, Mn, Al, and O elements, similar to the
inclusions found on the untreated SA specimen but not of the same exact chemistry. Thus, it can
be said that the UNSM treatment performed in this study on the SA 304L SS specimen was not
able to eliminate the inclusions entirely from its surface but could have broken them down into
pieces and dispersed them on their surface which can act as additional crevices or initiation sites
for localized corrosion to occur thereby, contributing to the worsening of Ecorr and CR of UNSM
treated SA and S24 specimens along with the other factors as mentioned earlier.

However, the pitting potential after UNSM treatment of both the SA and sensitized 304L
SS specimens increased greatly from 372 mV and 257 mV to 421 mV and 347 mV respectivley,
showing an improvement of 49 mV and 90 mV by SA and S24 speicmens respectively. The
significant increase in the pitting potential of SA and S24 304L SS specimens by UNSM treatment
can be attributed to the gradient microstructure and high magnitude of compressive residual
stresses induced into them by UNSM treatment. Both these factors stated in the previous sentence
are contributing to resisting the formation of stable pits for a longer time in the UNSM treated SA
and S24 304L SS specimens than when compared to their untreated counterpart specimens.

From figure 5.49, it can be observed by comparing the BSE micrographs of CPP tested SA
and S24 specimens with and without UNSM treatment, that the corrosion attack mechanism of
chloride ions on the 304L SS specimens is the same even after their UNSM treatment with uniform
corrosion occurring on the grains of both the SA specimens (i.e., with and without UNSM) and
preferential attack occurring at the grain boundaries with CDZs in both the sensitized speicmens.
Therefore, it can be confirmed that the improvement in the pitting potential of UNSM treated SA
and S24 specimens from that of their untreated specimens is due to the gradient microstructure and

high magnitude of CRSs induced into them by UNSM.
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Hence, it can be concluded that even though UNSM treatment increases the localized
corrosion rate of sensitized 304L SS alloy due to the increase in its surface roughness by the
formation of peaks, valleys etc. by UNSM, the formation of stable pits is delayed significantly by
the induction of gradient microstructure and high magnitude of CRSs into the sensitized material
by UNSM which delays the formation and propogation of cracks i.e., it can greatly improve the
SCC resistance of sensitized 304L SS alloy.

SE Micrography showing the pits formed on the after CPP test surfaces of SA and S24

304L SS specimens with and without UNSM treatment: The pits formed on the SA and S24

specimens with and without UNSM treatment that are subjected to CPP corrosion tests in 3.5 Wt.%
NaCl solution were examined with SE/BSE micrography and some of them are presented in figure
5.52. The SEM analysis revealed that different sized pits formed in all the specimens, i.e., in
untreated and UNSM treated SA and S24 specimens and that the pits have predominantly formed
in two different shapes, oval and foot shaped. The smaller pits were all oval or circular shaped and
the larger pits were all foot shaped. Whereas the pits that were of intermediate size formed in both
shapes. Therefore, it can be assumed that the medium and larger sized pits that formed in the shape
of foot could be branched pits i.e., the smaller pits that formed close to each other during the initial
stages of CPP tests must have conglomerated together as the tests progressed, forming into larger
pits with branches in between the initial smaller sized pits. Many of the branched pits formed on
the surface of UNSM treated SA and S24 specimens have edges that appear to have undergone
only shallow corrosion i.e., corrosion confined to only the topmost surface of the specimen. Some
of these areas are marked by arrows in figure 5.52. Also, the pits formed on the surface of UNSM
treated SA and S24 specimens appear to be wider / larger than the pits formed on the untreated SA

and S24 specimens.
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Pits formed in Solution Annealed specimen.

Figure 5.52: SE images showing the pits formed on the surface of SA and sensitized at 650°C for 24h 304L SS
specimens with and without UNSM treatment upon exposing them to 3.5 Wt.% NaCl solution during their CPP
corrosion tests.

Upon examining the inside areas of the pits at higher magnifications, three distinct areas
could be observed that are common to all the specimens and these could be representative of the

different stages occurring in the 304L SS specimens during corrosion i.e., during their CPP tests.
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These areas are shown in figure 5.53 (a-c). The BSE micrographs showing the three distinct areas
inside the pits of CPP tested 304L SS specimens that are presented in figure 5.53 hypothetically
appear to be in the following order of stages: (a) initial stage of chloride attack on the grains
conceived by the tiny pits in them, (b) metal yet to completely oxidize before freeing the loose
material into the test solution, and (c) surface that is clear of pits and oxidized metal probably just

before corrosion initiation or just after complete oxidation of prior metal layer.

&

Figure 5.53: BSE images showing different areas observed from the pits formed in SA and sensitized 304L SS
specimens with and without UNSM treatment that are subjected to CPP corrosion tests in 3.5Wt.% NaCl test
solution with (a) representing small pits formed in grains, (b) representing debris like oxidized metal that is
stuck to the grains underneath and (c) representing clear surface with no small pits or debris.

CS & LACS 304L SS:

The CPP test curves obtained for the as sprayed and polished CS and LACS 304L SS
coatings without and with UNSM treatment are presented in figure 5.54 (a) and (b) representing
CS and LACS specimens respectively. Whereas the corrosion data deduced from these CPP test
curves such as the corrosion potential (Ecorr), pitting potential (Epit), and corrosion current density
(Icorr), along with the corrosion rate (CR) determined from the Icorr value using the formula CR
(mpy) = (0.13*Icorr*EW)/(d*A), are all consolidated and presented in table 5.11 along with the
corrosion data related to the as-SA and polished SA (SA + P) 304L SS specimens.

The CR of as-SA and SA + P 304L SS plate specimens were found to be 0.016 mpy and
0.012 mpy respectively whereas their pitting potentials were measured to be ~ 164 mV and 372

mV respectively.
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Corrosion

Specimen designation potential Pitting potential, Icorr Corrosion Rate
Ecorr (mV) Epit (mV) (nA/cm2) (mpy)
As-SA -177 164 0.035 0.016
SA+P -117 372 0.027 0.012
As-CS -346 - 0.510 0.235
CS+P -244 -78.2 0.110 0.050
As-CS + UNSM -261 - 0.139 0.064
CS + P+ UNSM -297 -15.6 0.152 0.070
As-LACS -368 - 0.705 0.325
LACS+P -331 -141 0.077 0.036
As-LACS + UNSM -251 - 0.085 0.039
LACS + P+ UNSM -254 -31.7 0.059 0.027

Table 5.11: Corrosion data obtained from the CPP tests performed in 3.5 Wt.% NaCl solution on CS and LACS
coatings with different surface conditions along with as-SA and SA + P rolled solution annealed 304L SS
specimens.

Corrosion rate and pitting characteristics of as-CS and as-LACS 304L SS coatings: The

corrosion rates of as-CS and as-LACS coatings were found to be 0.235 mpy and 0.325 mpy
respectively exhibiting significantly higher values than that of as-SA specimen’s CR of 0.016 mpy
suggesting that the as sprayed CS and LACS 304L SS coatings undergo extremely faster corrosion
than the conventionally hot-rolled as-SA 304L SS specimen. The corrosion rate of a material is
largely dependent on the amount of exposed surface area or surface roughness of the material and
the number of inclusions or impurities present on its surface that can act as localized corrosion
sites which can be preferentially attacked by the corrosive environment leading to the occurrence
of localized corrosion phenomenon such as pitting or crevice corrosion.

The as-CS and as-LACS coatings having average surface roughness values of ~ 16 £ 1.9
um, provide large surface areas for the NaCl solution to attack. Also, from figures 4.16 and 4.24
which are showing the surfaces of as-CS and as-LACS coatings, it can be observed that there are
numerous pores and crevices on their surfaces which can act as localized corrosion sites where the

corrosive chloride ions in the test solution can accumulate leading to enhanced corrosive attack at
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these localized areas by the setup of concentration cells. These two factors combined are largely
contributing to the high corrosion rates experienced by both the as sprayed CS and LACS 304L
SS coatings in 3.5 Wt.% NaCl solution CPP tests.

Whereas in the case of as-LACS coating, there is an additional contributing factor which
is propelling its corrosion rate to exhibit a further higher value than that of as-CS coating’s CR,
which is the non-homogenous deleterious oxide film present on the as-LACS coating surface that
contributes to numerous additional localized concentration sites for the accumulation of chloride
ions. Therefore, because of the availability to set up concentration cells at numerous sites on the
surface of as sprayed CS and LACS coatings, the corrosion in both of these coatings occurs at an
accelerated rate during their CPP tests performed in 3.5 Wt.% NacCl solution resulting in extremely
high CR values.

Additionally, because of such high accelerated CRs exhibited by as-CS and as-LACS
coatings, no pitting potential could be observed in their CPP curves indicating that a stable passive
film that could resist pitting could not form on these coatings at any point of time during their CPP
tests. The CRs of as-CS and as-LACS coatings align well with their DOS ratios obtained during
their DLEPR corrosion tests, with a high DOS ratio seen for the as-CS coating and a far worse
DOS ratio seen for the as-LACS coating due to the presence of non-homogenous prior oxide film
on its surface.

Corrosion rate and pitting characteristics of CS + P and LACS + P 304L SS coatings: The

CRs of CS + P and LACS + P coatings were measured to be 0.050 mpy and 0.036 mpy respectively
decreasing immensely from their as-CS and as-LACS coatings CRs. One of the factors for the
immense decrease in their CRs is the vast decrease in the coatings surface roughness by polishing

i.e., reduction in the amount of surface area available for attack by the corrosive environment.
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Moreover, because of polishing, the number of crevices present on the surface of these coatings
decrease, and additionally, in the case of as-LACS coating, the deleterious surface oxide film on
its surface will also be removed by polishing. Therefore, polishing of CS and LACS coatings
results in a reduction of the number of localized concentration sites present on their surface that
can be preferentially attacked by the corrosive species in the CPP test environment. As a result, the
CRs of CS + P and LACS + P coatings improved significantly from that of the CRs of as-CS and
as-LACS coatings.

However, the porosity in the CS and LACS coatings will not be impacted by polishing and
the pore areas in them can act as localized concentration sites during their CPP tests, which is why
the CRs obtained for the CS + P and LACS + P coatings are still higher than the CR of SA + P
specimen. Nevertheless, the pores present in the CS + P and LACS + P coatings are small (figure
5.18) and can only act as pit initiation sites, unlike the higher degree of concentration cells (i.e.,
accumulation of chloride ions) that can be set up on the as-CS and as-LACS coatings due to the
vast differences in their surface roughness. Hence the accumulation of chloride ions at these small
porous areas on the CS + P and LACS + P coatings occur at a much slower pace than compared to
their as sprayed coatings thereby, delaying the formation of stable pits, or allowing the pits to re-
passivate i.e., the formation of unstable pits. Therefore, both the CS + P and LACS + P coatings
exhibit a pitting potential unlike their as sprayed coatings and their PP values were measured to be
~ -78 mV and -141 mV respectively. It must be noted here that despite the better interparticle
bonding of LACS coating due to recrystallization during its processing and despite both the
coatings possessing similar levels of porosity, the pitting potential of CS + P coating is better than
the LACS + P coating attributed to the presence of decent magnitudes of compressive residual

stresses that are generated during processing due to cold work in the CS 304L SS coating.
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(a) Effect of UNSM on the CPP te\t curves of CS 304L SS coatings in 3.5
Wt.%
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Figure 5.54: Effect of UNSM on the CPP Corrosion test curves and the corresponding corrosion rates of as
/ sprayed and polished (a) CS and (b) LACS 304L SS coatings.
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Corrosion rate and pitting characteristics of as-CS + UNSM and as-LACS + UNSM 304L

SS coatings: The CRs of UNSM treated as-CS and as-LACS coatings were measured to be 0.064
mpy and 0.039 mpy respectively, decreasing prominently from that of their untreated as sprayed
coatings CRs. Like polishing of as sprayed coatings, UNSM treatment of as-CS and as-LACS
coatings resulted in a significant decrease in their surface roughness (Ra) values from ~ 16 £ 1.9
um for both the as sprayed coatings to 5.7 = 1.3 um and 2.5 + 0.2 um for the as-CS + UNSM and
as-LACS + UNSM specimens respectively. This decrease in Ra reduces the surface area exposed
to the corrosive environment. Additionally, UNSM results in a uniform surface with not much
variance in Ra from area to area on the specimen surface. As a result, the degree of concentration
cells set up on the as-CS + UNSM and as-LACS + UNSM specimen surfaces during the initial
phase of CPP tests would be lower in concentration than that of the untreated as-CS and as-LACS
coatings. Moreover, it was seen from the DLEPR corrosion tests that UNSM treatment improves
the passivation behavior of both the as sprayed and polished CS and LACS coatings. Therefore,
due to the combined effect of all these factors the CR of as-CS and as-LACS coatings decreased
prominently after their UNSM treatment with their CR values getting much closer to the CR values
exhibited by CS + P and LACS + P coatings. It can also be seen from figure 5.54 (a) and (b) that
the CPP curves of as-CS + UNSM and as-LACS + UNSM specimens, during the initial phase or
forward scan of the CPP test curves, are shifting to the left and above of as-CS and as-LACS
specimens CPP curves i.e., the curves are shifting towards a nobler side of potentials indicating an
improvement in the CR of as-CS and as-LACS specimens due to their UNSM treatment.
However, even though UNSM treatment performed on the as-CS and as-LACS coating
surfaces resulted in a decrease in the unevenness of their surfaces (i.e., increase in uniformity of

surfaces), the Ra values of as-CS + UNSM and as-LACS + UNSM specimens are still much greater
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than ideal conditions (such as in case of polished specimen’s surface), which allows for a median
degree of concentration cells to be setup on their surfaces by the chloride ions in the test solution.
Due to the setup of these median degree of concentration cells on the surface of as-CS + UNSM
and as-LACS + UNSM specimens, despite the improvement in their passivation behavior by
UNSM, the kinetics of the passive film regeneration would still be lagging than the kinetics of the
attack of chloride ions at the pitted areas due to the exponential increase in the chloride ions activity
at these areas during the later phase of the forward scan of CPP tests, which aids in the continuous
growth of the initially formed pits. Because of which the UNSM treatment of as-CS and as-LACS
coatings could not induce any clear pitting potential in the as-CS + UNSM and as-LACS + UNSM
treated specimens unlike how polishing was able to introduce a PP in the CS + P and LACS + P
coatings. However, from figure 5.54 (a) and (b), it can be observed that the area under the
hysteresis loops of as-CS + UNSM and as-LACS + UNSM treated specimens notably increased
from that of the as-CS and as-LACS coatings hysteresis loop areas indicating that UNSM surface
treatment is improving the pitting corrosion characteristics of as-CS and as-LACS coatings.

Corrosion rate and pitting characteristics of CS + P + UNSM and LACS + P + UNSM

304L SS coatings: The CRs of CS + P+ UNSM and LACS + P + UNSM specimens were found
to be 0.070 mpy and 0.027 mpy respectively. UNSM treatment on polished CS and LACS coatings
increases their surface roughness slightly to approximately the same value in both the coatings.
But the CR of CS + P + UNSM coating worsens whereas the CR of LACS + P + UNSM coating
improves from that of their polished CS and LACS coatings CRs. This mixed behavior in the CRs
with respect to the slight increase in the surface roughness of CS+ P and LACS + P by UNSM can
be explained by observing the CS + P + UNSM and LACS + P + UNSM specimen surfaces shown

in figures 5.39 and 5.42 respectively. The UNSM treatment performed on the CS + P coating
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created smudges or sharp edges along the UNSM tracks because of the heavy plastic deformation
already present in the CS coatings restricting the dynamic penetration of WC tool tip during
UNSM. These sharp edges on the CS + P + UNSM coating surface can act as surface irregularities
increasing the number of sites for attack by the corrosion solution thereby, worsening its corrosion
rate from that of the CS + P coating.

Whereas the UNSM treatment performed on the LACS + P coating resulted in a smudge
free surface because of the lower hardness of LACS coating allowing the WC tool tip to efficiently
apply the dynamic load into the material. Also, UNSM treatment of LACS + P specimen results in
the partial closure of the pores on its surface decreasing the area of localized sites available for the
corrosive solution to attack. Therefore, the smudge free surface and the reduction in porous area
of the LACS + P coating by UNSM treatment reduces the total number of preferential sites for the
corrosive solution to attack thereby, decreasing the corrosion rate of LACS + P + UNSM treated
coating.

It is to be noted that the surface roughness of polished CS and LACS coatings after their
UNSM treatment is considerably lower than the surface roughness of as sprayed and as sprayed +
UNSM treated coatings. Therefore, accumulation or setup of concentration cells by chloride ions
will be more difficult on the polished + UNSM treated coatings than the as sprayed and as sprayed
+ UNSM treated coatings. So, the polished CS and LACS coatings treated with UNSM display the
presence of a pitting potential like the untreated polished CS and LACS coatings. With the
comparatively low Ra values of CS + P + UNSM and LACS + P + UNSM coatings not giving a
chance for heavy accumulation of chloride ions at the defect sites on their surface, the high degree
of CRSs embedded in them and the improvement in their passivation behavior (i.e., improvement

in the kinetics of passive film formation or regeneration) through UNSM assist in further
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improving the PP of the coatings from that of the PP exhibited by CS + P and LACS + P coatings.

SE Micrography showing the after CPP test surfaces of as sprayed and polished CS and

LACS coatings with and without UNSM treatment: The SE micrographs showing the pitting

behavior of CS and LACS coatings in 3.5 Wt.% NaCl test solution are shown in figure 5.55. The
major difference observed in the pitting behavior of CS and LACS coatings is that the CS coating
having very fine grains with inherently weak interparticle bonding forms deeper and wider pits
due to the conglomeration of porous sites after pit initiation. Whereas the LACS coating having
relatively larger grains with better interparticle bonding is exhibiting an initial shallow corrosion
followed by a possible growth of pits through the depth of the material following the porous
channels existing in it. With UNSM treatment on CS coatings, no notable changes in the pitting
behavior can be observed from that of the untreated CS coating, as UNSM does not involve any
significant heat input into the specimens it cannot influence the inherent weak interparticle bonding
of CS coatings. But the pitting behavior of LACS coatings after UNSM treatment appears to have
changed because of the grain refinement occurring during UNSM treatment might be leading to
coagulation of the nearby pit initiation sites through the increased grain boundaries. However, the
pits formed on the UNSM treated LACS coating are still considerably smaller than the pits formed
on the CS coatings due to the better interparticle bonding of LACS coating.

Finally, it can be expressed that corrosion in 3.5 Wt.% NaCl solution is lower in all the
LACS coatings (i.e., with and without UNSM treatment) when compared with the corresponding
same surface condition of CS coatings, because of the former coatings enhanced interparticle
bonding. Except for the as sprayed LACS coating whose oxidized surface is accelerating the CR
and exhibiting a value higher than the as-CS coating’s CR. Therefore, polishing of as sprayed

LACS coatings is recommended and subsequent UNSM treatment enhances its corrosion
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resistance characteristics by decreasing its corrosion rate through reduction in porosity and

increasing its pitting potential through the induction of beneficial CRSs in the coating.

CS+P LACS +P

andard ETD 0.20 nA 10.00 kV 80 x 7.0 mm 1.53 mm 0.0 * Standard ETD 0.20 nA 10.00 kV 80 x 7.0 mm 1.59 mm 0.0 *

Figure 5.55: SE micrographs showing the pits formed on the surface of untreated and UNSM surface treated
CS and LACS 304L SS coatings that are subjected to CPP tests in 3.5 Wt.% NaCl solution.
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AFS 304L SS:

The CPP test curves of untreated and UNSM treated AFS 304L SS specimens are presented

in figure 5.56 and the corrosion data obtained from the CPP curves is consolidated in table 5.12.

Specimen Corrosion potential,  Pitting potential, Icorr Corrosion Rate
designation Ecorr (mV) Epit (mV) (nA/cm?2) (mpy)
As-AFS -361.80 - 0.777 0.36
AFS+P -269.00 245 0.150 0.07
As-AFS + UNSM -422.80 - 1.650 0.76
AFS + P + UNSM -166.00 294 0.090 0.04

Table 5.12: Corrosion data obtained from the CPP tests performed in 3.5 Wt.% NaCl solution on as-AF'S and

/
/

Potential vs SCF (V)

polished AFS with and without UNSM treatment.

CPP test curves of AFS 304L SS specimens before and after UNSM
treatment performed in 3.5 Wt.% NaCl soltuion
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Figure 5.56: CPP Corrosion test curves and the corresponding corrosion rates of as-AFS and polished AF'S

before and after UNSM treatment exhibit very high values of 0.36 mpy and 06 mpy respettively.

The SE micrographs showing the pitting corrosion occurring in both the as-AF

specimens before and after UNSM treatment.

As-AFS and as-AFS + UNSM: Both the corrosion rates obtain FS cla

nd as-AFS +



UNSM specimens due to CPP tests are presented in figure 5.57. The corrosion rate of a material is
majorly influenced by the number of localized corrosion prone sites available for the corrosive test
solution to attack. It was already established earlier that the oxide film on the as-AFS specimen is
of mixed nature possessing irregularities/defects that can act as localized sites for corrosion.
Therefore, the defects present in the oxide film are aggressively attacked by the chloride ions
forming localized attack zones where they tend to accumulate and easily form pits resulting in its

high CR. The left SE micrograph in figure 5.57 shows the pit formed on as-AFS specimen surface.

As-AFS + CPP As-AFS + UNSM + CPP Both the specimens.

Figure 5.57: SE micrographs showing the corrosion occurring in as-AFS and as-AFS + UNSM specimens
during their CPP corrosion tests.

It was also found that UNSM treatment did not eliminate the oxide film from the as-AFS
specimen surface. Additionally, UNSM treatment forms peaks and valleys on the specimen surface
by the severe pounding of WC tool tip, which further increases the number of attack sites for the
Cl- ions, in addition to the already present defects in the oxide film. Hence, the CR of as-AFS +
UNSM treated specimen deteriorated further than as-AFS specimen’s CR. The SE micrograph in
the middle of figure 5.57 shows the pit formed on the as-AFS + UNSM treated specimen surface
which appears to be the same as that of the pit formed on the as-AFS specimen surface but slightly
larger.

Whereas the micrograph on the right side of figure 5.57 shows the corrosion occurring in

the oxide film of both as-AFS and as-AFS + UNSM treated specimens before converting into pits
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by the flaking of off material. Thus, the high corrosion rates of both the as-AFS cladding before
and after UNSM treatment can be attributed to the combined contribution of both the corrosion of
oxide film and the subsequent pitting in 304L SS AFS deposit, with the major contribution to their
CRs coming from the corrosion of oxide film. Therefore, the as-AFS and as-AFS + UNSM treated
specimens CRs obviously do not represent the corrosion behavior of 304L SS AFS deposit or the
impact of UNSM on it. Also, because of the very high corrosion rates of both as-AFS and as-AFS
+ UNSM treated specimens, stable pits readily form on their oxidized surfaces thereby showing
no pitting potential at all by both these specimens.

AFS + P and AFS + P + UNSM: After polishing the AFS specimen and removing the

surface oxide layer, the actual corrosion rate of AFS deposited 304L SS was found to be 0.07 mpy.
In a fully dense material with a smooth oxide-free surface like the polished AFS specimen, the
localized attack sites for the NaCl solution would be the inclusions present on the specimen’s
surface, which are contributing to the CR seen for the AFS + P specimen. Also, with the removal
of oxide layer from the AFS specimen surface, it exhibits a pitting potential at 245 mV. Thus, it
can be stated that an oxide free AFS specimen surface can indeed exhibit resistance to pitting. The
SE micrograph on the left-hand side of figure 5.58 shows the pit formed on the surface of polished
AFS specimen.

AFS +P

e

AFS + P+ CPP + UNSM + CPP Inside area of all the pits.

)

Figure 5.58: SE micrographs showing the corrosion occurring in AFS + P and AFS + P + UNSM specimens
during their CPP corrosion tests.
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Upon UNSM treating the polished AFS specimen its CR decreased slightly to 0.04 mpy
and its pitting potential increased towards a nobler value, with it exhibiting a value of 294 mV. The
SE micrograph in the middle of figure 5.58 shows the pit formed on the AFS + P + UNSM
specimen which appears similar to the pit formed on AFS + P specimen. Also, the rightmost SE
image in figure 5.58 shows the inside area of the pits formed on all the specimens i.e., as-AFS and
polished AFS with and without UNSM treatment. And no changes were observed in the pitting
mechanism of AFS 304L SS cladding with respect to its various surface conditions studied in this
research work.

Coming back to the improvement seen in the pitting potential of AFS + P specimen after
its UNSM treatment, it’s improvement can be attributed to the grain refinement, increased
dislocation density, and majorly to the high magnitude of compressive residual stresses induced
into the specimen by the surface treatment. As for the corrosion rate, generally, the peaks and
valleys formed by UNSM will act as localized crevice sites resulting in a small increase in the
specimen’s corrosion rate. But the opposite effect is observed in the polished AFS specimen after
UNSM treatment i.e., the corrosion rate slightly declined due to UNSM. Hypothetically, this can
be attributed to the removal of inclusions from its surface, which was reported to be possible by
UNSM surface treatment of 304 SS (i.e., removal of inclusions) by Shengxi Li [45]. However,
more research needs to be done on the inclusions present in AFS deposited 304L SS and to
emphatically determine if UNSM treatment is indeed removing the inclusions from its surface
leading to a slight decrease in its CR. Nevertheless, it can be concluded with certainty that UNSM
treatment is improving the microstructure, surface, mechanical, and corrosion properties of an
AFS/MELD deposited 304L SS alloy provided that the oxide layer formed on its surface is

removed or prevented from forming by taking measures during MELD processing.
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5.3 Discussion

In this chapter, the impact of UNSM surface treatment on the Sensitized, CS, LACS, and
AFS 304L SS specimens has been studied extensively, with the intent of enhancing the hardness,
residual stress, and corrosion properties of these different 304L SS materials with distinct prior
microstructural characteristics through the application of UNSM technique, for the purpose of
presenting UNSM as a cost-effective mitigation technique that can effectively deal with the SCC
susceptibility of sensitized 304L SS alloy and provide a hermetic seal and restore the load carrying
capacity of nuclear canisters repaired through CS or LACS or AFS processing techniques. For this
purpose, the impact of UNSM treatment on the microstructures, phase changes, hardness, residual
stress, surface topography, sensitization behavior, and pitting corrosion behavior of Sensitized, CS,
LACS, and AFS 304L SS specimens has been studied, analyzed, and compared with the prior to
UNSM properties of these specimens.

The EBSD analysis performed on the cross-sectional areas of UNSM treated sensitized,
CS, LACS, and AFS 304L SS specimens, revealed that the UNSM surface treatment performed on
them induced significant amount of severe plastic deformation (SPD) into the specimens resulting
in gradient microstructures with extreme near and sub-surface grain refinement as evidenced by
the significant increase in number of grain boundaries and decrease in grain size that led to near-
surface nano crystallization, dynamic recrystallization, and an enormous increase in dislocation
density or embedment of plastic strain into the distinct 304L SS materials studied in this research
by their UNSM treatment. The near-surface nano crystallization by UNSM surface treatment in
the sensitized, LACS, and AFS 304L SS specimens was induced up to a depth of ~ 10 pm — 20 pm
from their surface. The degree of plastic strain present in a material determined by the kernel
average misorientation (KAM) value for the sensitized, LACS, and AFS 304L SS specimens

increased enormously by ~ 2X, 4X, and 3X times respectively after their UNSM surface treatment.
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The SPD induced by UNSM surface treatment also resulted in a 100 % near-surface
austenite to martensite phase transformation in the sensitized and AFS deposited 304L SS material.
The high strain rates and localized stresses resulting from the SPD caused by UNSM surface
treatment generating the high dislocation densities and significant lattice distortions in the material
favors the strain-induced transformation of the face-centered cubic (FCC) austenite phase to body-
centered tetragonal (BCT) martensite phase, with increased dislocations and grain boundaries
acting as nucleation sites for the martensite phase. In contrast, UNSM treated CS and LACS 304L
SS coatings exhibited predominantly martensite phase transformation at their surfaces, with a
minor presence of residual austenite phase. This residual austenite is attributed to the persistent
presence of porosity in these coatings, which creates unevenness on their surface and limits the
dynamic penetration of the WC tool tip into the underlying material at the porous sites.

The martensite phase transformation which generally has higher hardness than austenite
phase along with the near-surface nano crystallization and immense increase in dislocation density
by UNSM led to an enormous increase in the near-surface hardness of sensitized, LACS, and AFS
304L SS by ~ 2X times in all of them. The gradient nature of the microstructures produced by
UNSM treatment led to a gradual decrease in the enormously high near-surface hardness values of
all the UNSM treated 304L SS specimens along their depth, with the notably higher hardness
induced by UNSM lasting up to a depth of ~ 300 pm — 400 um, 160 pum, and 100 um in the
sensitized, LACS, and AFS 304L SS specimens respectively.

The severe pounding of tungsten carbide (WC) tool tip with its high impact density on the
surface of as sprayed CS, as sprayed LACS, and as deposited AFS 304L SS during their UNSM
surface treatment resulted in a tremendous decrease in their surface roughness by ~ 3X, 6X, and

2X times respectively which also resulted in improving the uniformity of their surfaces i.e.,
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reducing the unevenness on their surfaces to a greater extent by UNSM.

X-Ray Diffraction (XRD) using the conventional Sin?y technique was employed to
determine the residual stress state of all the differently processed 304L SS materials studied in this
research work which established that the UNSM surface treatment induced monumental magnitudes
of beneficial CRSs at the surfaces of sensitized, CS, LACS, and AFS 304L SS specimens along both
of their orthogonal directions that lasted in the compressive stress state (having negative magnitude)
up to depths of ~ 400 um, 500 um (sensitized); 350 um, 300 um (CS); 400 pm, 420 pm (LACS);
and 500 um, 470 um (AFS) from their surface along the step and transverse directions of the
respective specimen’s UNSM treatment respectively before transitioning to a TRS state (having
positive magnitude of residual stress). The CRSs are generated in a material by the creation of
stress concentration and strain accumulation regions in it through rearrangement of atomic
positions, dislocation pile-up and development of strain incompatibility between neighboring
grains caused by the SPD and grain fragmentation in the material during UNSM. The residual
stress state due to both the austenite and martensite phases of all the differently processed 304L
SS specimens treated with UNSM have been measured at their surface and through-their-depth
which revealed that the residual stresses due to austenite and martensite phases are not equi-biaxial.
Also, the martensite phase was induced in the sensitized, CS, LACS, and AFS 304L SS specimens
up to a depth of ~ 140 ym — 150 pm, 90 pum, 60 pum - 70 um, and 60 pm — 100 um respectively
along both of their orthogonal directions by the UNSM surface treatment.

The full width half maximum (FWHM) profiles determine the extent of plasticity present
in a material along the depth of the respective specimen which revealed that UNSM induced a
significantly higher degree of plastic strain at the near-surface of sensitized, LACS, and AFS 304L
SS specimens that gradually decreased along their depth before reverting to the plasticity levels
present in their respective untreated 304L SS specimens. The significantly higher degree of plastic
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strain induced by UNSM in the sensitized, LACS and AFS 304L SS specimens lasted up to a depth
of ~200 um — 230 um, 200 um, and 300 um respectively which aligned well with the observations
made from their respective KAM maps which also give an indication of the plastic strain present
in a material. Whereas in the CS specimen which already has a significant degree of plastic strain
in it prior to surface treatment due to the cold work generated by the bombardment of powder
particles during CS processing, the UNSM surface treatment of CS 304L SS specimen resulted in
a slight strain relief at its sub surface in between 20 pm and 200 pum due to the dynamic recovery
and dynamic recrystallization occurring in it by UNSM as observed from its FWHM depth profiles.
The dynamic recovery and dynamic recrystallization occurring by UNSM in an already heavily
deformed material can help redistribute the plastic strain to the newly formed grains resulting in a
decrease of the strain concentration that was present in the former heavily deformed areas.

Impact of UNSM on the Corrosion Behavior of Sensitized 304L SS

Sensitization Behavior - Double loop electrochemical potentiodynamic reactivation

(DLEPR) tests performed in 0.5M H>SO4 + 0.05M KSCN solution: The UNSM surface treatment

performed on the 304L SS specimens sensitized at 650°C for 5h (S5) and 24h (S24) resulted in an
improvement in the degree of sensitization (DOS) of only the S5 specimen by ~ 10 X times which
was attributed to the chromium redistribution occurring in it because of the extreme grain
refinement caused by the SPD during UNSM. The Cr redistribution in S5 specimen by UNSM
reduces the overall surface area of the small sized and isolated chromium depleted zones (CDZs)
present in it prior to surface treatment leading to the formation of a stronger chromium oxide film
on the UNSM treated S5 specimen surface that would greatly resist corrosion yielding a much-
improved DOS than the untreated S5 specimen.

Unlike S5 specimen which had small and isolated CDZs, the S24 specimen had large and
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very well-interconnected CDZs due to which UNSM had no impact on the DOS of S24 specimen
1.e., redistribution of Cr to these large well-interconnected CDZs was not possible through the
UNSM surface treatment. This led to the hypothesis that UNSM surface treatment’s positive
influence on improving the DOS of sensitized 304L SS has a limitation which depends on the size
and distribution characteristics of CDZs present in the sensitized material. Further research is
required to determine the critical size of CDZs which can be affected or reduced in size through
Cr redistribution at the specimen surface by UNSM surface treatment thereby, consequently
resulting in the improvement of the sensitized 304L SS specimens DOS or sensitization behavior.
However, it can be expressed here that UNSM treatment could be effective in reducing the DOS
of welded 304L SS material since a welded material undergoes sensitization phenomenon for only
a few minutes to less than an hour depending on the welding technique being employed.

Pitting Corrosion Behavior - Cyclic potentiodynamic polarization (CPP) tests performed

in 3.5 Wt.% NaCl solution: Nevertheless, even though UNSM surface treatment could not improve

the sensitization behavior of S24 specimen, its pitting potential in 3.5 Wt.% NaCl solution
improved significantly by UNSM, with UNSM treatment bringing its value extremely close to the
pitting potential of solution annealed (SA) specimen. This improvement in the pitting potential of
surface treated S24 specimen is attributed to the very high magnitude of compressive residual
stresses induced into the S24 specimen by UNSM which are contributing in resisting the formation
of stable pits for a longer time in the UNSM treated S24 specimen than when compared to the
untreated S24 specimen. In addition to the significant improvements seen in the sensitzation
behavior of S5 specimen and pitting corrosion behavior of S24 specimen, both their residual stress
state and hardness characteristics improved tremendously by UNSM which are all extremely

beneficial in improving the SCC resistance characteristics of sensitized 304L SS alloy.
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Impact of UNSM treatment on the Sensitization Behavior of CS, LACS, and AFS 304L SS

CS 3041 _SS: The cold sprayed 304L SS coatings have very tiny grains possessing
inherently weak interparticle bonding, due to which the CS specimen in both of its as sprayed (as-
CS) and polished (CS + P) surface conditions experiences heavy metal dissolution during their
DLEPR tests consequently resulting in higher DOS ratios.

The application of UNSM surface treatment on the surfaces of as sprayed (as-CS + UNSM)
and polished CS (CS + P + UNSM) specimens does not yield in any improvement in the
sensitization behavior of CS 304L SS because the UNSM treatment process does not involve the
application of any significant amount of heat input into the specimen being surface treated and
therefore, will not be able to improve the inherently weak interparticle bonding existing in the CS
304L SS coating. Thus, UNSM treatment could not improve the sensitization behavior of the CS
304L SS coatings.

LACS 304L SS: The as sprayed LACS (as-LACS) coating exhibited an even worse DOS

ratio than the as-CS coating which is attributed to the combined effect of the surface oxide film
formed on the as-LACS surface due to the application of high temperature laser during its
processing, persistent presence of porosity in the coating and its high surface roughness. With the
porosity and the surface roughness of as-CS and as-LACS coatings being approximately the same,
the significant difference between their DOS ratios is attributed to the presence of surface oxide
film on the latter specimen.

The UNSM treatment of as-LACS coating (as-LACS + UNSM) resulted in a breakdown
of the majority of the deleterious oxide film on its surface, reduction in its surface roughness, and
possible partial closure of porosity sites as well but the DOS ratio of as-LACS + UNSM specimen

was equally worse as that of the as-LACS specimen. This is attributed to the other consequences
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of UNSM treatment of as-LACS specimen seen on its surface like the creation of sharp-edged
smudges due to the severe pounding of WC tool tip on the bubbled like surface of as-LACS coating
and the dispersion of broken-down oxide particles on its surface by UNSM, both of which act as
localized corrosion sites where passive film breaks down with relative ease and onsets the
accelerated corrosion phenomenon in the surface treated as-LACS specimen similar to the
untreated as-LACS specimen thereby, both the specimens yielding worse DOS ratios.

The polished LACS coating (LACS + P) yielded a much-improved DOS ratio exhibiting a
value of ~ 6X times less than the DOS ratios of as-LACS and as-LACS + UNSM specimens. This
significant improvement in the sensitization behavior of LACS + P coating is attributed to the
removal of the deleterious surface oxide film and the significant decrease in surface roughness of
as-LACS coating by polishing. The removal of deleterious surface oxide film and the decrease in
surface roughness by polishing reduces / limits the number of localized concentration sites present
in the LACS + P coating, to its lone porosity sites. This significant reduction in the number of
localized concentration sites by polishing will in turn result in the improvement of the passive film
characteristics of LACS + P coating reducing the corrosion experienced by it compared to the as-
LACS and as-LACS + UNSM coatings. Also, the DOS ratio obtained for the LACS + P coating
can be regarded as the true DOS ratio of LACS processed 304L SS material.

The UNSM treatment of LACS + P coating (LACS + P + UNSM) further improved the
DOS ratio of LACS + P coating by slightly more than 2X times. This improvement in the
sensitization behavior of LACS + P specimen by surface treatment is attributed to the partial
closure of porosity sites by UNSM leading to the formation of a stronger passive oxide film on the
surface of LACS + P + UNSM specimen consequently resulting in a decrease in its corrosion or

improvement in the DOS ratio. Unlike UNSM of as-LACS specimen, LACS + P + UNSM
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specimen surface was free of sharp-edged smudges and embedded oxide particles because of the
removal of bubbled rougher surface and oxide film present on the as-LACS specimen surface by
polishing prior to surface treatment. This was also a crucial contributing factor in the improvement
seen in the DOS of LACS + P coating by UNSM.

AFS 304L SS: The thick oxide film present on the surface of as deposited AFS (as-AFS)
and the inability to completely remove the oxide film by UNSM surface treatment led to the
extremely high DOS ratios obtained by the as-AFS and as-AFS + UNSM specimens.

The true DOS ratio of the 304L SS material deposited by AFS processing technique is
obtained from the oxide free polished surface of AFS coating (AFS + P) whose value is extremely
close to the DOS ratio obtained by the conventionally hot-rolled and solution annealed 304L SS
plate specimen indicating that the 304L SS deposited by AFS is free of porosity or close to 100 %
dense.

Upon UNSM treating the polished AFS specimen (AFS + P+ UNSM) its DOS ratio slightly
worsened due to the formation of peaks and valleys on its surface by the impact of WC tool tip on
its surface during UNSM. These peaks and valleys can act as localized concentration sites for
corrosion during the reverse scan of its DLEPR test.

However, the DOS ratio of AFS + P + UNSM specimen is still ~ 70 X times lower than the
DOS ratio of 304L SS specimen sensitized at 650°C for Sh and ~ 370 X times lower than the DOS
ratio of 304L SS specimen sensitized at 650°C for 24h indicating that the AFS + P + UNSM
specimen still represents that of an unsensitized material with the added beneficial components of
near-surface nano crystallization, near-surface hardening and high magnitude of compressive
residual stresses induced into the AFS + P cladding by UNSM, which can lead to an enhancement

in its SCC resistance.

244



Impact of UNSM treatment on Pitting Corrosion Behavior of CS, LACS, & AFS 304L SS

Corrosion rate

The corrosion rate of a material is largely dependent on the amount of exposed surface area
or surface roughness of the material and the number of inclusions or impurities present on its
surface that can act as localized corrosion sites which can be preferentially attacked by the
corrosive environment leading to the occurrence of localized corrosion phenomenon such as
pitting or crevice corrosion.

CS and LACS 304L SS: The extremely high unevenness on the surfaces of as-CS and as-

LACS 304L SS coatings provides numerous localized corrosion sites where the corrosive chloride
ions in the test solution can accumulate leading to enhanced localized corrosive attack at these
sites by the setup of concentration cells which resulted in an extremely high corrosion rates (CRs)
to be obtained for the as-CS and as-LACS 304L SS coatings.

Both polishing (CS +P & LACS + P) and UNSM treatment (as-CS + UNSM & as-LACS
+ UNSM) of as-CS and as-LACS 304L SS coatings resulted in a significant decrease in their CRs
which is attributed to the significant decrease in the unevenness of their surfaces by these actions
which in turn results in a decrease in the degree of concentration cells that can be setup on its
surface by the corrosive chloride ions in the test solution thereby, decreasing their CRs
significantly. Smaller degree of concentration cells can be setup on the polished CS and LACS
coatings at their porosity sites and in the UNSM treated as-CS and as-LACS coatings, even though
their surface roughness decreased considerably by UNSM, the surface roughness of as-CS +
UNSM and as-LACS + UNSM specimens is still notably higher than the polished CS and LACS
specimens therefore, allowing a median degree of concentration cells to be setup on their surface

that are lower in degree than the as sprayed coatings but higher in degree than the polished
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coatings. This is why the CR of as-CS + UNSM and as-LACS + UNSM are slightly higher or
worse than the CS + P and LACS + P coatings respectively.

The UNSM treatment performed on the CS + P coating created sharp-edged smudges along
the UNSM tracks because of the heavy plastic deformation already present in the CS coatings
restricting the dynamic penetration of WC tool tip into the CS material during UNSM. These
smudged areas on the surface of CS + P + UNSM coating can act as localized crevice sites where
the chlorides in the test solution can accumulate and attack preferentially thereby, slightly
worsening its corrosion rate from that of the CS + P coating. Whereas the UNSM treatment
performed on the LACS + P coating results in a smudge free surface because of the lower hardness
of LACS coating allowing the WC tool tip to efficiently apply the dynamic load into the material.
Also, UNSM treatment of LACS + P specimen results in the partial closure of the pores on its
surface decreasing the area of localized corrosion sites available for the corrosive solution to
attack. Therefore, the smudge free surface and the reduction in pore area of the LACS + P coating
by UNSM treatment reduces the total number of preferential sites for the corrosive solution to
attack thereby, decreasing the corrosion rate of LACS + P + UNSM treated coating from that of
the LACS + P coating.

AFS 304L SS: The high surface roughness and the thick non-homogenous oxide film on
the surface of as-AFS cladding and the inability of UNSM surface treatment to remove this thick
oxide film from its surface contributed to the presence of numerous localized corrosion sites on
the surface of as-AFS and as-AFS + UNSM specimens where the chloride ions accumulate and
preferentially attack eventually leading to these two specimens exhibiting extremely high CRs.

Polishing the as-AFS specimen removes the deleterious oxide film on its surface and

reduces its surface roughness as well thereby reducing the presence of localized corrosion sites on
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its surface because of which the CR of AFS + P specimen improved tremendously from that of as-
AFS specimen’s CR. But it’s CR is still slightly higher than the SA + P specimen’s CR and also
slightly higher than the CS + P and LACS + P 304L SS specimen’s CRs which have porosity,
thereby leading to the hypothesis that AFS 304L SS cladding has inclusion and/or impurities on
its surface (i.e., on AFS + P specimen surface) which are contributing to its slightly higher CR than
that of the other specimens mentioned before.

UNSM treatment performed on the AFS + P specimen resulted in a further improvement
in its CR to a smaller degree, bringing its value closer to that of LACS + P specimen and better
than that of CS + P specimen, which is attributed to the removal of some inclusions present on the
surface of AFS + P specimen by UNSM.

Pitting Behavior

CS and LACS 304L SS: Because of the high corrosion rates of as-CS and as-LACS

coatings, they could not exhibit any pitting potential indicating that a stable passive film that could
resist pitting was not able to form on them at any point during their CPP tests. That is due to the
higher degree of concentration cells of chloride ions being setup on the as-CS and as-LACS
coatings because of the higher variations in their surface unevenness led to their inability of being
able to show any re-passivation ability of the initial pits formed on their surface thereby, resulting
in the continuous growth of the pits formed on their surface throughout their CPP tests without
yielding any sign of resistance to pitting. In short, the kinetics of chloride ions attack at the pits or
accumulation regions is much greater than the kinetics of passive film regeneration at these regions
or pits.

UNSM treatment performed on as-CS and as-LACS coatings could not instill a pitting

resistance in these coatings because even though the uniformity of these coatings’ surfaces
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improved by their UNSM i.e., reduction in their unevenness, their surface roughness is still slightly
rougher than ideal conditions (like polished surface) allowing a median degree of concentration
cells to be setup on the surfaces of as-CS + UNSM and as-LACS + UNSM specimens which
undermines the possibility of them exhibiting a pitting potential or resistance to pitting. However,
the increase in the area of hysteresis loops seen from the CPP test curves of UNSM treated as-CS
and as-LACS specimens from that of their untreated specimens indicates that UNSM treatment is
improving the corrosion behavior of as-CS and as-LACS coatings and confirms that only a median
degree of concentration cells were setup on their surfaces. That is the kinetics of chloride ions
attack at the accumulated regions or pits slowed down in the UNSM treated as-CS and as-LACS
from that of the untreated as-CS and as-LACS specimens.

Polishing the as-CS and as-LACS coatings led to them exhibiting a pitting potential
because polishing reduces the localized corrosion sites on their surface to the lone small porosity
sites present in them where the accumulation of chloride ions occur at a much slower rate than on
the rougher surfaces of as-CS and as-LACS coatings thereby, delaying the formation of stable pits
i.e., allowing the pits to re-passivate (unstable pits). The kinetics of passive film regeneration at
the initial pits formed on the CS + P and LACS + P specimens’ surface during their CPP tests is
greater than the kinetics of chloride ions attack at these areas.

UNSM treatment of the CS + P and LACS + P coatings further improved their pitting
potentials to exhibit nobler values because of two contributing factors, of which one factor
contributing in a minor capacity is the partial closure of porosity sites on their surfaces by UNSM.
More importantly, the major factor contributing to the further improvement seen in the pitting
potential of CS + P and LACS + P coatings by UNSM is the induction of very high magnitudes of

CRS:s into these specimens which assist in providing further resistance to the formation of stable
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pits on their surfaces.

AFS 304L SS: Due to the very high corrosion rates of both as-AFS and as-AFS + UNSM
specimens stable pits form readily on their surface thereby showing no pitting potential at all by
these specimens. However, these pits were seen forming majorly on the thick oxide film present
on their surface and hence, do not represent the pitting characteristics of the 304L SS material
deposited by AFS processing technique or the impact of UNSM on it.

Polished AFS specimen reveals the actual surface of 304L SS material deposited by AFS
which exhibits a pitting potential indicating that the material does have the ability to re-passivate
any initially formed pits and that it does show a resistance to pitting by chloride ions.

The pitting potential of AFS + P + UNSM specimen improved further to a nobler value
indicating an improvement in the pitting corrosion characteristics of AFS + P specimen by UNSM
which is attributed to the extreme grain refinement, increased dislocation density and high

magnitude of compressive residual stresses induced into the specimen by the surface treatment.

Finally, the hypothesis driven discoveries and the major conclusions drawn from this

dissertation research work performed on the differently processed 304L SS materials with distinct

prior microstructural characteristics are presented in detail in the next chapter.
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Chapter 6. Summary of Impact to the Field, Conclusions, and Scope
for Future Work

6.1 Summary of Impact to the Field

The research work presented in this dissertation makes many significant scientific and
mechanistic advancements to the field of tackling Chloride-Induced Stress Corrosion Cracking
(CISCC) Susceptibility of welded austenitic 304L SS Spent Nuclear Fuel Dry Storage Canisters
(SNFDSCs), with respect to both the prevention or enhancement of resistance to Stress Corrosion
Cracking (SCC) susceptibility of newly built canisters and to repair and mitigate the CISC-Cracks
formed on the already existing canisters, by studying the material deposited through a variety of
competent additive manufacturing repair methods such as Cold Spray (CS), Laser Assisted Cold
Spray (LACS), and Additive Friction Stir (AFS), with mitigation to be provided by cost-effective
Ultrasonic Nanocrystal Surface Modification (UNSM) technique. Some of the advancements fill
the gap existing in the scientific literature, such as determining the underlying factors responsible
for the improvement of SCC resistance of sensitized or welded 304 SS / 304L SS alloy by the
application of UNSM treatment on their surface. Whereas others present new data and analysis
that will be extremely useful, especially to the nuclear industry, in evaluating the solid-state AM
manufacturing techniques that are being considered for the repair of CISC-Cracks in nuclear
canisters, such as determining the corrosion behavior of 304L SS alloy deposited by CS, LACS,
and AFS processing techniques, which has been attempted for the first time and demonstrating the
need and potential of utilizing a cost-effective mitigation technique such as UNSM to substantially
improve the SCC resistant properties of CS or LACS or AFS repaired / deposited 304L SS alloy.

The hypothesis driven discoveries made from this dissertation research work include, the
discovery that the improvement seen in the SCC resistance of sensitized or welded 304 SS / 304L

SS alloy by UNSM treatment involves dual impact, one with respect to improving its pitting
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corrosion behavior by the induction of high magnitudes of compressive residual stresses into the
material by UNSM and the other with respect to improving its sensitization behavior by the
reduction in the area of chromium depleted zones through uniform redistribution of Cr in the alloy
composition by UNSM treatment, making UNSM a unique mitigation technique that can have a
dual impact on the corrosion behavior of 304 SS / 304L SS alloy, unlike other mitigation techniques
like LSP which involve high temperatures deeming them incapable of positively influencing the
sensitization behavior of the alloy. But it is also further hypothesized that there is a critical size
limit on the chromium depleted zones that can be positively influenced by UNSM thereby leading
to a reduction in their area or reduction in the sensitized alloy’s degree of sensitization i.e., UNSM
will be ineffective in improving the sensitization behavior of sensitized 304L SS alloy, when the
chromium depleted zones present in it are beyond a critical size limit.

Also, it was discovered that UNSM treatment of 304 SS / 304L SS alloy resulting in the
phase transformation of FCC austenite to BCT martensite, leaving the presence of either 100 %
strain induced martensite as in UNSM treated SA, Sensitized, and AFS 304L SS materials, or a
mixture of strain induced martensite and residual austenite as in UNSM treated CS and LACS
304L SS specimen surfaces, does not have a negative impact on either the alloy’s pitting corrosion
behavior in 3.5 Wt. % NaCl solution / simulated seawater containing environment or on its
sensitization behavior i.e., the presence of strain induced martensite does not have a negative
impact on the corrosion behavior of 304 SS / 304L SS alloy and also, the mixed presence of strain
induced martensite and residual austenite on its surface does not lead to galvanic corrosion in the
alloy.

Finally, it was also discovered that, despite the differences in the prior microstructural

characteristics of 304L SS alloy (as in Sensitized, CS, LACS, and AFS 304L SS materials), UNSM
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can effectively enhance the alloy’s properties of residual stress and pitting corrosion behavior in a
consistent manner but it’s impact on the alloy’s near and sub-surface hardness, phase
transformation, dislocation density, grain refinement, surface topography, and sensitization
behavior varies or depends on the prior microstructural characteristics including the presence of
prior cold work, porosity levels, chromium depleted zones size, distribution etc. which are
discussed extensively in Chapter 5 of this dissertation research work and the conclusions drawn
are given below in section 6.2.

Overall, this thesis research study demonstrated that UNSM surface treatment of sensitized,
LACS, and AFS 304L SS resulted in inducing severe plastic deformation into these specimens that
led to near-surface nano crystallization, near-surface hardening, reduction in the surface
unevenness of as processed LACS and AFS specimens, induction of high magnitudes of CRSs up
to an appreciable depth, and improvements in the passivation, sensitization, corrosion rate, and
pitting corrosion characteristics of these specimens which are all beneficial in improving the SCC
resistance of 304L SS alloy. Hence, LACS and AFS repair methods in conjunction with UNSM
mitigation technique can be a plausible avenue to seal the CISCC cracks on the welded austenitic
SNFDSCs thereby restoring their hermetic seal and load carrying capacity. However, the 304L SS
material deposited through CS repair method has been determined to possess inferior corrosion
properties which could not even be improved by UNSM treatment deeming the use of CS or CS
with UNSM to be ineffective for the purpose of dealing with CISCC problem in the SNFDSCs.
Nevertheless, UNSM can be a cost-effective mitigating alternative method to LSP or an additional
mitigating method to efficiently and effectively tackle the sensitization phenomenon or the SCC

susceptibility of newly constructed welded austenitic 304L SS SNFDSCs.

252



6.2

Conclusions

The key conclusions drawn from this dissertation research work are presented below in

detail but in no particular order:

1.

The UNSM surface treatment performed on the different 304L SS materials studied in this
research work possessing distinct prior microstructural characteristics, such as a material
with chromium depleted zones — Sensitized, a material with porosity, weak interparticle
bonding, and cold work — CS, a material with porosity and improved interparticle bonding
— LACS, and a material fully dense, possessing gradient microstructure and near-surface
nano crystalline grains — AFS, was able to induce a significant amount of severe plastic
deformation (SPD) into all the specimens except the already cold worked and heavily
deformed CS 304L SS coating material, resulting in gradient microstructures with extreme
near and sub-surface grain refinement as evidenced by the significant increase in number
of grain boundaries and decrease in grain size that led to near-surface nano crystallization,
dynamic recrystallization, and an enormous increase in dislocation density or embedment
of plastic strain into the UNSM treated Sensitized, LACS, and AFS 304L SS specimens.
The near-surface nano crystallization by UNSM surface treatment in the sensitized, LACS,
and AFS 304L SS specimens was induced up to a depth of ~ 10 pum — 20 pum from their
surface. The degree of plastic strain present in a material determined by the kernel average
misorientation (KAM) value for the sensitized, LACS, and AFS 304L SS specimens
increased enormously by ~ 2X, 4X, and 3X times respectively after their UNSM surface
treatment. This high degree of plastic strain introduced into the 304L SS specimens through
UNSM treatment is attributed to the multiplication & entanglement of dislocations and
grain fragmentation, that is caused by the severe pounding of WC tool tip on their surface

during UNSM treatment resulting in an increase in their total grain boundary area and
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dislocation density. Whereas in the UNSM treated CS 304L SS coating, a very small degree
of grain refinement combined with a slight decrease in KAM value was observed from that
of its untreated CS 304L SS coating, indicating the occurrence of only a very small degree
of dynamic recrystallization in the CS 304L SS coating by UNSM, which is attributed to
the presence of prior cold work, that is generated in the CS 304L SS coating during its
processing, restricting the impact of UNSM surface treatment.

The microstructures of Sensitized, CS, LACS, and AFS 304L SS, having predominantly
austenitic microstructures with the presences of a minor amount of delta ferrite in them,
have undergone a strain induced phase transformation from face-centered cubic (FCC)
austenite phase to body-centered tetragonal (BCT) martensite phase, due to their UNSM
surface treatment. But due to the differences in their prior microstructural characteristics
that were mentioned earlier in conclusion (1), the degree of austenitic to martensitic phase
transformation by UNSM surface treatment has not been the same or consistent among the
distinct 304L SS specimens studied in this research work. The SPD induced by UNSM
surface treatment resulted in a 100 % near-surface austenite to martensite phase
transformation in the sensitized and AFS deposited 304L SS material. In contrast, UNSM
treated CS and LACS 304L SS coatings exhibited predominantly martensite phase
transformation at their surfaces, with a minor presence of residual austenite phase. This
residual austenite is attributed to the persistent presence of porosity in these coatings, which
creates unevenness on their surface and limits the dynamic penetration of the WC tool tip
into the underlying material at the porous sites. The SPD caused by UNSM results in high
strain rates and localized stresses, generating high dislocation densities and significant

lattice distortions in the material, which favor the strain-induced transformation of the FCC
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austenite phase to BCT martensite phase, with the increased dislocations and grain
boundaries acting as nucleation sites for the inception of martensite phase.

UNSM surface treatment resulting in martensitic phase transformation which generally has
higher hardness than austenite phase, along with the extensive grain refinement resulting
in near-surface nano crystallization, sub-surface deformation - leading to a reduction in
grain size, and the immense increase in dislocation density, number of grain boundaries -
impeding dislocation motion, together led to an enormous increase in the near-surface
hardness of sensitized, LACS, and AFS 304L SS specimens consistently, by ~ 2X times,
despite the differences existing in the prior microstructural characteristics of these three
specimens. The gradient nature of the microstructures produced by UNSM treatment led
to a gradual decrease in the enormously high near-surface hardness values of all the UNSM
treated 304L SS specimens along their depth, with the notably higher hardness induced by
UNSM lasting up to a depth of ~ 300 pm — 400 pm, 160 um, and 100 pm in the sensitized,
LACS, and AFS 304L SS specimens respectively. Whereas in the case of CS 304L SS
coating, the impact of UNSM treatment on its near-surface hardness has been very minimal
resulting in an increment of only ~ 1.1X — 1.3X times, that too confined to only the top 10
to 20 um of'its surface, which is again attributed to the presence of prior heavy deformation
/ cold work generated during the traditional CS processing, restricting the dynamic load
transfer through the WC tool tip to its surface during UNSM.

The severe pounding of tungsten carbide (WC) tool tip with its high impact density on the
surface of as sprayed CS, as sprayed LACS, and as deposited AFS 304L SS during their
UNSM surface treatment resulted in a tremendous decrease in their surface roughness by

~ 3X, 6X, and 2X times respectively which also resulted in improving the uniformity of
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their surfaces i.e., reducing the unevenness on their surfaces to a greater extent by UNSM.
The UNSM surface treatment induced monumental magnitudes of beneficial CRSs at the
surfaces of sensitized ( > -1600 MPa — SD; > -900 MPa — TD), CS (> -1200 MPa — SD; > -700
MPa — TD), LACS (> -1300 MPa — SD; > -800 MPa — TD), and AFS (> -1900 MPa — SD; > -
1000 MPa — TD) 304L SS specimens along both of their orthogonal directions that lasted in
the compressive stress state (having negative magnitude) up to depths of ~ 400 um, 500 pm
(sensitized); 350 um, 300 um (CS); 400 um, 420 um (LACS); and 500 pm, 470 um (AFS)
from their surface along the step and transverse directions of the respective specimen’s
UNSM treatment’s directions respectively before transitioning to a TRS state (having
positive magnitude of residual stress). The austenite to martensite phase transformation
occurring due to the UNSM surface treatment in the distinct 304L SS materials studied in
this research work, led to the induction of martensite phase in the sensitized, CS, LACS,
and AFS 304L SS specimens up to a depth of ~ 140 um — 150 pm, 90 pm, 60 pm - 70 pm,
and 60 pm — 100 um respectively along both the orthogonal directions of these distinct
304L SS specimens. The CRSs are generated in a material by UNSM surface treatment due
to the creation of stress concentration and strain accumulation regions in it, through the
rearrangement of atomic positions, dislocation pile-up and development of strain
incompatibility between neighboring grains, that is caused by the SPD and grain
fragmentation in the material during UNSM.

The full width half maximum (FWHM) profiles obtained during the residual stress depth
profile analysis, which determine the extent of plasticity present in a material along the
depth of the respective specimen, showed that UNSM treatment induced a significantly
higher degree of plastic strain at the near-surface of sensitized, LACS, and AFS 304L SS
specimens that gradually decreased along their depth before reverting to the plasticity
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present in their respective untreated 304L SS specimens. The significantly higher degree
of plastic strain induced by UNSM in the sensitized, LACS, and AFS 304L SS specimens
lasted up to a depth of ~ 200 um — 230 um, 200 um, and 300 pm respectively which aligns
well with the observations made from their respective KAM maps which also give an
indication of the plastic strain present in a material. Whereas in the case of CS 304L SS
coating, which already has a significant degree of plastic strain present in it prior to surface
treatment due to the cold work generated by the bombardment of powder particles during
CS processing, the UNSM surface treatment of CS 304L SS coating resulted in a small
degree of strain relief at its sub surface in between 20 um and 200 pm due to the dynamic
recovery and dynamic recrystallization occurring in it by UNSM as observed from its
FWHM depth profiles. The dynamic recovery and dynamic recrystallization occurring by
UNSM in an already heavily deformed material can help redistribute the plastic strain to
the newly formed grains resulting in a decrease in the strain concentration that was present
in the former heavily deformed areas as indicated from both the FWHM profiles and a
slight decrease in KAM value of CS 304L SS coating after UNSM.

UNSM treatment led to an improvement in the degree of sensitization of 304L SS specimen
sensitized at 650°C for 5h (S5) by ~ 10X times, which is attributed to the reduction in the
overall area of chromium depleted zones (CDZs) in the sensitized material, that is
occurring due to the severe hammering of WC tool tip on its surface causing Cr
redistribution in the alloy composition thereby, restoring some of the strength of the
naturally forming passive chromium oxide film on the surface of the sensitized specimen
by UNSM treatment which in turn improves its ability to resist corrosion. However, when

the size of the CDZs increased vastly and became well interconnected with each other due
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to prolonged aging / sensitization treatment i.¢., in the case of 304L SS specimen sensitized
at 650°C for 24h (S24), UNSM treatment has proved to be ineffective in reducing the DOS
of this heavily sensitized 304L SS specimen. Therefore, it is hypothesized that UNSM
treatment is only effective in positively influencing the sensitization behavior of sensitized
304L SS alloy when the CDZS in it are up to a critical size.

Nevertheless, UNSM treatment performed on the 304L SS specimen sensitized at 650°C
for 24h (S24), notably improved its pitting potential in 3.5 Wt.% NaCl solution or
simulated seawater containing environment to a nobler value that is extremely close to the
pitting potential of SA 304L SS specimen. This improvement in the pitting potential of
surface treated heavily sensitized 304L SS specimen is attributed to the introduction of very
high magnitudes of compressive residual stresses into the material through SPD by UNSM
surface treatment, which are contributing in resisting the formation of stable pits for a
longer time in the UNSM treated S24 specimen than when compared to the untreated S24
specimen. In totality, it can be said that UNSM treatment can remarkedly amend the
sensitization behavior of lightly sensitized material (which is representative of typically
welded material) and also enhance the resistance to pitting corrosion of heavily sensitized
material, along with significantly improving the residual stress state and hardness
characteristics of sensitized 304L SS specimens (irrespective of the degree of sensitization
present in the specimen), all of which will be extremely beneficial in improving the SCC
resistance of sensitized 304L SS alloy.

The degree of susceptibility (DOS) ratio of as-CS 304L SS coating was found to be high,
with it being on par with that of the S24 304L SS specimen (i.e., sensitized at 650°C for

24h), which is attributed to the porosity and inherent weak interparticle bonding of CS
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304L SS coating. Whereas the DOS ratios of as-LACS and as-AFS 304L SS specimens
were found to be worse than the as-CS coating’s DOS ratio, which were attributed to the
presence of an inhomogeneous or deleterious oxide film on the surface of both the former
specimens and additionally to the presence of porosity in the as-LACS 304L SS coating.
This inhomogeneous or deleterious oxide film forms on the surfaces of as-LACS and as-
AFS 304L SS coating / cladding during their processing, as both the processes are
performed in open atmosphere involving semi-high to high temperatures in their processing
techniques. Although polishing of as-LACS and as-AFS 304L SS specimens improved
their DOS ratios due to the removal of oxide film on their surfaces by polishing, the DOS
ratio of CS 304L SS coating has not been improved by its polishing, ascertaining the fact
that its inherent weak interparticle bonding is indeed the factor contributing to its worse
DOS ratio, especially with both the CS and LACS 304L SS coatings having approximately
the same degree of porosity levels.

Similar to the DOS ratios, the corrosion rate (CR) of as-CS 304L SS coating was found to
be extremely high which is attributed to the coating’s extremely high surface roughness
resulting in the formation of higher degree of corrosive chloride ion concentration cells to
be setup on its surface. With the presence of deleterious oxide film on the surfaces of as-
LACS and as-AFS 304L SS coatings contributing to the addition of more localized
concentration sites where corrosive chloride ions can be setup, their CRs were found to be
even worse than that of as-CS 304L SS coating’s CR, and especially with the surface
roughness of as-CS and as-LACS 304L SS coatings being approximately the same and with
the surface roughness of as-AFS cladding being less than the former coatings, ascertains

the fact that the presence of oxide film on the surfaces of as-LACS and as-AFS 304L SS
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specimens is indeed the exact factor that is further affecting their CRs in a negative manner
from that of the as-CS 304L SS coating’s CR and also ascertains the fact that the oxide film
formed on their surface is in fact detrimental to the corrosion behavior (both in terms of
DOS and CR) of the as deposited LACS and AFS 304L SS coating / cladding materials.
Again, like DOS ratios, polishing of as-LACS and as-AFS 304L SS specimens, resulted in
an improvement of their CRs but this time, polishing of as-CS 304L SS coating also
resulted in an improvement in its CR, which ascertains the fact that the extremely high
surface roughness of as-CS, as-LACS, and as-AFS 304L SS specimens and the presence
of oxide film on the latter two specimens are indeed contributing to their high CRs. So, the
improvement in the CR of polished CS, LACS, and AFS 304L SS specimens from that of
their as-deposited versions is attributed to the removal of oxide film and decrease in surface
roughness by polishing action, which results in a reduction in the number of localized
concentration sites on the surfaces of polished CS, LACS, and AFS specimens where setup
of concentration cells by the corrosive chloride ions will decrease or be difficult thereby,
resulting in the decrease of their CRs. Nevertheless, the CRs of even the polished CS and
LACS 304L SS specimens were found to be slightly higher than those of polished SA 304L
SS specimen and the CR of polished AFS cladding was found to be slightly further higher
than that of the polished CS and LACS coatings CRs. This draws for a conclusion that the
presence of porosity sites on the CS and LACS coating surfaces led to them exhibiting
slightly higher CRs than that of polished SA specimen’s CR, whereas with respect to the
polished AFS cladding, even though it is 100 % dense, its CR being higher than that of
polished CS and LACS coatings suggests the presence of inclusions and/or impurities on

its surface that are contributing to its slightly higher CR than that of the latter specimens.
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Any pitting potential or resistance to pitting could not be exhibited by the as-CS, as-LACS,
and as-AFS 304L SS specimens, owing to their extremely high corrosion rates not allowing
the formation of a stable passive film on their surface that could resist pitting. That is due
to the higher degree of concentration cells being setup by the corrosive chloride ions on
the surfaces of as-CS, as-LACS, and as-AFS specimens, because of the higher variations
in their surface unevenness and presence of inhomogeneous deleterious oxide film on the
latter two specimen surfaces, led to their inability of being able to show any re-passivation
of the initial pits formed on their surface thereby, resulting in the continuous growth of the
initial pits formed on their surface throughout their corrosion tests without yielding any
sign of resistance to pitting. In short, the kinetics of chloride ions attack at the pits or
chloride ion accumulation regions is much greater than the kinetics of passive film
regeneration at these pits or regions in the as deposited CS, LACS, and AFS 304L SS
specimens. Upon polishing the as-CS, as- LACS, and as-AFS 304L SS specimens, they
exhibit a pitting potential showing resistance to the pitting phenomenon occurring in these
specimens during their CPP tests. This exhibition of pitting potential by CS + P, LACS +
P, and AFS + P 304L SS specimens, is attributed to the polishing action reducing the
localized corrosion sites on their surfaces to the lone porosity sites in the case of CS + P
and LACS + P specimens and to the lone inclusions or impurities in the case of AFS + P
specimen, thereby significantly slowing down the accumulation of chloride ions on their
surfaces during CPP tests than when compared to the extremely rougher and/or oxidized
surfaces of as-CS, as-LACS, and as-AFS specimens that are having numerous corrosive
chloride ion accumulation sites, ultimately resulting in a significant delay in the formation

of stable pits on the surface of polished CS, LACS, and AFS specimens i.e., allowing the
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initial pits formed on their surface to re-passivate (unstable pits) during their CPP tests and
allowing them to exhibit a pitting potential. That is, the kinetics of passive film regeneration
at the initial pits formed on the CS + P, LACS + P, and AFS + P specimen surfaces during
their CPP tests is greater than the kinetics of chloride ions attack at these areas.

Despite the better interparticle bonding of LACS coating from that of the CS coating and
despite both the coatings having approximately the same degree of porosity levels, the
pitting potential of polished CS 304L SS coating was notably nobler than the pitting
potential of polished LACS coating due to the presence of decent magnitudes of
compressive residual stresses in the CS coating, which are assisting it to exhibit better
resistance to the pitting phenomenon. But despite the polished AFS cladding having lower
magnitudes of CRSs than polished CS coating, the pitting potential of polished AFS 304L
SS cladding was significantly nobler than the pitting potential of polished CS 304L SS
coating due to the latter specimen having some degree of porosity in it and the former
specimen being completely dense. And despite both the polished SA and polished AFS
304L SS specimens being 100 % dense and having similar magnitudes of compressive
residual stresses, the pitting potential of polished SA 304L SS specimen was significantly
nobler than the pitting potential of AFS 304L SS cladding, which indicates the presence of
greater number of inclusions in the latter specimen than that of the former specimen. These
relationships established between these distinct 304L SS specimens demonstrate how prior
microstructural characteristics, such as inclusions, porosity, and compressive residual
stresses, can qualitatively and/or quantitatively in a relative manner impact the pitting

corrosion characteristics of 304L SS alloy.
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14.

From the corrosion analysis of as-deposited and polished CS, LACS, and AFS 304L SS
specimens with respect to both their degree of susceptibility and pitting corrosion behavior
(involving CR and pitting potentials), it is concluded that polishing step is absolutely
necessary for these specimens to exhibit a better corrosion behavior, by the decrease of the
surface roughness of all the three specimens and by the removal of oxide film on the surface
of the latter two specimens by polishing and/or measures must be taken to restrict the
formation of oxide film on the latter two specimen surfaces. However, in the case of the
latter two specimens i.e., for LACS and AFS 304L SS materials, it might be cost-effective
to polish them after processing rather than taking measures for the prevention of the
formation of the deleterious surface oxide film which may involve performing the
processes in vacuum etc. Also, it must be noted here that in the case of CS coating,
polishing improved only its corrosion rate and pitting corrosion behavior and did not have
any impact on its degree of susceptibility due to the coating’s inherent weak interparticle
bonding.

UNSM surface treatment performed on either the as sprayed or polished CS 304L SS
coatings did not result in any improvement in its sensitization behavior because of the
UNSM treatment process not involving the application of any significant amount of heat
input into the specimen that is being surface treated and therefore, was not able to improve
or influence the inherently weak interparticle bonding existing in the CS 304L SS coating,
consequently not being able to improve its sensitization behavior. In fact, the UNSM
treatment performed on the as-CS and polished CS 304L SS coatings, resulted in a slight
worsening of their DOS ratios, which is attributed to the creation of sharp edged smudges

on these specimen surfaces by the impact of WC tool tip on their surface during UNSM
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and these sharp edged smudges acting as additional localized sites where quicker
breakdown of the passive film can occur during their DLEPR corrosion tests, ultimately
resulting in the UNSM treated CS 304L SS coatings to exhibit slightly worsened DOS
ratios than that of their untreated counterparts. However, the factors contributing to the
formation of these sharp-edged smudges on the surface of UNSM treated as-CS and
polished CS 304L SS coatings are slightly different, in the case of as-CS coating, these
smudges are formed due to its extremely higher surface roughness i.e., the smudging of the
bubbled like surface of as-CS coating occurs by UNSM creating the smudges on its surface.
Whereas in the case of polished CS coating which does not have the bubbled surface like
as-CS coating due to the removal of surface unevenness by polishing, its prior cold work
generated during CS processing is responsible for the creation of smudges on its surface
by UNSM treatment i.e., the prior cold work or the heavy plastic deformation present in
the CS coating does not allow or it restricts the dynamic penetration of WC tool tip on its
surface during UNSM, contributing to the creation of smudges on its surface.

Similar to UNSM treated as-CS coating, the UNSM treatment performed on the bubbled
like surface of as-LACS coating resulted in the creation of sharp-edged smudges on its
surface, which along with the embedment of oxide particles broken down from the thin
oxide film present on its surface by UNSM resulted in the as-LACS + UNSM treated
coating to not exhibit any improvement in its sensitization behavior due to UNSM
treatment. However, when the UNSM treatment was performed on the recrystallized LACS
304L SS coating (i.e., with better interparticle bonding than CS coating) that is free of oxide
film and free of bubbled like surface due to their removal by polishing action, led to greater

than 50 % betterment in its degree of susceptibility by the reduction of total porous area
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i.e., the dynamic hammering of the WC tool tip on the coating surface closing some of the
surface pore area by pushing the adjacent material into the pores. This improvement in the
sensitization behavior of LACS + P specimen by surface treatment is attributed to the
partial closure of porosity sites by UNSM leading to the formation of a stronger passive
oxide film on the surface of polished LACS + UNSM treated specimen consequently
resulting in a decrease in its corrosion or enhancement in its DOS ratio.

The UNSM treatment performed on the as-AFS 304L SS cladding surface, was able to
impact the thick deleterious oxide film on its surface but was not able to completely remove
it, which is why even though UNSM of as-AFS cladding resulted in an improvement in its
DOS ratio, the DOS value obtained for the as-AFS + UNSM treated specimen was still
significantly higher, which upon comparison to the DOS ratio of 304L SS sensitized at
650°C for 24h is still 3X times greater / worse. Even when UNSM treatment was performed
on the oxide free surface of polished AFS 304L SS cladding, the surface treatment resulted
in the worsening of its DOS ratio, but to an extremely smaller degree which can be
considered as negligible, and upon comparing the DOS ratio of polished AFS + UNSM
treated specimen with that of 304L SS specimen sensitized at 650°C for 5h, it is still ~ 70
X times lower and when compared to the DOS ratio of 304L SS specimen sensitized at
650°C for 24h, it is ~ 370X times lower, indicating that the polished AFS + UNSM treated
specimen represents that of an unsensitized material with the added beneficial components
of near-surface nano crystallization, near-surface hardening and high magnitude of
compressive residual stresses introduced into the AFS + P cladding by UNSM. This slight
worsening of the DOS ratio of polished AFS + UNSM treated specimen is because of the

formation of peaks and valleys on its surface which are typical of UNSM surface treatment,
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18.

acting as additional sites where passive film can break down during the corrosion tests.
The UNSM treatment performed on the as-CS and as-LACS 304L SS coatings resulted in
a significant decrease in their CRs, which is attributed to the significant decrease in the
unevenness of their surfaces by the severe pounding of WC tool tip on their surfaces during
UNSM, which in turn resulted in a decrease in the degree of concentration cells that can be
setup on their surfaces by the corrosive chloride ions in the test solution. However, the
surface roughness values of as-CS + UNSM and as-LACS + UNSM specimens are still
notably higher than the surface roughness values of polished CS and LACS specimens
therefore, allowing a median degree of concentration cells to be setup on the former
specimen surfaces by the corrosive chloride ions, whose degree is lower than that of the as
sprayed coatings but higher than that of the polished coatings, which is why the CRs of as-
CS + UNSM and as-LACS + UNSM treated specimens have improved from that of the as-
CS and as-LACS specimens CRs but are still slightly higher or worse than the CS + P and
LACS + P coatings CRs. Whereas in the case of as-AFS + UNSM treated specimen, its CR
worsened significantly from that of the untreated as-AFS specimen, which is attributed to
the inability of UNSM to completely remove the thick oxide film on the as-AFS specimen
surface and in addition, resulting in the formation of peaks and valleys in the oxide film
which act as additional sites for the localized attack of corrosive species i.e., setup of
concentration cells by corrosive chloride ions, leading to higher CR for the as-AFS +
UNSM treated specimen from that of the untreated as-AFS specimen’s CR.

The UNSM treatment performed on the polished CS, LACS, and AFS 304L SS specimens
also yielded mixed results, where in the UNSM treatment slightly improved the CR of

polished LACS and AFS specimens but slightly worsened the CR of polished CS coating.

266



19.

The slight worsening of the CR of polished CS coating by UNSM treatment is attributed
to the presence of prior cold work in CS coating, which is restricting the efficient dynamic
penetration of WC tool tip during its UNSM treatment, leading to the creation of sharp-
edged smudges on the polished CS + UNSM treated specimen surface which are acting as
additional localized concentration sites for the attack of corrosive chloride ions leading to
it exhibiting higher CR than that of untreated polished CS 304L SS coating. Whereas the
slight enhancement of the CR of polished LACS 304L SS specimen by UNSM surface
treatment is attributed to the partial closure of porosity sites on its surface by UNSM and
the absence of sharp edged smudges and the absence of embedment of oxide particles on
the surface of polished LACS + UNSM treated specimen, due to the recrystallized / free of
cold work and oxide free surface of polished LACS coating allowing the efficient dynamic
penetration of WC tool tip on its surface during UNSM treatment. And the slight
enhancement in the CR of polished AFS + UNSM treated 304L SS cladding is attributed
to the removal of inclusion and/or impurities from the surface of polished AFS cladding by
UNSM surface treatment. Both the closure of porosity sites in the case of polished LACS
+ UNSM treated specimen and the removal of inclusions in the case of polished AFS +
UNSM treated specimen, results in a decrease in the number of localized corrosion sites
where the corrosive chloride ions can attack on their surface, which in turn results in a
decrease in their CRs from that of their untreated polished counterpart specimens.

The pitting corrosion characteristics of as-deposited and polished CS, LACS, and AFS
304L SS specimens have all been enhanced by the application of UNSM treatment on their
surfaces and this enhancement is attributed to the introduction of high magnitudes of

compressive residual stresses into these materials by UNSM surface treatment. The
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enhancement in the pitting corrosion behavior of polished CS, LACS, and AFS 304L SS
specimens by their UNSM treatment could be seen more clearly in a quantitative manner
from the shifting of their pitting potentials to more noble values after their UNSM surface
treatment. Whereas the enhancement in the pitting corrosion behavior of as-deposited CS,
LACS and AFS 304L SS specimens by UNSM treatment must be observed qualitatively
from their CPP corrosion test curves, since the as-deposited + UNSM treated specimens do
not exhibit a clear pitting potential as well similar to the untreated as-deposited specimens
but the area under the hysteresis loops of as-deposited + UNSM treated specimens
increased significantly from that of their untreated as-deposited specimens hysteresis loops
area, indicating that the UNSM surface treatment is impacting the pitting corrosion
behavior of as-deposited CS, LACS, and AFS 304L SS specimens in a positive manner by
the induction of high magnitudes of compressive residual stresses into them through SPD.
For convenience, the impact of UNSM treatment on the corrosion behavior — degree of
susceptibility, corrosion rate, and pitting potential of as-deposited and polished CS, LACS,
and AFS 304L SS specimens is collectively presented in a qualitative manner in the table
below and the factors that influenced the corrosion behavior of these distinct 304L SS
specimens with varying surface conditions upon their UNSM treatment are discussed in
detail in the conclusions 14 — 19 and the quantitative results from which these assessments
are drawn are presented in sections 5.2.6 and 5.2.7 of Chapter 5 of this dissertation research
work. In the table below X denotes — No significant change, Pos denotes — positive impact
of UNSM and Neg — denotes negative impact of UNSM on the particular corrosion
property. By observing the table below and from conclusions 7 & 8, it could be seen clearly

that UNSM surface treatment is able to impact the pitting corrosion behavior of all the
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different 304L SS materials possessing distinct prior microstructural characteristics
consistently in a positive manner by the induction of high magnitudes of compressive
residual stresses into these different 304L SS materials. However, the impact of UNSM
surface treatment on the degree of sensitization or susceptibility of 304L SS alloy is found
to be strongly dependent on its prior microstructural characteristics, with UNSM only being
able to significantly impact the DOS in a positive manner either when the material has
smaller sized chromium depleted zones (lightly sensitized) or when the material is
possessing porosity with better interparticle bonding (LACS), but could not influence
either when the material was porous having weak interparticle bonding and possessing cold
work (CS) or when the material possesses large well-interconnected chromium depleted
zones (heavily sensitized), and had negative but negligible impact when the material was
100 % dense with no chromium depleted zones (SA & AFS). Also, when the 304L SS
material surface was oxidized, UNSM was not able to improve its degree of susceptibility
directly at all or to the levels desired, as UNSM technique alone was found to be inefficient

in eliminating the oxide film completely from the oxidized specimen’s surface.

Impact of UNSM on the respective specimen’s
Specimen Degree of Susceptibility Corrosion rate Pitting Potential
As-CS Neg Pos Pos
(but small change) (significant)
As-LACS Neg Pos Pos
(but negligible impact) (significant)
As-AFS Pos Neg Pos
(improvement but irrelevant) (significant)
Polished CS Neg Neg Pos
(but small change) (slight change)
Polished LACS Pos Pos Pos
(Improvement by 50 %) (slight change)
Polished AFS Neg Pos Pos
(but negligible impact) (slight change)
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21.

6.3

Despite the 100 % austenite to martensite phase transformation seen at the surfaces of SA,
Sensitized, and AFS 304L SS specimens due to their UNSM surface treatment, the
improvements in the degree of sensitization of the sensitized specimen, the negligible
impact on the degree of susceptibility of SA and AFS specimens, and the improvements in
the pitting potential / pitting corrosion characteristics of SA, sensitized, and AFS 304L SS
specimens - suggests that the strain induced martensite formed at the surfaces of these
UNSM treated specimens does not have any negative impact on the corrosion behavior of
304L SS alloy. Similarly, despite the presence of both the strain induced martensite and
residual austenite phases on the surfaces of UNSM treated CS and LACS 304L SS coatings,
the negligible worsening of the degree of susceptibility of as-CS + UNSM, as-LACS +
UNSM, and polished CS + UNSM specimens, and the 50 % improvement in the degree of
susceptibility of polished LACS specimen by UNSM, and the significant improvements in
the pitting potential / pitting corrosion behavior of both the CS and LACS coatings after
their UNSM treatment - suggests that the mixed presence of strain induced martensite and
austenite phases on the surface of 304L SS alloy does not impact its corrosion behavior in
a negative manner or that they do not contribute to the formation of a galvanic couple on
these 304L SS specimen surfaces. Therefore, it is concluded here that the presence of 100
% strain induced martensite or the mixed presence of strain induced martensite and residual
austenite phases on the surface of 304L SS alloy does not impact its corrosion behavior in
a negative manner.

Scope for Future Work

Slow Strain Rate Tests (SSRT) of UNSM treated sensitized, CS, LACS, and AFS 304L SS
materials will be useful in determining the impact of UNSM treatment on the SCC

resistance characteristics of these materials and the associated fractography using advanced
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microscopy techniques will be helpful in further understanding the impact of UNSM
treatment on these different 304L SS materials possessing distinct microstructural

characteristics.

Studies on the inclusions present in the AFS 304L SS cladding and their removal
mechanism by UNSM and the densification impact of UNSM treatment on the LACS 304L
SS coatings would be very useful in further understating the impact of UNSM on the

corrosion behavior and other properties of LACS and AFS 304L SS materials.

Studying the high temperature UNSM surface treatment processing of CS 304L SS
coatings would be extremely interesting to find out if it can simultaneously improve the
corrosion behavior of CS 304L SS coatings along with retaining or improving its
mechanical and residual stress properties with the high temperature application resulting
in recrystallization of the coating and the induction of severe plastic deformation resulting
in the enhancement of corrosion properties and the retention or improvement of its

mechanical and residual stress properties.

The critical size of chromium depleted zones that can be affected positively by UNSM
surface treatment thereby reducing the sensitization behavior of sensitized 304L SS alloy
can be studied by conducting a series of experiments on 304L SS specimens sensitized at

650°C for different periods of time in the range of 5h to 24h.

More corrosion analysis can be performed by halting the corrosion tests at different time
intervals to determine the precise pitting mechanism in the differently processed 304L SS

materials studied in this research work.

A thorough analysis on the pitted specimens along their cross section will be useful in

determining the impact of UNSM surface treatment on the depth of the pits being formed.
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