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Abstract: Environmental cracking- and fatigue-related failures threaten all major industries and, to
combat such degradation, numerous residual stress impingement (RSI) methods have been developed
with varying levels of efficacy and ease of use. Some of the most commonly used RSI methods, such
as shot peening, laser shock peening, and low plasticity burnishing, as well as new methods, such
as ultrasonic nanocrystal surface modification, are reviewed in the context of corrosion, corrosion
fatigue, and environmental cracking mitigation. The successes and limitations of these treatments
are discussed, with a focus on their efficacy against these three damage modes based on the available
literature. Case studies are reviewed that demonstrate how these treatments have been adopted
and advanced by industry, and application-specific research efforts are explored with a focus on
future opportunities. Research is identified that illustrates how the utility of these surface treatments
may vary between alloy systems, and where the benefits must be weighed against the risks to a
component’s service performance.

Keywords: residual stress; stress corrosion; corrosion fatigue; laser peening; low plasticity burnishing;
shot peening

1. Introduction

Metallic components undergo stress due to externally applied forces and/or inter-
nal residual forces, with the latter often originating from thermally induced deformation
during production or from the forming and machining processes. Over time in service,
these stresses may act in concert with the surrounding environment, component geometry,
surface defects, corrosion, and more to induce subcritical damage in the form of fatigue,
corrosion fatigue, or environmentally assisted cracking (EAC). These phenomena affect the
majority of alloys under the right conditions, and all require a minimum stress intensity
(K)/stress intensity amplitude (∆K) condition to initiate and propagate [1]. The ubiquity
of these mechanisms across industries warrants their mitigation, which can be achieved
by inserting technologies that reduce the likelihood that those minimum requirements
will be met. Applicable technologies for newer construction include coatings, cladding,
corrosion protection, and surface treatments, such as residual stress impingement (RSI).
These proactive sustainment efforts can help to avoid unexpected costs, structural defi-
ciencies, failures, and loss of life. As vehicles and parts age, the likelihood of significant
defect formation due to damage, use, and environmental effects increases, which in turn
decreases the required stress input needed to achieve crack initiation and growth [2]. Thus,
the aging infrastructure that exists within many industries today increasingly requires
proactive maintenance to mitigate aggressive environmentally induced damage. For these
critical but aged components, RSI technologies are a primary candidate to achieve life
extension.

RSI methods impart compressive residual stresses that reduce K/∆K locally and
combat crack initiation/propagation. These techniques are crucial for the preventative
maintenance of new components, as well as for the sustainment of aging vehicles and parts.
Residual stress impingement techniques, such as shot peening (SP), have been applied
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to metal surfaces for fatigue life improvement for over 60 years [3]. More recently, new
advancements have been introduced, such as laser shock peening (LSP), low plasticity
burnishing (LPB), and ultrasonic nanocrystal surface modification (UNSM), to name some
common examples. These new methods have arisen to improve treatment consistency,
residual stress penetration depth and stability, and surface finish, as well as other perfor-
mance attributes. Reviews exist covering a range of RSI methods and their benefits, as well
as expressing related concerns. McClung addressed residual stress stability and the impact
of various residual stress impingement methods on fatigue [3]. Schultze and Lu have
published thorough reviews of various RSI methods and their effects on the mechanical
performance of materials [4,5]. Additionally, method-specific reviews exist on LSP due to
this technique’s rising significance. Montross reviewed the fatigue improvements achieved
through LSP treatment [6], and Sundar recently reviewed the development and modern
applications of LSP [7]. Sano reviewed 25 years of LSP development efforts, with a specific
focus on steel applications in the nuclear power industry [8]. Priyadarsini reviewed the
most common burnishing-related RSI methods (ball, roller, and LPB), and compared them
against one another in residual stress penetration and stability, as well as the ability to
improve fatigue, corrosion fatigue, fretting, and environmental cracking [9]. These re-
views and others provide considerable insight into the many RSI methods and common
applications. However, interest has steadily increased in applying RSI methods to address
environmental cracking concerns, such as surface corrosion and related defect formation,
corrosion fatigue, and EAC. No review currently exists that evaluates and compares the
leading RSI methods and their ability to mitigate corrosion, corrosion fatigue, and EAC
susceptibility, which the present review will address.

This review will summarize the state of the art in the use of RSI on alloys of varying
hardness for the purposes of (1) corrosion minimization, (2) fatigue/corrosion fatigue
mitigation, and (3) the mitigation of EAC. The literature review will focus on RSI treatment
on wrought and cast alloys. The use of RSI in welded alloys will also be briefly reviewed,
due to the common sensitization and EAC concerns that arise in steel. Recent advances in
the use of these surface treatments will be discussed, and the remaining knowledge gaps
will be identified. Lastly, case studies will be explored that detail the unique application and
advancement of RSI in various industrial sectors for the purpose of mitigating corrosion,
corrosion fatigue, and EAC.

2. Research Methods

This literature review focused on publications released in the last 15 years (2006–2021)
concerning SP, UNSM, LSP, and LPB and related effects on corrosion, corrosion fatigue, and
EAC in wrought and cast alloys evaluated at temperatures below 200 ◦C. Notable works
having greater age were also included, when useful. Scopus indices were utilized, as well
as direct searches within individual journal databases. Search results were evaluated based
on the above criteria, via titles, abstracts, and key words, to select the most applicable
publications, after which the selected publications were evaluated in greater detail. The
applicable works were selected from the total search results for each “Main Topic” plus
“Key Word” combination (Table 1), based on the quality of the research methods, the
clarity of the findings, and the applicability of the work based on this review’s evaluation
criteria (T < 200 ◦C, wrought and cast alloys, a focus on corrosion/EAC/corrosion fatigue).
The literature commonly evaluated RSI treatments on alloys with weldments, coatings,
or other customizations that made general trends more difficult to verify, and so these
works were discarded from consideration. The quantity of results from the Scopus searches
during the publication period of 2006–2021 demonstrate the quantity of research focused
on environmental degradation and on these RSI methods, and the magnitude of efforts
that have been devoted to each (Table 1).



Corros. Mater. Degrad. 2021, 2 584

Table 1. Scopus Index Findings and Additional Consulted Works.

Search Criteria: Main
Topics

Search Criteria: Key
Words Total Results Applicable Works

Shot Peening
Corrosion 592 57

Corrosion Fatigue 75 20
Cracking 217 17

Ultrasonic Nanocrystal
Surface Modification

Corrosion 31 6
Fatigue 50 28

Cracking 10 1

Laser Shock Peening
Corrosion 174 38

Corrosion Fatigue 19 5
Cracking 57 11

Burnishing
Corrosion 168 24

Corrosion Fatigue 24 9
Cracking 34 7

Total 1451 223

The literature documents the effects of RSI on a wide variety of alloys, covering a
range of strengths, hardness, and passivity. For the sake of comparison, these alloys will
be grouped according to surface hardness, since this characteristic commonly affects how
an RSI treatment will impact a given alloy via compressive residual stress magnitude and
depth, surface roughness, and grain refinement. Where hardness was not explicitly stated
in the literature, online material databases were utilized to determine reasonable hardness
values. These groupings are demonstrated in Table 2 for several of the alloys considered
within this review.

Table 2. Alloy Groupings Based on Hardness (Prior to RSI Treatment).

Hardness Level Hardness Range (According to Vickers Hardness) Alloys

Low 10–100 AZ31B, 6082, 5083, Brass 260/280
Medium 100–200 7075, 7050, 2024, 6061, AISI 430 steel

High 200+ C35 steel, 304 SS, 316 SS, 300M, 36NiCrMo,
42CrMoV, 12Cr Steel, Ferrium S53

3. Introduction to Residual Stress Impingement Methods

In general, RSI methods aim to impart compressive residual stresses into a metal
surface that will offset external applied, or existing residual, tensile stresses. By reducing
these stresses, the crack initiation and/or propagation rate may be decreased due to
reduced stress intensity being present at the site of a small defect, or at a crack tip. These
compressive residual stresses have a maximum effect while the defect remains within the
compressively stressed material layer, and so the effective penetration depth achieved by a
given RSI method is key. The most commonly utilized RSI treatments all have advantages
as well as drawbacks that affect the final state of the alloy surface microstructure, the
magnitude and depth of the imparted compressive stress, the resultant surface finish, and
the efficiency of its application. Selected treatment methods will be briefly summarized.

Shot peening is one of the oldest RSI methods that are still commonly utilized today
and consists of firing high-hardness shot (often glass, metal, or ceramic, depending on the
target and goal) at a metal surface to impart compressive residual stress (CRS). This process
is demonstrated schematically in Figure 1A. The SP process is controlled by the Almen
intensity and coverage, where the Almen intensity reflects the effect of spot size, shot
hardness, speed, flow rate, and impact angle [10]. An advantage of SP is its relative ease of
application compared to some other methods, and the deep knowledge base associated
with the history of its use [11]. One downside of the method is that, due to the aggressive
bombardment of a surface with shot, the process parameters must be carefully controlled
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to achieve the desired surface roughness and consistent surface coverage, which is not
as uniform as with other methods [12]. The overtreatment of a surface during SP may
result in brittle cracking in the deformed surface layer, folds that may conceal defects, and
even embedded shot, all of which could aggravate corrosion or crack formation [13]. The
impact of shot on the alloy surface leaves dimples that form a gradient of compressive
residual stress that commonly reaches 0.25–0.50 mm in depth [14,15]. The ultrasonic
nanocrystal surface modification (UNSM) process uses a tungsten carbide-tipped applicator
that is pressed down onto the alloy surface with a specific load and vertically vibrates
at an ultrasonic frequency while moving systematically around the alloy surface [16].
The UNSM process is schematically illustrated in Figure 1B. This treatment is computer-
directed; therefore, a uniform surface coverage is achieved that results in a low hardness
increase and a low surface roughness increase in a variety of alloys [16]. UNSM commonly
forms a nanocrystalline grain structure below the alloy surface, and the CRS depth tends
to be similar to that seen with SP [16].
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Figure 1. Schematic representations of (A) the shot peening process, and (B) the ultrasonic nanocrystal
surface modification process.

Laser shock peening utilizes laser energy bombardment to impact a surface water layer
and create plasma pulses through an underlying material, which drives in the CRS [6,15].
The LSP process is schematically illustrated in Figure 2A. The advantages of LSP include
the fact that this process is computer-controlled, and each laser shot is measured and
the output energy is recorded, making the process highly traceable and repeatable. The
surface coverage is uniform and the CRS depths are consistent. CRS depths typically
range from 0.75–1.25 mm when no ablative layer is used (Figure 3) [8]. When an ablative
layer is used, the maximum residual stress is similar to that which is achieved without
an ablative layer but the maximum penetration depth is reduced; thus, this treatment
method is less common [17]. The LSP process is tuned through the laser spot size and
power density applied to the alloy surface, as well as the beam overlap, all of which impact
the CRS depth and final surface roughness [6,7]. One disadvantage of LSP is that this
method must be utilized in controlled settings, and strict control of the surrounding area is
required due to the hazard of the laser, which can make LSP one of the more expensive
RSI methods to deploy. Overtreatment through LSP occurs through the application of
excessive power density, which can actually form tensile stress in the surface layer and can
cause melting [18,19]. However, this is easily avoidable through preliminary research on
best practices for treating a given alloy type. Lastly, LPB utilizes a hydraulically pressed
bearing to apply force to an alloy surface without applying heat or causing significant
microstructural deformation (Figure 2B) [20].
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Figure 3. Impact of LSP applied 1–3 times on 316L steel weldments, compared to the residual
stress profile without treatment. LPwC—laser peening without ablative coating [8]. Reprinted with
permission from [8]. Copyright 2020, Metals Journal in MDPI.

This process induces minimal changes to the alloy surface profile and is proven to
impart similarly high magnitude compressive residual stresses as are achieved with LSP,
to a depth of roughly 1 mm or greater. An example dataset from Inconel 718 is illustrated
in Figure 4, which compares the CRS depth and magnitude achieved by SP, LSP, and
LPB [4,21].

Due to the use of a hydraulically loaded ball bearing, this process is best used on
open surfaces, where it can easily be utilized in a CNC machine to complement a typical
machining process before the part is completed. The benefits and risks of the SP, UNSM, LSP,
and LPB processes have varying impacts on the ability to improve corrosion performance
in alloys of varying hardness, which will be discussed in the following section.
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4. Corrosion Minimization

Corrosion is a highly surface-sensitive phenomenon; the effect of surface roughness
on corrosion susceptibility is well documented in the literature [22,23]. Residual stress
impingement imparts compressive stress into the alloy surface, which can improve corro-
sion resistance through a combination of work-hardening and grain refinement. However,
RSI treatments can also increase the surface topography, which may reduce the benefit of
the compressive stress and refined microstructure. Previous works have demonstrated
that there is a relationship between the target alloy’s passivation mechanism, the surface
topography caused by the RSI, and the alloy corrosion resistance [4,24,25].

This relationship is evident when viewed across the hardness spectrum. Considering
the effects of SP, firstly on low-hardness alloys, Curtis et al. evaluated shot-peened 2024-
T351 (137 HV) via potentiodynamic analysis in 3.5 wt % NaCl and measured a 5-fold
increase in the corrosion current density (icorr) compared to the as-polished sample [26].
After 24 h in this solution at an open circuit, the 2024–T351 experienced an increased pitting
rate after SP [26]. Similarly, the SP treatment of 7075-T651 (175 HV) increased the alloy’s
surface roughness from 0.32 µm to 5.81 µm, after which Zupanc and Grum measured a
2.5-factor increase in icorr in 0.1 M NaCl [27]. When evaluating AISI 430 steel (162 HV)
after SP, Peltz et al. observed a 10-fold increase in icorr in 0.05 M NaCl, due mainly to the
increase in surface roughness from 0.02 µm to 3.18 µm [28]. These examples demonstrate
that the RSI-induced roughness in low hardness alloys detrimentally affects the passivity
and corrosion resistance.

In the medium-hardness AISI 304 stainless steel (240 HV), Iswanto et al. demonstrated,
in intravenous Otsu-Ringer lactate solution, that the pitting rate initially increased by as
much as 20 times when SP was conducted for 5 min but decreased as SP was conducted for
longer periods of time to achieve better coverage and more plastic deformation across the
alloy surface [29]. Treating the 304 SS for 40 min more than doubled the surface hardness
to reach 496 HV, and the pitting rate decreased from the as-polished rate of 0.042 mpy to
0.036 mpy [29]. In 316L stainless steel (220 HV), Peyre demonstrated via potentiodynamic
analysis that both SP and LSP (8 GW/cm2) achieved similar improvements in the alloy’s
pitting resistance, and both improved the icorr in 0.5 M NaCl, despite slightly rougher sur-
face finish as well as martensite formation following SP [30]. Interestingly, the open-circuit
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potential of the SP-treated 316L was also roughly 100 mV greater than the LSP-treated
316L [30]. Various authors have attributed the LSP-induced improvement in corrosion
resistance to slight melting and resegregation at the alloy surface, such that the high-energy,
work-hardened material is less exposed to aggravate corrosion reactions [18,31]. Con-
sidering high hardness alloys, Cuifini et al. demonstrated in 300–325 HV super duplex
stainless steel that SP treatment resulted in a 3- to 4-fold increase in mass loss through
salt fog cabinet exposure [32]. Overall, these findings support the need to understand
the alloy’s passivity and the dependence on surface morphology before applying RSI,
especially when considering techniques such as SP that can cause significant roughness
and plastic deformation.

UNSM, despite achieving a more uniform surface finish than SP, can also increase
corrosion susceptibility due to the added dislocation density, except in specific circum-
stances. In the low-hardness AZ31B (60 HV), Hou et al. demonstrated in simulated body
fluid (SBF) and 0.1 M NaCl that a 2-fold increase in icorr occurs following UNSM [33].
With Alloy 600 (180 HV), however, UNSM treatment below the critical amplitude was
demonstrated by Kim and Kim in 1 wt % NaCl to improve the alloy passivation by creating
a reactive nanocrystalline surface with low roughness, which also reduced the pitting
susceptibility [34]. However, higher-amplitude treatments increased the surface roughness
and created crevice-forming features that promoted aggressive chemistry formation, oxide
rupture, and pitting [34]. On 4140 steel, in the annealed (183 HV) and nitrided conditions
(450 HV), UNSM treatment decreased the corrosion resistance of the steel in alkaline, neu-
tral, and acidic 3.5 wt % NaCl solutions [35]. In contrast, when Li et al. evaluated UNSM
on 304SS (240 HV) in 3.5 wt % NaCl, the data revealed increased nobility and passivity,
as well as improved pitting resistance [36]. Closer inspection via transmission electron
microscopy (TEM) and surface analysis showed that the UNSM treatment created a cleaner
surface with fewer MnS inclusions, and the nanocrystalline surface layer showed better
Cr distribution, such that the passive film achieved greater Cr enrichment and improved
stability [36]. It is worth noting that Kim evaluated UNSM on 316L (220 HV) in 3.5 wt %
NaCl, however, and demonstrated that the improvement in pitting following UNSM de-
pends on the level of sensitization present in the alloy; when sufficiently sensitized, UNSM
can actually accelerate the pitting attack [37]. This comparison between 4140, 304SS, and
316SS demonstrates that a strong passivation mechanism in the underlying alloy may assist
the RSI to improve corrosion resistance; however, the underlying alloy metallurgy, such
as a highly sensitized state, can reverse this trend. In relatively high-hardness Ti-6Al-4V
(380 HV), Cao et al. observed increased pitting susceptibility and a 2-fold increase in icorr
in SBF after applying UNSM treatment [38]. The disparities between alloys and variable
RSI-related corrosion improvement demonstrate the need for a more microstructural-based
understanding of why improvements are achieved in some alloys, but not in all.

LSP has a more consistent track record of improving corrosion resistance when not
overly applied. In the low hardness 5083–H112 (72 HV), Yang demonstrated that LSP
achieved the greatest improvement in the surface corrosion resistance when lower power
density was applied for a smoother surface finish, estimating that repassivation in 3.5 wt %
NaCl was more stable with less topography [39]. In 6082–T651 (85 HV), LSP evaluations
across the power density range of 5.7–15.8 GW/cm2 demonstrated that this alloy is less
sensitive to power density than 5083 in dilute NaCl, since nearly all LSP treatments within
the study achieved a similar reduction in pitting susceptibility, despite a 5-fold increase
in surface roughness (0.72 µm to 3.74 µm in the L-direction) [19]. Trdan and Grum later
demonstrated that LSP improves the polarization resistance of 6082–T651 by 25-fold, ex-
pands the passive electrode voltage region on the potentiodynamic curve, and decreases
icorr as much as 10-fold compared to untreated 6082–T651 in 0.6 M NaCl [18]. In 7075–T6
(175 HV), Aravamudhan demonstrated, through potentiodynamic polarization, that LSP
reduced icorr by 2–3 times in 3.5 wt % NaCl [40]. Pitting was observed to occur preferen-
tially near the valleys formed during LSP treatment on the 7075–T6, where chemistry could
more easily acidify, and the magnitude of valley formation depended on the power density
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selection [40]. Considering LPB, Cao demonstrated that LPB reduced mass loss in AZ31B
(60 HV) in 5 wt % NaCl over 7 days’ immersion, and the corrosion rate was more consistent
than that measured on the non-treated samples [41]. The main cause for this improvement
was hypothesized to be the smaller grain size and reduction of intermetallic phases near the
alloy surface, as well as the smooth surface finish and aligned crystalline orientation gener-
ally caused by the LPB, all of which promote corrosion resistance in Mg (but this is likely
different in other alloys, especially regarding the effect of grain size) [41]. These collective
findings demonstrate that the impact of RSI methods on corrosion susceptibility is largely
dependent on alloy, the intensity of surface treatment, and the resulting microstructure.
The impact of microstructural changes and surface deformation on the intermetallic pres-
ence and oxide stability will also play a significant role in the final corrosion susceptibility.
If properly applied, these results demonstrate that specific RSI/alloy combinations and
processing could reduce a component’s tendency to corrode over a service life, which is an
added benefit to well-known CRS-induced fatigue life improvements.

5. Fatigue Mitigation

Prior to evaluating the effects of RSI on the rather complex corrosion fatigue phe-
nomenon, a brief review of mechanical fatigue and known RSI impacts on fatigue is
necessary. Fatigue performance depends on a variety of factors including, but not lim-
ited to, an alloy’s microstructural cleanliness, machining and surface finish, environment,
residual stresses, and cyclic load schedule. Deleterious residual stresses may be imparted
through manufacturing processes, such as forging, casting, forming, and machining and
these stresses will impact fatigue performance, often in complex ways as the stresses re-
distribute and relax with time in service [3]. These manufacturing stresses, as well as the
impact of the cyclic load schedule, have been addressed successfully in a wide range of
alloys through the development and utilization of optimized RSI methods. These successes
are typically separated by the RSI impact on fatigue initiation, and on fatigue propagation,
which will be discussed separately for clarity.

5.1. Fatigue Initiation

Fatigue initiation is considered a stochastic process, one that is believed to be depen-
dent on surface topography/features, stress concentration, and applied stresses, among
other factors. RSI methods tend to increase the surface roughness, which can accelerate
fatigue crack initiation due to small surface features concentrating the stress. However,
the work hardening and surface microstructural refinement achieved by RSI can compete
with surface roughness to mitigate initiation, hence the need to understand the optimal RSI
settings for specific alloys. The literature in this subject area is mainly focused on SP, due to
the long history of this RSI technique in industry, and so these studies will be leveraged for
fundamental insights. Gangaraj et al. sought to understand the balance between surface
hardening and fatigue initiation in 4340 (339 HV) through modeling, which demonstrated
that SP increases the fatigue initiation on the alloy surface even when smaller shot and
reduced velocities are utilized to produce less surface roughness [42]. Experimental micro-
fatigue crack propagation studies have also provided insight into the impact of fatigue
initiation versus fatigue propagation effects following RSI treatment. Wagner [43] evalu-
ated SP and LPB on 2024-T3/T6 (137/142 HV) via interrupted fatigue testing, to measure
microcrack initiation and propagation. In the 2024-T3 (360 MPa yield strength, hardening
cyclic behavior), SP treatment produced a higher magnitude of residual stress than that
achieved in the higher-strength 2024-T6 (420 MPa yield strength, softening cyclic behavior).
Crack measurements demonstrated that microcrack formation and growth near the fatigue
threshold were greater in –T6 than in –T3; however, the overall difference between these
tempers in terms of fatigue life demonstrated that the difference in the effect of the SP
was mainly attributable to reduced crack propagation in the higher residual stress field in
2024-T3 [43]. In 300 M steel (746 HV), Bag et al. demonstrated across different SP parameter
settings and fractographic analysis that the surface roughness, combined with the CRS
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magnitude, dictates whether fatigue initiation will typically occur at the alloy surface or
at a subsurface defect [44]. Although they tended to drive initiation at the surface, the
SP treatments that resulted in higher surface roughness still achieved longer fatigue life,
due to the higher magnitude CRS to reduce crack propagation [44]. Overall, considerable
work is still needed to understand the effects of various RSI methods on fatigue crack
initiation, especially for newer RSI methods that cause less plastic deformation and surface
roughness, for which the literature is sparse. This scarcity is likely due to the strong effects
of RSI on fatigue crack propagation, which largely dictates the fatigue life, as well as the
ease of evaluating fatigue propagation compared to fatigue initiation.

5.2. Fatigue Propagation

Fatigue propagation is a phenomenon driven by the Paris Law relationship, where the
crack growth rate over a single cycle occurs as a function of the stress intensity amplitude,
or ∆K. The reduction in effective tensile stress at the fatigue crack tip, which is an input
into the ∆K equation, is the means through which RSI treatments may reduce the fatigue
crack growth rate (FCGR). Residual stress impingement methods that impart shallow
compressive stress fields, such as SP (0.25–0.50 mm depth), are not always effective in
mitigating fatigue propagation. Ferreira et al., for example, measured fatigue crack growth
in 7475-T7351 (155 HV) with and without SP, and found that the effect of the SP treatment
was negligible overall, with only a slight impact measured near the fatigue threshold [14].
These authors also evaluated the impact of the material thickness (4 mm vs. 8 mm) and
stress ratio (0.05 vs. 0.4) and found that SP only achieved a slight FCGR reduction when
the stress ratio was reduced. Wang et al. evaluated SP-treated Ti-6Al-4V (380 HV) bending
beam specimens in fatigue and measured a 34% reduction in the short crack propagation
rate from the notch, compared to a reference specimen; however, after a short period of
growth, the FCGR was elevated relative to the reference FCGR [45]. RSI methods that
impart deeper compressive residual stresses have demonstrated more consistent fatigue
crack growth mitigation. In 7075-T7352 (150 HV), Hatamleh et al. demonstrated in fatigue
crack propagation tests that LSP reduced FCGR and SP did not, which is in agreement
with Ferreira [14,46]. These results suggested that, despite the similar magnitude of
compressive residual stress imparted by both processes, there exists a critical depth below
which compressive residual stress has a measurable impact on the effective ∆K at the crack
front. This depth is especially important at higher stresses, where fatigue initiation is more
likely to occur in the alloy subsurface. In 2024-T351 (137 HV), Hu et al. [47] demonstrated
that LSP improved fatigue life and FCGR in pre-cracked test specimens through two
effects: (1) reducing the resolved tensile stress and ∆K; and (2) relaxation-induced crack
closure to further reduce ∆K. These findings were supported by those of Kashaev et al.,
who demonstrated the ability to tune the LSP procedure through multiple laser passes,
to further reduce FCGR while still avoiding severe microstructural damage [48]. In 6061-
T6 (107 HV), Huang et al. demonstrated both experimentally and numerically that LSP
increases the fatigue life by decreasing the fatigue crack propagation rate in compact
tension test specimens [49]. Lastly, Prevey et al. observed that LPB minimizes the impact
of defects up to 1 mm deep on the fatigue life of 17-4 PH H1100 steel by mitigating stress
concentration and crack advances in the compressively stressed material, although defects
that propagated past this depth had a greater impact on the fatigue propagation and
overall lifespan [50]. On the whole, these findings demonstrate that the RSI impact on
fatigue propagation largely depends on the magnitude and depth of imparted CRS. Various
findings suggest that a critical depth of CRS impingement must be achieved to suppress the
fatigue crack growth rate, although considerably more research is needed to analytically
understand this value as a function of an alloy’s mechanical properties. The magnitude
of impact achieved by fatigue initiation and propagation effects may be viewed together
through the lens of overall fatigue life.
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5.3. Fatigue Life

Consideration of fatigue life combines the fatigue initiation and fatigue crack prop-
agation characteristics of an alloy’s performance into a single metric. The effects of RSI
treatments on fatigue life are well-known and are typically beneficial, so examples from
the literature will be only briefly reviewed across the alloy hardness spectrum. Research on
low hardness alloys, RSI, and fatigue life improvement is scarce since these treatments are
more often considered for corrosion reduction in these alloys rather than in terms of fatigue.
Considering medium-hardness alloys, Takahashi et al. compared SP and LSP treatment
effects on fatigue life in 7075-T651 (175 HV) and observed a 7% and 27% improvement
at 107 cycles, respectively [51]. When notches of various depths were introduced, fatigue
propagation testing measured an apparent threshold stress intensity increase of 2 times in
the SP specimen and 5 times in the LSP specimen, for which the 3 times deeper residual
stress penetration from LSP was considered the cause [51]. Ye et al. demonstrated in
6160-T6 (140 HV) that LSP achieved a CRS as high as 300 MPa in magnitude that decreased
to near-zero at 1 mm depth, which increased the fatigue life by 12% at 106 cycles [52].
The fatigue improvement was highest in the high-cycle fatigue regime, due to the fatigue
initiation on the alloy surface (where CRS was highest), whereas the impact was less
measurable in the low-cycle fatigue regime, due to the characteristic defect formation
well below the alloy surface at inclusions or other defects [52]. For high-hardness alloys,
Fuhr et al. evaluated the SP peening angle and coverage effects on the fatigue strength
of Ti-6Al-4V (380 HV) and demonstrated that SP treatment that achieved from 100% to
1200% coverage significantly improved the fatigue strength at 107 cycles, with grazing
incidence angles surprisingly achieving higher fatigue strengths despite increased surface
roughness [53]. Sano et al. evaluated the impact of LSP on 316L stainless steel (220 HV) in
rotating bend tests and observed a 1.4–1.7-times increase in fatigue strength compared to
untreated 316L, despite the LSP treatment increasing the surface roughness [54] (Figure 5).
In DIN 34CrNiMo6 steel (270 HV), alternating bend testing following SP or LPB treatment
demonstrated that the fatigue limits increased by 39% and 52%, respectively, following
these individual treatments [55]. The difference in performance was due to the greater
depth and stability of compressive residual stresses achieved by LPB. Pistochini and Hill
achieved a similar result on 300M steel using LSP, with a 54% fatigue life improvement at
106 cycles [56]. Similarly, Cherif et al. compared SP, LPB, and UNSM on 304SS (220 HV) and
observed the greatest improvement in fatigue life from LPB was due to deeper compressive
stress penetration, followed by UNSM and SP, respectively [57].
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Altogether, these works demonstrate a strong tendency for RSI to improve fatigue
life, which supports the rationale that the mitigation of fatigue propagation overwhelms
potential increases in fatigue initiation due to roughness. The magnitudes of fatigue life
improvement vary considerably between alloys and specific RSI treatments/settings, and
the introduction of corrosive environments further complicates performance prediction.
Therefore, expanding upon the background provided regarding the RSI impacts on fatigue
in relatively inert environments, the more complex mechanism of corrosion fatigue will be
addressed, as will the impacts of RSI on this mechanism.

5.4. Corrosion Fatigue Mitigation

RSI treatments are increasingly utilized in critical applications to reduce the effective
tensile stress formed at a stress concentrator, such as a corrosion pit, and to slow fatigue
advance by reducing ∆K. When selecting an RSI method for corrosion fatigue mitigation,
consideration of the surface roughness and CRS magnitude, as well as penetration depth,
become critical due to the increased role of corrosion and the changing surface profile
to concentrate stress. In the corrosion fatigue testing of SP 7075-T651 (175 HV) in 0.1 M
NaCl, Zupanc and Grum observed a 2-fold corrosion fatigue life improvement by SP,
and less pitting occurred on the alloy surface throughout testing, despite the SP sample
having similar anodic kinetics in potentiodynamic testing [27]. The fractographic analysis
demonstrated that the fatigue initiation preferentially occurred in the subsurface, away
from the pits in the SP specimens, suggesting that the CRS mitigated the effective stresses
present in the pits [27]. These results agree with those of Lv et al., who demonstrated that
SP consistently improved 7050-T7451 (162 HV) corrosion fatigue life, despite increasing
amounts of pre-exposure in ASTM G34 EXCO solution and induced pitting damage on
the alloy surface [58]. On SAE9354 spring steel (200 HV), Kubota et al. demonstrated a
3.5-fold fatigue life improvement after applying triple-coverage SP treatment, despite the
introduction of a 0.25 mm deep artificial pit, and a 1.5-fold improvement was achieved with
a 0.50 mm pit (achieved CRS depth of 0.6 mm by the triple SP) [59]. Additionally, Turnbull
et al. demonstrated via fatigue testing and modeling on SP 12Cr steel (350 HV) that a
0.25 mm-deep CRS field remains beneficial to improve fatigue life, even after pit growth
has penetrated the CRS layer [60,61]. These results were understood through the reduction
of stress amplitude and mean stress acting on the crack front, as well as a constraint at the
alloy surface affecting the mechanical driving force that acts on the lateral crack fronts, such
that the effect of the CRS was measurable on crack growth until the crack depth reached
0.9 mm [60,61].

Moving to UNSM, evaluations of this treatment concerning corrosion fatigue effects
largely concern biomedical applications but show promise elsewhere as well. Cao et al.
evaluated UNSM Ti-6Al-4V (380 HV) in SBF via potentiodynamic analysis, as well as
in fatigue and, despite the UNSM treatment increasing the pitting susceptibility of the
alloy, the fatigue life was improved by 10% [38]. Considerable work remains to be done in
determining UNSM effects on corrosion fatigue in softer as well as harder alloys. Regarding
LSP, Peyre et al. evaluated LSP effects on fatigue in a simulated pit in 2024-T3 (137 HV) and
demonstrated a 7-fold fatigue initiation improvement, and 3-fold improvement in fatigue
propagation compared to a ground surface [62]. By comparison, the same geometry tested
after SP showed a 3-fold improvement during both fatigue initiation and propagation [62].
Luo et al. evaluated single- and double-LSP treatment on 20Cr13 martensitic steel (235 HV)
in notched three-point bending tests and measured a roughly 30% and 51% increase in
corrosion fatigue life in 0.6 M NaCl [63]. This finding demonstrates that a crack traveling
perpendicular to the LSP-treated surfaces was significantly affected by the high magnitude,
deep CRS (~2.4 mm depth) on the crack flanks, despite only 32% of the specimen cross-
section being in a state of compression [63]. Prevéy and Cammett [64] demonstrated on
7075-T6 (175 HV) that LPB was able to impart compressive residual stress to a depth of
1.25 mm in pitted material, which improved the fatigue life by 10 times. Without this
treatment, the pitting damage achieved over 500 h in salt fog exposure reduced the fatigue



Corros. Mater. Degrad. 2021, 2 593

life by 50% [64]. Similarly, Dzionk et al. found that fretting, as well as pitting corrosion
damage, can be overcome through the use of LPB on C35 shaft steel (210 HV) in seawater,
achieving a 30% fatigue life improvement overall [65]. These findings demonstrate the
robust ability of RSI to improve corrosion fatigue performance in a variety of conditions.
Increasingly aggressive service conditions will warrant methods that achieve less roughness
and deeper CRS to combat stress concentrations that may be formed at pits or other
corrosion sites. The ability to mitigate EAC may also be a consideration under such
conditions.

6. Mitigation of Environmentally Assisted Cracking

Environmentally assisted cracking is a common threat to achieving component design
life in service, especially as the use of higher-strength alloys becomes increasingly common
in aggressive conditions. Despite the diversity of mechanisms that exist that cause EAC,
all processes require sufficient applied stress to exceed a threshold stress intensity for
a given corrosive environment. When utilizing SP to evaluate hydrogen embrittlement
susceptibility in PSB1080 steel (520 HV), Li et al. observed via slow strain rate testing that
increasingly intense SP treatment improved the elongation achieved during testing, which
is contrary to typical work-hardening behavior [66]. Hydrogen permeation evaluations
demonstrated that the dislocation fields induced by the SP reduced hydrogen diffusion
into the steel by acting as a hydrogen trap, and the dislocation density increased with
the SP intensity [66]. The HE-related crack growth became increasingly branched in the
SP test specimens as well. In static bend testing, Brown et al. demonstrated through
seacoast exposure that 2014-T651 (155 HV) and 7079-T651 (150 HV) both benefitted from SP
treatment, where the residual stress mitigated the onset of SCC failure by 3 months in 2014
and 4+ years in 7079 [67]. In more aggressive alternate immersion settings, by contrast, the
SP had a negligible effect in 2014-T651, and extended the alloy life by 4 months in the 7079-
T651 [67]. The authors’ conclusion from these results was that the characteristically faster
pitting rates in 2024-T651 quickly penetrated through the 0.25–0.50 mm compressive surface
layer, which greatly decreased the efficacy of the SP in more corrosive conditions [67]. The
7079-T651, by contrast, experienced slower pitting, so that the effect of the SP treatment
lasted much longer. These authors also observed that the SP treatment distorted and bent
the grain boundaries in the compressive surface layer, which created a more tortuous crack
path that slowed crack initiation and the early stages of crack advances [67].

Numerous successful applications of LSP and LPB for EAC mitigation have been
published for 316L (220 HV) and 304L (240 HV), for nuclear applications in cooling water
environments, such as that shown in Figure 6 [54]. Scheel et al. demonstrated in boiling
MgCl2 that the LPB treatment halted EAC in 304L heat-affected zones [68]. Sundar et al.
performed similar testing on sensitized 304L and observed increasingly lower EAC sus-
ceptibility as the LSP power density was increased from 3.6 GW/cm2 to 6.4 GW/cm2 [69].
Higher power levels of LSP have also been demonstrated to reduce 304L susceptibility to
intergranular corrosion by melting the surface; however, this process may also introduce
deleterious tensile stresses and will not be reviewed [31,70].

In AZ31B (83 HV), Zhang et al. demonstrated that LSP reduced the SCC in a NaOH
environment through the added CRS and finer surface microstructure [71]. However,
studies on brass alloys 260 and 280 (80 HV) demonstrated that LSP treatment mitigated
EAC only when certain microstructures/compositions were present (in this case, higher
Zn content in brass 280), such that the dezincification was reduced by the added CRS and
dislocation densities [72].
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Regarding UNSM, Telang et al. utilized this treatment, combined with annealing, to
promote special grain boundary junctions in Alloy 600, which reduced the sensitization of
the surface and reduced EAC susceptibility in tetrathionate solution [73]. In multi-layered
steel, Jo et al. evaluated UNSM treatment for its effect on hydrogen permeability and
determined that the 0.2 mm-deep CRS zone created by UNSM acted as a strong hydrogen
barrier by storing compressive residual stress, as well as by trapping the hydrogen in the
high dislocation densities, twin boundaries, and grain boundaries [74]. These results are in
agreement with the SP results from Li et al. [66], demonstrating a consistent capability to
reduce hydrogen permeability via RSI treatment to mitigate EAC in the CRS layer. Addi-
tionally, Takakuwa et al. demonstrated via modeling that CRS will also reduce hydrogen
concentration at an environmental crack tip, by lowering the hydrostatic stress [75]. Alto-
gether, these findings demonstrate that the main means through which RSI treatment may
impact EAC susceptibility is:

1. Increased resistance to hydrogen permeability from the treated surface through hy-
drogen trapping in the CRS zone;

2. Reduced surface corrosion to delay corrosion-related defect formation, stress concen-
tration, and exceeding of the threshold K (KTH); and

3. Reduction of the hydrostatic stress at the crack tip by reducing the resolved ten-
sile stress, which reduces the driving force for hydrogen diffusion into the fracture
process zone.

This technical understanding of the effects of RSI on corrosion, corrosion fatigue, and
EAC provides substantive background to understand the case studies of successful RSI
applications in various industries. Additionally, applied research efforts will be reviewed
with an emphasis on potential new uses of RSI technology.

7. Case Studies of RSI Implementation in Industry for Environmental Fracture Mitigation
7.1. Nuclear Industry

Between 1981 and 2011, failure, inspection, and replacement costs incurred due to
EAC in nuclear power plant components were estimated to be USD 10 billion [76]. Loss of
component integrity in nuclear applications poses a considerable risk due to the sensitivity
of operations in power plants, not to mention the difficulty of remaking and replacing
large components in critical areas of the plant, such as reactor vessels. EAC in pipework,
reactor vessels, and other plant components is often driven by tensile residual stresses from
part production, which are ever-present unless balanced by heat treatment or RSI. For this
reason, the nuclear power industry has taken a strong interest in LSP to mitigate EAC, as
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well as to extend the fatigue life [77]. Toshiba developed and patented an underwater LSP
process for treating reactors and other components, with minimal need for plant downtime,
and has been utilizing this technique since 1999. An example of such an LSP system
design is provided in Figure 7 [8]. This schematic demonstrates the distances that the laser
can be transported while still maintaining sufficient power to laser peen high-strength
steel components, as well as the complexity of these modern LSP systems. As of 2016,
509 reactors of various types had been treated using Toshiba’s LSP process, and none had
experienced new instances of SCC in boiling and/or pressurized water applications [77]. A
portable LSP system is in development that will further increase the ease of underwater
RSI treatment in nuclear and other industrial facilities [78].
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Additionally, research on Alloy 718+, utilizing LSP and UNSM, demonstrated that
both of these RSI treatments reduced alloy irradiation damage due to the dislocation
densities that were introduced, which is an additional source of benefit that may lead to
more widespread use of these technologies in the nuclear sector [79]. LPB has potentially
adopted a key role in long-term nuclear waste storage by minimizing the EAC susceptibility
of closure welds on steel canisters. In 2006, LPB was identified and selected as the favored
treatment to prolong the life of closure welds on experimental steel canisters, which was
intended to help achieve the 50,000-year life requirement for these containers [80]. The
LPB method was utilized in experimental studies as part of the Yucca Mountain long-term
nuclear storage program.

7.2. Aerospace Industry

Shot peening has been utilized in the aerospace and other industries for decades
but is not always an adequately effective technique due to the shallow CRS depth, as
well as the ease of over-treating, both of which raise the risk of unexpected fatigue or
fracture in a treated part [81]. The high replicability and deeper CRS achieved by LSP
makes this technique more attractive in aerospace applications; for this reason, LSP is now
utilized to maintain the F-22 Raptor and the F-35 fighter jets in the United States [82]. In
addition to engine blade components, where LSP increases resistance to fatigue, EAC, and
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foreign-object damage on leading edges, LSP is also utilized on radar-absorptive materials
on the outer body of the F-35, for which maintaining the surface finish is key [83]. Arrest-
ment hooks for aircraft stationed on naval aircraft carriers have high fatigue performance
requirements, for which LSP and SP were recently evaluated to promote longer life [84].
This study demonstrated that LSP was more effective at both mitigating crack initiation
and extending fatigue life than SP in simulated hook-shank geometries made of Hy-Tuf
(474 HV) and Ferrium S53 (589 HV) steel. In commercial aircraft landing gear, which is also
made of high-strength steel, fatigue failures have occurred due to high vibratory stresses
present when landing and braking, which can cause fast crack growth rates. These failures
cumulatively cost Delta Airlines USD 1 milliion per year in inspection and replacement
costs [85]. To remedy this fatigue susceptibility, LPB was utilized to service landing gear in
situ during routine maintenance, which mitigated existing crack propagation and stifled
new crack initiation. As of 2017, 150 landing-gear components had been LPB-treated on
MD-88 aircraft to extend component life [85]. Similar implementation of LPB has been
utilized to extend the life of irreplaceable floor beams in the P-3 Orion aircraft fleet, which
are prone to fatigue failure at the machined features that produce stress concentration [86].

7.3. Maritime Industry

The maritime industry is estimated to incur USD 2.8 billion in corrosion costs per
year, which has created a strong need for coatings and other surface treatments that
mitigate environmental damage [87]. One marine part that consistently suffers premature
failure issues is propulsion shafting [88,89]. Processes such as SP have been historically
used on shafts due to the ease of application on large parts; however, there is interest
in more advanced RSI methods that will impart deeper CRS without the same surface
finish concerns, since fretting corrosion can initiate corrosion fatigue. Dzionk et al. have
developed a system that would enable the simultaneous turning and LPB of the shaft,
which would allow consistency of application as well as efficiency [65]. Marine fasteners
are also a common failure-point in marine structures, due to corrosion fatigue and EAC.
Reggiani and Olmi evaluated SP and LPB in 36NiCrMo and 42CrMoV fasteners (474 HV)
for potential fatigue improvement and determined that the smoother surface achieved by
the LPB, as well as deeper CRS, led to consistent fatigue life extension, whereas the SP
performance depended largely on the intensity and surface roughness [25]. Lastly, Al-Mg
alloys (typically 70–80 HV) used in the US Navy fleet have sensitized in service and require
considerable maintenance due to EAC, for which a variety of RSI methods are currently in
use or may be used in the future to mitigate problems [90]. Ultrasonic impact treatment
is currently utilized to mitigate EAC in sensitized Al-Mg, as well as to close active cracks
through severe plastic deformation [90]. Development efforts are also underway to create
portable LSP systems that could treat a sensitized Al-Mg superstructure [91,92].

7.4. Biomedical Industry

The biomedical industry has an expanding stake in surface treatment technologies, in
order to better ensure the long-term integrity and biocompatibility of prostheses, implants,
and joining/grafting devices [93]. Mg-based alloys are generating considerable interest
due to their stiffness, light weight, similarity to human bone (reduction of stress shielding
effects), as well as their overall biocompatibility with the human body [94]. However,
Mg-based alloys corrode too quickly, and the rapid generation of hydrogen gas can be
problematic. To attempt to address this concern, Uddin et al. evaluated RSI treatments on
biodegradable Mg alloys for bone repair and arterial stent applications, in order to regulate
the corrosion rate, and theorized that LPB would be a better RSI treatment compared to
SP, due to the lower surface roughness, reduced impact on general corrosion susceptibility
and CRS that likely exceeds any pitting depth that would occur in Mg implants [95]. Patil
found, on the magnesium alloy WE43 (85 HV), that SP increased the corrosion rate in
simulated body fluid, due to the increased surface area exposure and roughness associated
with increasing the peening pressure, and the corrosion rate increased 2 to 3 times more
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when a bending stress was applied, to simulate performance in a potential use case [96].
Cao et al. applied ball-burnishing, a similar method to LPB, to AZ31B (60 HV) to refine
the surface microstructure [41]. Immersion for up to 7 days in SBF demonstrated that
specific burnishing parameters enabled a mass loss reduction of 64% [41]. Implant alloys
can also pose concerns, due to long-term corrosion and the shedding of toxic compositional
components, such as chromium. It is known that 316L stainless steel (220 HV), which
is a common alloy used in implants, can have these issues over time in SBF. However,
Seemikeri et al. successfully demonstrated, via combined experimental and modeling
efforts, that LPB could be optimized for 316L in specific conditions in the human body
by balancing the surface roughness, hardness, fatigue life, and corrosion/wear properties
to reduce such leaching [93]. More research is needed before these technologies will be
widely utilized in this sector.

8. Future Needs

This review has discussed a variety of RSI benefits, as well as detriments, to alloy
performance, not all of which are fully understood. In terms of corrosion, a common
conclusion is that SP, UNSM, and LPB tend to increase the corrosion current density in
a variety of alloys, yet LSP tends to slightly improve icorr due to the slight melting and
resegregation caused on the alloy surface. However, long-term testing is scarce in the
literature, and examples such as Zupanc and Grum [27] exist on 7075 in 0.1 M NaCl, which
demonstrates a reduction in pitting in a corrosive environment when potentiodynamic
analysis would suggest that nearly the same pitting susceptibility should occur. Less
accelerated evaluations may reveal additional considerations prior to fielding a given RSI
method. In terms of corrosion fatigue, a general relationship between the CRS depth and
magnitude and the true “breakthrough” pit depth is needed. Since each RSI method entails
different levels of costs and infrastructure, such information would be useful to determine
the most balanced RSI method and parameter set for a given severity of corrosive service
conditions. Lastly, this literature review has demonstrated that a considerable amount of
research remains to be done concerning the mitigation of through-crack propagation in RSI-
treated components, and a relationship must be found to determine which RSI treatments
and CRS magnitudes will reduce the through-thickness crack growth rate for different
levels of stress. This information, coupled with an additional evaluation of the relaxation
of CRS from each RSI method when applied to common engineering alloys, would enable
more accurate fatigue and EAC life predictions when known flaws are present.

9. Conclusions

The present review has focused on SP, UNSM, LSP, and LPB, and the effects of these
treatments on corrosion, corrosion fatigue, and EAC in alloys of varying hardness. The lit-
erature covering these topics has demonstrated several general trends in RSI performance:

1. Corrosion Mitigation

a. RSI performance is highly surface state sensitive, and metallurgy-specific;
b. RSI typically increases corrosion current density unless surface melting occurs,

however considerably more testing is needed to compare potentiodynamic
results with long term corrosion performance;

c. Examples exist where RSI treatments mitigate pitting corrosion susceptibility
only under certain microstructural conditions, such as prior to sensitization in
stainless steel.

2. Corrosion Fatigue Mitigation

a. Deeper CRS depth, plus a smooth surface finish, is optimal for improved fatigue
performance;

b. Increased surface roughness through RSI can increase the likelihood of surface
crack initiation under sufficient applied loads;
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c. High CRS magnitude on the surface drives fatigue initiation to below the
surface if surface roughness is limited;

d. The CRS layer reduces stress concentration caused by corrosion damage to
increase the apparent KTH;

e. More research is needed to understand how the crack tip K may continue to be
affected by the CRS at depths exceeding the CRS;

f. The CRS zone can reduce through-crack propagation in the perpendicular
direction, but the relationship between material thickness, CRS zone size, and
K is not fully understood.

3. Environmentally Assisted Cracking Mitigation RSI treatment and the CRS layer can
mitigate EAC in the following ways:

i. By increasing resistance to hydrogen permeability from the treated surface
through hydrogen trapping in the CRS zone;

ii. By reducing surface corrosion to delay corrosion-related defect formation,
stress concentration, and exceedance of KTH; and

iii. By reducing the hydrostatic stress at the crack tip and reducing the resolved
tensile stress, which decreases the driving force for hydrogen diffusion into
the fracture process zone.

The numerous examples of trends in performance for a given RSI method, as well as
the encountered counterexamples, support the need to experimentally evaluate any given
RSI treatment and specific settings on the alloy of interest, prior to full-scale deployment.
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