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Abstrakt
V této práci jsme využili technologie laserového vyklepávání k řešení problémů mezikrys-
talické koroze (IGC), mezikrystalického korozního praskání (IGSCC) a korozní únavy
(CF), které ovlivňují hliníkové slitiny bohaté na hořčík využívané v námořním průmyslu.
Konkrétně se jednalo o zcitlivěnou hliníkovou slitinu 5083-H116, která byla zpracována
technologií laserového vyklepávání jak s (LSP) tak bez ochranné vrstvy (LPwC). Po zpra-
cování byla slitina podrobena sérii mechanických a elektrochemických zkoušek. LSP and
LPwC do slitiny vložily hluboká zbytková napětí, která byla doprovázna zvýšením tvr-
dosti. Modifikovaný test s kyselinou dusičnou na úbytek hmotnosti (NAMLT) ukázal,
že LSP má vliv na stupeň zcitlivění materiálu, a že tento efekt přímou úměrou sou-
visí s mírou protváření a plastickou deformací materiálu. Elektrochemické zkoušky
odhalily, že LPwC zpracování vytváří na povrchu materiálu unikátní přetavenou vrstvu
skládající se z modifikované tenké oxidické vrstvy, která vznikla během tepelné interakce
laserových pulsů s povrchem materiálu bez ochranné vrstvy. Bylo ukázáno, že tato vrstva
chrání materiál proti IGC v mořském prostředí. V případě LSP s ochranou vrstvou se pře-
tavená vrstva nevytvořila. CF zkoušky ukázaly silné zlepšení meze únavy zcitlivěného
materiálu po zpracování laserem. Toto zlepšení bylo nejpatrnější pro LPwC proces ap-
likovaný pod vodou. Tahové zkoušky (SSRT) ukázaly silnou míru protváření materiálu
po zpracování, nicméně vliv na IGSCC nebyl jasně prokazatelný.

Abstract
In this work, the problems of intergranular corrosion (IGC), intergranular stress corro-
sion cracking (IGSCC) and corrosion fatigue (CF) on Mg-rich marine grade aluminium
alloys were addressed using the Laser Shock Peening (LSP) technology. Specifically, LSP
with and without protective coating (LPwC) was applied to sensitized AA5083-H116
followed by electrochemical analysis and mechanical testing. Both LSP and LPwC treat-
ments imparted deep residual stresses in the material accompanied by increased hard-
ness. Modified Nitric Acid Mass Loss Test (NAMLT) showed that LSP treatment does
effect the degree of sensitization and that the effect is correlated with the amount of plas-
tic deformation induced in the material. Electrochemical testing revealed that that the
LPwC treatment produced a unique recast surface layer composed of a modified oxide
film created during laser pulse interaction with the surface when no coating was applied.
This layer was absent in the LSP treatment and was shown to prevent IGC in sea water
environment. CF testing showed greatly improved fatigue strength of sensitized samples
after both LSP and LPwC treatments with strongest improvement for LPwC underwater
treatment. Slow strain rate test (SSRT) showed strong strain hardening of samples after
treatment although the direct effect on IGSCC was not clear.
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Introduction

Laser Shock Peening (LSP) is a technology that utilizes high-energy laser pulses to create
localized plastic deformation on metallic surfaces. It bears resemblance with classical
peening process which uses ball-peen hammers to harden metallic surfaces by impact.
The nature of the impacts in LSP, however, is very different. In a typical LSP setup,
nanosecond laser pulses irradiate metal parts covered with thin water layer to create
rapidly expanding plasma. The expansion is confined by the water layer against the sur-
face which leads to extreme pressure rise (∼GPa) [1]. The locally generated pressure then
sends shock waves inside the underlying material which causes its plastic deformation
and compressive residual stresses are created as a result. Prior to the laser impact, the
surface is additionally covered by a black vinyl tape or paint to protect it against heat
effects associated with the laser absorption. LSP is therefore sometimes considered a
cold-working process and holds a special spot among other laser processing technologies
which often revolve around direct material heating or ablation. The generated stresses
stay in the surface layer permanently, even after the external force is removed. Compres-
sive residual stresses can be extremely beneficial to numerous mechanical applications,
most noticeably in preventing crack related failures often associated with material fa-
tigue.

Although the principle mechanisms and potential benefits of LSP have been known
since 1970s [2], it took more than 20 years for the first industrially viable application to
emerge. In the 1990s, the U.S. Air force faced a serious problem concerning foreign ob-
ject damage (FOD) affecting fatigue life of fan engine blades of the Rockwell B-1B Lancer
bomber [3]. Unable to address the problem with conventional methods such as Shot
Peening (SP), General Electric tested the LSP process which uniquely managed to solve
the problem and industrialized production of the engine fan blades commenced in 1998.
After this major breakthrough, more applications followed although most of them were
narrowly focused on aerospace industry and some niche cases in nuclear industry [4].
The major obstacle of the LSP technology to spread into other application areas since its
inception has always been its high cost. A much cheaper although less efficient technol-
ogy of shot peening was used instead and many problems were left unresolved. However,
due to the rapid development of laser systems in the last decade, new powerful and cheap
nanosecond laser sources are now commercially available. This opened new economi-
cally viable areas for the LSP technology. One such area is the marine industry which has
for some time been trying to implement high-strength light-weight aluminium structures
to lower fuel costs and increase payload capacity without losing structural integrity. The
aluminium alloys primarily used are the 5xxx series with increased magnesium content
and high corrosion resistance. However, after years of service, ships manufactured from
these strengthened aluminium alloys encountered a new problem in the form of mate-
rial weakening (sensitization) as a result of long-term exposure to increased temperatures
(as low as 50 °C)[5]. It turned out that combined with the aggressive salt environment
of the sea water, this can lead to intergranular corrosion (IGC) and subsequent inter-
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granular stress corrosion cracking (IGSCC) or corrosion fatigue (CF) which can result in
catastrophic structural failures. This work addresses these newly encountered problems
using the LSP technology with focus both on the mechanical and electrochemical effects.

In chapter 1, the problem of sensitization, IGSCC and CF in the 5xxx aluminium se-
ries is investigated. The sensitization process is described in detail and clear link to the
IGC is established. The sensitization process is further quantified and various factors
affecting the degree of sensitization (DoS) are analysed. Lastly, 3 approaches (metallur-
gical, electrochemical and mechanical) toward preventing IGSCC and CF are outlined
and discussed in relation to LSP.

Chapter 2 focuses on the LSP technology itself. The process physics is described in
depth and a simplified analytical model is presented which links the laser pulse power
density to the residual stresses generated. The second part of the chapter explores the
influence of various laser parameters and processing parameters which will be utilized
in the experimental part.

In chapter 3, the experimental hardware along with experimental methods and mate-
rial used are presented. The LSP process is discussed from the experimental standpoint
where a synchronization loop between the laser systems and robotic arm movement is
maintained to ensure correct patterning strategies. An overview of the various diagnos-
tics methods used such as X-ray diffractometry, electrochemical analysis, slow strain rate
testing (SSRT) and fatigue testing is provided.

Chapter 4 presents the experimental results with selected aluminium alloy 5083.
First, a parametric study to determine optimal processing parameters is shown. A set
of experimental parameters comprising 3 distinct peening scenarios is selected and ap-
plied for the rest of the tests. Corrosion behaviour of AA5083 is investigated in terms
of IGC and an extensive electrochemical analysis is provided. Finally test samples are
subjected to SSRT and CF tests followed by fracture and microstructure analysis.
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Motivation and goals of the work

The 5xxx series aluminium alloys are high strength-to-weight ratio, weldeable materials
with excellent general corrosion resistance. These alloys are for example used exten-
sively throughout the U.S. Navy fleet, ranging from deck elevators at the Nimitz class
aircraft carrier to serving as a primary structural material for the Independence-class lit-
toral combat ship [5]. The 5xxx aluminium series can also be referred to as aluminium-
magnesium alloys due to high magnesium content which is responsible for the enhanced
strength.

Despite their initial good corrosion resistance, it has been established that alloys con-
taining more than 3.5% of Mg can become sensitized when exposed to elevated temper-
ature for prolonged periods of time. The temperatures required can be as low as <50
°C when a sufficiently long time period is considered (years) [6]. This can be a common
occurrence in marine service environment where in hot climate, the temperature of a
ship deck exposed to direct sunlight can reach over 70 °C. A sensitized material becomes
susceptible to localized corrosion, particularly intergranular corrosion (IGC) which can
lead to mass loss through grain fall-off and also to intergranular stress corrosion crack-
ing (IGSCC). Between 2001 and 2002, for example, over 200 commercial ships made of
AA5083 were found to be susceptible to IGC and needed to have their hulls and other
structures completely replaced [7]. In more recent years, the U.S. Navy has reported over
1 meter long cracks in Ticonderoga combatant ship superstructures made of AA5456
that were attributed to IGSCC (Fig. 1). On one of the ships, the discovered cracks were
severe enough that the ship had to be temporarily put out of service for a $14 million
extend repair period [8].

Figure 1: Stress corrosion crack generated in the Ticonderoga class cruiser AA5456 su-
perstructure [9].

Overall, more than 3000 cracks have been found across the whole Ticonderoga class fleet
[10]. Fig. 2 shows an upward trend in the average number of cracks found per ship
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inspection, covering the time period of 1990 – 2015. As of 2015, more than 6000 cracks
have been documented in ship reports. It is important to note that these numbers include
fatigue cracks as well, however, most of the cracks have been identified as due to SCC [5].

Figure 2: The average number of cracks identified per ship inspection between years
1990-2015 [5].

Several approaches were tried to address the problem, mainly through metallurgy
and electrochemical inhibition but the results were unsatisfactory. In this work, we inves-
tigate the stress removal option where tensile stresses in critical areas are replaced with
compressive stresses using LSP. While the positive effects of LSP on SCC [11, 12, 13, 14]
are well documented using other materials, studies conducted both with [15, 16] and
without protective coating [17, 18] indicate that LSP could also have a direct positive
effect on corrosion behaviour. The main corrosion mechanism in these studies, however,
is pitting. Very little to no investigation has been carried out when it comes to the in-
fluence of LSP on IGC which is the driving force behind IGSCC. This work will attempt
to investigate both the mechanical effects of LSP on the marine grade aluminium alloys
as well as the corrosion effects with a focus on IGC and IGSCC . The work is further ex-
panded to cover CF of AA5083 in aggressive marine environments [19, 20, 21] since LSP
has also been shown to positively influence CF in other materials [22, 20, 21]. The fatigue
loading in marine environment is introduced by wind and wave motion, ship machinery
vibrations, thermal expansion, and contraction and operational loading events [23, 24].
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Chapter 1

Stress Corrosion Cracking and
Corrosion Fatigue of 5xxx series
aluminium alloys

1.1 Mechanism of Stress Corrosion Cracking

Stress corrosion cracking (SCC) or environment induced cracking is classified as catas-
trophic form of corrosion, as the detection of fine cracks that are associated with it can be
very difficult and the damage not easily predicted. Experimental SCC data is therefore
notorious for a wide range of scatter. In order for SCC to occur, three conditions must
be met simultaneously: susceptible material, specific corrosive environment and tensile
stresses. The process is sometimes described as synergistic because only the combined
effect of all the required mechanical and chemical forces results in crack propagation
(Fig. 1.1) whereas neither factor acting independently or alternatively would bring the
same effect [25].

Figure 1.1: Mechanical and chemical factors necessary for SCC to occur.

SCC often progresses rapidly, and is more common among alloys than pure metals.
As for the environment, the process tends to be highly chemically specific. Alloys will
undergo SCC when exposed to only a small number of chemical environments such as
stainless steels in various halide solutions and copper alloys in ammoniacal solutions.
In case of aluminium, well known specific environments include water vapour, aqueous
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solutions, organic liquids and liquid metals. Common alloys with corresponding SCC
favourable environments are summarized in Table 1.1.

Table 1.1: SCC environments for commonly used alloys. Adapted from [25].

The stresses required to cause SCC are small, below the macroscopic yield stress.
Another definition narrowing of the SCC process comes from the fact that the tensile
stresses are static. If the load varies over time (cyclic loading), the term corrosion fa-
tigue (CF) is used instead. Another difference is that in the case of CF, combinations of
environmental conditions and metal types are not specific as in the case of SCC. What
makes SCC especially dangerous is that the stresses can be well within the design ranges
and most of the surface remains unattacked wile fine cracks penetrate into the mate-
rial. Furthermore, tensile stresses may be residual or applied. Tensile residual stresses
are formed as a result of inhomogeneous deformation in materials and usually involve
heat treatment or other fabrication methods where cold deformation is utilized such as
bending and drawing.

SCC occurs in 3 stages:

1. Initiation or incubation

2. Spreading

3. Failure or arrest

The crack typically initiates at a surface flaw, serving as a stress amplifier, and then se-
lectively propagates along a path of higher corrosion susceptibility. Flaws can either
pre-exist due to poor manufacturing procedures or can develop at locations of discon-
tinuities or high stress concentration such as grooves or corrosion pits. Once a crack is
initiated, it will grow as long as

KI ≥ KISCC (1.1)

where KI denotes the stress intensity factor and KISCC the SCC resistance parameter.
KISCC is a material and environment dependent property and can be acquired through
experimental fracture testing of materials in specified environments. KI is a function of
the crack length and its calculation requires knowledge of the stress field at the crack tip
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and the crack length at any given time. In most practical cases, closed-form solutions for
calculation of KI are not available due to non-uniform stress distributions and compli-
cated geometries and numerical algorithms such as finite element modelling need to be
employed.

The most common active path for the crack to spread along is the grain boundary
which is described as intergranular stress corrosion cracking (IGSCC). The cracks gener-
ally propagate perpendicular to the applied stress and its morphology can very from a
single crack to a branching formation reminiscent of a river delta. A typical crack cre-
ated by IGSCC is shown in Fig. 1.2a. Transgranular SCC where the cracking advances
without preference for boundaries is also possible but it is more rare [26] (Fig. 1.2b).
Final macroscopic fracture will occur when the crack has reached a critical crack length
denoted by KIC and thus

KI ≥ KIC (1.2)

Figure 1.2: (a) Intergranular stress corrosion crack of an Inconel heat exchanger tube [27]
and (b) transgranular stress corrosion crack in type 304 austenitic stainless steel [28].

From the time of initiation of the crack, the failure can occur within minutes to several
years, depending on the specific conditions. From the macroscopic point of view, SCC
fractures have brittle appearance which is a result of brittle phase formation at the crack
tip and its periodic rupture during the crack propagation. Due to the brittle nature of
the crack, the fracture under stress is sudden and rapid.

1.2 IGSCC in marine environment

The operating environment of Navy ships readily provides 2 of the conditions neces-
sary for SCC to take place: (1) corrosive environment in the form of salt water and (2)
tensile loading, both external and internal. External stresses are represented by struc-
tural loading due to wind, the hogging and sagging motion of a ship cruising through
waves, operation of machinery, payload and thermal loading which all together create a
dynamic stress environment. The internal loading is caused by tensile residual stresses
resulting from thermal processing during ship manufacture and fit up. A common place
for tensile residual stresses to develop is around welds, bolts, riveted joints, notches and
crevices. In case of welds, for example, as the weld area is heated and cooled, its ex-
pansion and contraction is limited by the bulk of the surrounding unaffected material,
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leaving the material in the heat affected zone (HAZ) in tension. The third SCC condition,
susceptible material, is achieved through a sensitization process when the initially cor-
rosion resistant aluminium alloy undergoes critical microstructural changes that leave it
vulnerable to IGC.

The 5xxx aluminium series can also be referred to as aluminium-magnesium alloys
due to high magnesium content which is responsible for the enhanced strength. The
specific weight content of magnesium in currently used 5xxx alloys, along with their
typical applications is listed in Table 1.2.

Table 1.2: Examples of selected commercial 5xxx aluminium alloys in service. Adapted
from [5].

The high Mg content is of critical importance. In heat unaffected material, Mg atoms ex-
ist in the form of a solid solution (α-phase) distributed uniformly across the aluminium
matrix where the atoms act as obstacles to dislocation movement which is what gives the
alloys their characteristic high strength. When the material is exposed to elevated tem-
peratures for prolonged periods of time, however, the Mg atoms diffuse from the matrix
to low energy sites such as the grain boundaries. Eventually, solid state β-phase precip-
itates (Mg2Al3) at the grain boundary are formed and the material becomes sensitized
(Fig. 1.3). The general consensus is that the driving force for the β-phase precipitation
becomes appreciable when the Mg content is more than 3.5 wt% [29].

When the β-phase is formed, the matrix becomes electrochemically heterogeneous.
The electric potential of the grain boundaries, specifically the β-phase precipitates, is
lower (-0.95 VSCE) than the electric potential of the alloy (-0.75 VSCE)[31]. An electro-
chemical reaction takes place in the near neutral salt solutions of sea water where the
grain boundary acts as an anode to the adjacent magnesium depleted cathodic regions,
causing dissolution of the anodic precipitates.

Under normal fresh water conditions with pH from 4.0 to 8.5, aluminium naturally
forms a protective, passivating oxide layer on its surface. The layer is self-renewing
meaning that when the thin film is damaged by abrasion or other means, it is repaired
rapidly. In salt water environment of 3.5% NaCl, however, the effectiveness of the pas-
sivating layer is lowered due to the chloride ions (Cl−) which attack the passive film
[32, 33] and hinder its reformation [34], providing more initiation sites for the corro-
sion to take place. The reaction generates hydroxide ions, increasing local pH, causing
further removal of the protective oxide layer and exposing more area to more anodic
dissolution. The dissolution happens in the form of matrix trenching and cavity forma-
tion of β-phase pitting surrounding the intermetallic particles. The β-phase dissolution
causes local acidification and high chloride concentration inside the pits which further
decreases the breakdown potential and increase the dissolution rate. Eventually, the
corrosion spreads to neighbouring precipitates resulting in a network of corroded grain
boundaries across the surface (Fig. 1.4). The IGC propagation rate may vary with pene-
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Figure 1.3: TEM image showing thin (<10 nm) and discrete β-phase in a field retrieved
sample of AA5083 exposed to low temperatures (<50 °C) for period of 40 to 50 years
[30].

tration depth and local chemical conditions. At some point, reduction in the IGC prop-
agation rate or stifling occurs due to further chemical unbalancing until the corrosion
stops completely which leads to IGC arrest.

Figure 1.4: Surface (top) and in-depth IGC spreading (bottom) for an AA5083-H131 over
period of 72 hours [35].

The IGC is primarily driven by chemical forces and thus no stresses are required for
the corroded network to develop. A special type of IGC associated with aluminium alloys
is called exfoliation which occurs on elongated grain boundaries where IGC spreads par-
allel to the surface along selective subsurface paths. The corrosion products that form
have a greater volume than the volume of the parent metal and the increased volume
forces the material layers apart, causing the material to delaminate or exfoliate (Fig. 1.5).
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However, having tensile stresses present during IGC provides the optimal environment
for IGSCC to develop. The cracks spread along the corroded grain boundaries, perpen-
dicular to the direction of stresses. When the crack reaches a critical length, fracture
occurs. The IGSCC mechanism is depicted in Fig. 1.6.

Figure 1.5: Exfoliation in aluminium sheet [36].

Figure 1.6: Schematic representation of the IGSCC process in Mg rich aluminium alloy.

While the continuity of the β-phase is an important factor in the crack propagation
[6], a fully corroded interconnected network is not necessary when tensile stresses are
present. Instead, the β-phase forms a nearly continuous network through the sensitized
specimen. The β-phase precipitates themselves are expected to remain discrete though
densely populated under the particular sensitization conditions used, each sensitizing a
region of the boundary much larger than their direct footprint [37]. Crane et al. [38]
proposed a hydrogen environment assisted cracking mechanism (HEAC) under which
cracks propagate despite gaps present between the β-phase anodic dissolution sites (Fig.
1.7). An appreciable amount of hydrogen is produced at the crack tip as a product of
hydrolysis of water due to the presence of Al3+ and Mg2+ atoms released during the β-
phase (Mg2Al3) anodic dissolution [39]. The abundance of hydrogen and low pH then
triggers a low rate dissolution of the interconnecting α-phase regions [40]. More hydro-
gen is produced in hydrolysis and pH is lowered even further. The hydrogen then gets
trapped in the concentrated stress field around the crack tip, causing local embrittlement
and facilitating the crack growth.
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Figure 1.7: Hydrogen assisted cracking to breach cracks in discontinuous β-phase pre-
cipitated on the grain boundary [38].

1.3 Degree of sensitization

The degree of sensitization (DoS) or susceptibility to IGC is measured using the nitric
acid mass loss test (NAMLT) as defined by the ASTM G67 standard [41]. Samples of
defined dimensions are submerged in concentrated nitric acid for a period of 24 hours
at fixed temperature of 30 °C. As the IGC spreads, the exposed sample faces experience
grain fall-off which translates into a weight loss at the end of the test. The G67 stan-
dard defines Al-Mg alloys as resistant when DoS < 15 mg/cm2, as intermediate for 15
mg/cm2 < DoS < 25 mg/cm2 and as susceptible for DoS > 25 mg/cm2 (Fig. 1.8). In the
intermediate region, the sensitization needs to be determined by metallographic inspec-
tion. The measured DoS depends on several factors such as the alloy composition, sensi-
tization time and temperature, microstructure and thermomechanical treatment. All of
the numerous factors are significant and largely cross-related which makes it difficult to
separate their effects on the sensitization process. One should therefore be careful when
drawing conclusions as more than just one factor could contribute to observed results.

Figure 1.8: 5xxx series aluminium alloys susceptibility to IGC as defined by G67 ASTM
standard.

The empirical relationship between microstructure and IGSCC shows that higher DoS
values as measured by the NAMLT test result in increased IGSCC velocities [38, 42].
The NAMLT, however, is viable for laboratory conditions only. In service conditions
(e.g. shipboard) where samples of specific dimensions cannot be independently obtained,
other in-situ methods have to be used. One such method has been developed by Elac-
traWatch, Inc. in the form of a portable DoS probe that can run non-destructive measure-
ments in service conditions (Fig. 1.9). The probe uses diluted 2% nitric acid solution and
measures electric current from the anodic dissolution of β-phase in the probed surface.
The current is then correlated with DoS. The probe can also perform in-situ microscopic
observation of an etched surface and determine whether sensitization took place. This
method, however, is qualitative only and does not provide any DoS value.
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Figure 1.9: Portable DoS probe for in-situ non-destructive measurements in service en-
vironment [43].

1.3.1 Time and temperature of senzitization

A simplified way to estimate the sensitization damage of the 5xxx aluminium series is
to quantify the amount of β-phase precipitation. From a metallurgical perspective, the
growth of a precipitate at a grain boundary is a diffusional-transformation process where
thermodynamic and kinetic forces compete with each other and where temperature plays
a crucial role. In equilibrium, the β-phase volume fraction decreases with rising temper-
ature up to a point where all the precipitates are dissolved into a homogeneous solid
solution. In fact, thermal stabilization of sensitized alloys at temperatures below the
solvus line (<220 °C) is one of the possible ways to prevent IGC in Al-Mg alloys and will
be discussed more in detail in section (1.4.1). On the other hand, increased temperature
can lead to faster diffusion kinetics, thus promoting the precipitation at grain bound-
aries. The competition between the driving force for precipitation (thermodynamic) and
diffusion (kinetics) leads to a local maximum in DoS within a certain range of sensitiza-
tion temperatures. The variation of DoS with time and temperature of sensitized AA5083
collected over a large range of experimental data can be seen in Fig. 1.10.

The temperatures range from 50 °C to 225 °C from several hours up to many years
of sensitization in service conditions. The data are divided into 4 distinct regions with
regards to their IGC susceptibility:

(i) Immune - the equilibrium β-phase volume fraction is high but the diffusion kinet-
ics of Mg and thermal driving forces are low. The segregation of Mg would require
much longer time for the material to become sensitized.

(ii) Immune – in spite of high diffusion rates and thermal forces, the equilibrium β-
phase volume fraction near the solvus temperature is very low which leads to very
low DoS.

(iii) Susceptible – the balance of kinetic and thermodynamic factors in this region,
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Figure 1.10: A graphical compilation of AA5083 DoS data collected via NAMLT test as a
function of sensitization time and temperature [6].

where both the β-phase volume fraction and diffucion rate are considerable but
not at their maximum, results in a local DoS maximum and susceptibility to IGC.

(iv) Highly susceptible – this region has the highest DoS and represents field retreived
specimens sensitized at low temperatures of <60 °C. The exceptionally high DoS
shows that despite the very low diffusion rate at this temperature range a severe
condition can be achieved when enough time (years) is taken into consideration.
The β-phase volume fraction can be as much as several time higher at 50 °C than
that at 200 °C.

Apart from the DoS, it appears that the temperature of sensitization also influences
the thickness of the β-phase at the grain boundaries. Holtz et al. [20] investigated the
β-phase thickness in AA5083-H131 as a function of temperature and concluded that the
precipitate thickness decreases with decreasing temperature, despite longer time expo-
sures for lower temperatures (Fig. 1.11). This effect cannot be accounted for by bulk
diffusion, since that would lead to the opposite result, and rather suggests that grain
boundary diffusion becomes more dominant at lower temperatures which would explain
the thinner β-phase. The observation also fits with well with field retrieved AA5083
specimen that displays similarly thin β-phase [30].

To predict the thickness of β-phase along the grain boundary, Goswami and Holtz
proposed a phenomenological model that is based on the solute diffusion within the grain
[44, 45]. Even more recently, the JMAK model (based on the Johnson-Mehl-Avarami-
Kolmogorov theory) that links the DoS to thermal exposure has been proposed. Unlike
other models, the JMAK model establishes a direct connection between the DoS and the
coverage of grain boundary with β-phase which seems to be an important factor in the
IGC spreading. Steiner and Agnew [46] make an assumption that the correlation between
the DoS and boundary coverage in the JMAK model is linear (Fig. 1.12) which leads them
to good experimental fit for sensitized AA5083 with DoS below 25 mg/cm2. Studies on
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Figure 1.11: Thickness of β-phase precipitate as a function of sensitization temperature
and time in AA5083-H131 [20].

β-phase morphology and and distribution show that in high DoS material, 50% of grain
boundaries become almost completely covered with β-phase while a low DoS material
will only have discrete β-phase [35]. Recent investigation of AA5083 suggests, however,
that material reaches a saturated DoS well before a continuous boundary coverage forms
on most boundaries (though a continuous boundary will eventually form with extensive
over-aging). This implies that changes in the DoS are driven largely by the shape, num-
ber density, and size of discrete grain boundary β-phase precipitates prior to reaching a
saturated state [39]. As such, it is rather the amount and the proximity of β-phase that
determine the IGC susceptibility and subsequent IGC spreading.

Figure 1.12: Experimental DoS data of AA5083-H131 sensitized at 70 °C for different
times showing linear dependency between DoS and β-phase continuity [47]

.

1.3.2 Magnesium content

It has been established that the increased Mg content in the 5xxx (2 wt% to 6 wt%) Al
alloy series is what gives the alloys their characteristic high strength via solid solution
strengthening and strain hardening [48]. While the high Mg content does not signifi-
cantly affect ductility or general corrosion resistance, it leaves the material vulnerable
to sensitization. The β-phase precipitation has negative impact not only on IGC by ren-
dering the grain boundaries preferential sites for anodic dissolution but also on the me-
chanical performance of the material. The β-phase is not a hardening particle and offers
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no significant improvement in strength while at the same time it is weakening the ma-
trix by draining the Mg solute. The result is a drop in hardness after sensitization [49].
The increase in Mg content is directly linked to increase in SCC and IGC as shown in
Fig. 1.13. However, there is a threshold of 3.5 wt% below which no sensitization occurs,
regardless of sensitization time and temperature. After the initial increase in DoS above
the 3.5 wt% threshold, the DoS continues to increase monotonically after 4 wt% Mg [29].
The increase in DoS is also correlated with the linear increase of β-phase volume fraction
at equilibrium at higher Mg content.

Figure 1.13: DoS of cold rolled 5xxx aluminium alloys as a function of Mg wt% after
sensitization at 150 °C for 7 days [29].

1.3.3 Grain size and boundary misorientation

IGC is an intergranular phenomenon and thus microstructure related which makes grain
size a relevant factor in the context of sensitization. The grain size of the 5xxx series can
vary, significantly depending on the fabrication and processing conditions such as cold
rolling, recrystallization or friction stir welding. Moreover, grain refinement as a method
to enhance mechanical properties of the 5xxx series is gaining on popularity [50, 51]
which puts even more emphasis on understanding the effect of grain structure on DoS.
For example, it was found that the DoS of sensitized AA5059 (220 °C for 2 hours) is
decreased by 50% from 65 mg/cm2 to 33 mg/cm2 when cold rolling reduction ration
increased from 16.7% to 54.2% [52]. One of the factors the result was attributed to was
the non-linear grain boundary length increase during the cold rolling grain size refine-
ment. Since the amount of Mg available to populate grain boundaries with β-phase is
the same, the overall β-phase coverage should decrease. However, there is little con-
sensus in the literature what the effect of grain size actually is. This is mainly because
the processing technologies that are used to refine the grain size also influence defect
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type and its density (vacancies, dislocations, etc.), and the grain boundary characteristics
such as the misorientation angle. Davenport et al. [53] reported that low misorientation
angles (<20°) hinder the formation of β-phase on the grain boundary while preferen-
tial corrosion occurred inside the matrix which was attributed to more noble elements
such as Si diffusing to the grain boundary rather than Mg atoms. On the other hand,
D’Antuono [54] reported that β-phase formed preferentially on low-angle grain bound-
aries. Nonetheless, both studies agreed that β-phase precipitate growth occurs along high
angle boundaries with precipitate size and thickness of β-phase increased with misori-
entation angle as confirmed by TEM in-situ tests. D’Antuono further postulated that the
difference in β-phase thickness was related to grain boundary energy and that the grain
boundary character dominates over the grain size as far as DoS is concerned. Neverthe-
less, more data needs to collected in this regard. Additionally, the enhanced diffusivity
of Mg caused by new vacancies produced by severe plastic deformation was reported to
have significant effect on DoS [54, 55]. Zhang et al. [56] report that there exists a compe-
tition between the effect of grain size and grain boundary misorientation on the resultant
DoS. Depending on the grain size, the DoS response to grain refinement can be divided
into grain size dominated regime and texture dominated regime as depicted in Fig. 1.14.
Similar grain size can give a large variation in DoS depending on the grain misorientation
distribution with higher DoS for higher fraction of high misorientation angle boundaries.

Figure 1.14: Relationship between grain size and DoS as measured by NAMLT. For larger
grain sizes, the regime is texture dominated and grain boundary precipitation is dictated
by grain boundary misorientation. For Sub-micrometer grain sizes, the regime becomes
grain size dominated and the precipitation is mainly dictated by boundary length and
finer grain core [56].
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1.3.4 Grain orientation

Finally, the DoS and subsequently IGC spreading is also affected by the grain shape and
its orientation within the overall structure. Alloys that have been strain hardened display
anisotropy in grain geometry due to the uneven strain application. Grains are expected
to be elongated in the rolling direction (RD) while shortened in the transverse (TD) and
normal direction (ND), forming a pancake-like microstructures. Such directionality in
the grain shape has been found to severely impact the exfoliation and IGC propagation
in precipitation hardened and strain hardened Al alloys [57, 58, 59]. Hunt et al. [60]
used the NAMLT test to measure the dependence of mass loss on sample orientation by
preparing flattened samples with each of the three planes being preferentially exposed to
the acid attack. They report that samples with preferentially exposed TD-RD plane suf-
fered significantly less mass loss than samples with exposed ND-RD and ND-TD plane.
Specifically, AA5083-H116 samples sensitized at 100 °C for 30 days showed mass loss of
87.3 mg/cm2 for ND-RD plane, 81.0 mg/cm2 for ND-TD plane and 20.0 mg/cm2 for TD-
RD plane which corresponds to 43%, 46% and 11% percentage mass loss, respectively.
Fig. 1.15 shows a model of nitric acid penetration into the matrix on the cross-sectional
ND-RD plane through both the top surface of the TD-RD plane and that of the ND-TD
plane during NAMLT. The diagram shows two connecting arrow paths of the intergran-
ular attack. Assuming that the grain boundaries have been indiscriminately sensitized,
meaning that the nitric acid attacks all boundaries at constant rate, the two paths have
equal length. Due to the non-uniform grain orientation, the corrosion attack starting at
the TD-RD plane has to progress along more zigzag path as opposed to rather straight
path of corrosion attack starting at the ND-TD plane. The depth reached by the TD-RD
attack is thus lower which results in less grains falling off, providing an explanation for
lower DoS measured.

Figure 1.15: Schematic representation of acid penetration during the NAMLT test in
RD-ND plane microstrucure cross-section. Deeper penetration is achieved in the grain
elongation direction (ND-TD plane) as opposed to the normal direction (TD-RD plane)
where the acid has to take less direct route [60].
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1.4 Countermeasures to SCC

As was mentioned before, in order for SCC to occur, 3 conditions - susceptible material,
corrosive environment and tensile stresses have to be met simultaneously. All methods
that aim to prevent or counter SCC therefore revolve around denying or eliminating one
or more of these requirements.

1.4.1 Metallurgical

Careful control of the manufacturing process in order to ensure proper structure refine-
ment has been one of the valid avenues of research. Conventional 5xxx series alloys
are used in annealed or strain hardened states. For certain Mg wt%, the grain mor-
phology and size is controlled both by the level of cold work and the final annealing
treatment. When manufacturing Al-Mg alloys with > 3.5 wt% Mg, the basic require-
ment is related to control of the β-phase precipitation (form and distribution). The final
structure should discourage continuous β-phase precipitation along grain boundaries
while promoting microstructures with β-phase precipitates within the grains. This can
be achieved through the process of thermal stabilization. The alloy is heated to a tem-
perature just below the β-phase solvus but it needs to stay above the sensitization range.
The treatment in practice is difficult as the proper temperature range is narrow and varies
with rolling conditions. If the stabilization temperature is too low, the result will be ac-
celerated sensitization and more precipitated β-phase on the grain boundaries. If the
stabilization temperature is too high, the Mg will redissolve back into the aluminium
matrix (α-phase) but the alloy will be annealed, removing any previous strain hardening
and resulting in significant loss in strength. In addition, Mg in solution is not stable and
can lead to new sensitization over time [61, 62]. The situation is depicted in Fig. 1.16.

Figure 1.16: Stabilization temperature range for aluminium alloys with >3.5% Mg con-
tent. Temperature below the narrow range leads to sensitization, temperature above
leads to annealing and removal of strain hardening. Adapted from [61].

The effect of β-phase dissolution has been observed after friction stir welding (FSW)
where FSW1 of sensitized AA5083-H321 (14 days at 100 °C) lead to low DoS of 5 mg/cm2

1FSW of unsensitised AA5454 [63] also showed better IGSCC and localized corrosion resistance in FSW
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in the weld area compared to the DoS of 50mg/cm2 of the parent matrix [64]. When
the temperature remains just below the solvus temperature, the β-phase precipitation
takes place on sites that are away from the grain boundaries. If the β-phase is already
present on the grain boundaries, it does not dissolve back into the aluminium matrix
but rather coarsens into discrete large precipitates with lower continuity, thus lowering
the IGC susceptibility. The stabilization treatment is therefore invariably sensitization
treatment, albeit only low levels of susceptibility to IGC are developed. The treatment
can be applied both to plates right after fabrication as well as to already fully sensitized
plates from service. The temperature window for stabilization is quite narrow, usually
between 220 °C and 240 °C, but it depends on the Mg wt%. For example, alloy with 7
wt% Mg will have the stabilization window between 260 °C and 290 °C.

Besides the thermomechanical treatment during and after the manufacturing pro-
cess, one can also approach the problem through microalloying additions. Next to Mg,
small amounts of Mn, Cr and Ti are added to further improve strength and prevent grain
growth upon recrystallization (Table 1.3).

Table 1.3: Chemical composition (wt%) of selected commercial 5xxx aluminium alloys
[35].

Together with elemental impurities, the additional additives create a range of different
intermetallic or constituent particles distributed over the alloy microstructure. The ef-
fect of Mg content on DoS has been discussed in (1.3.2) and is rather straightforward.
Lowering the amount of Mg makes the alloy less susceptible to IGC. At the same time
though, the alloy loses its strength. There are other additional alloying elements, how-
ever, that can have an impact on IGC as well although their role is less well understood.
Studies showed that Al-Mg alloys with higher percentage of Zn [65, 52] and to some
extend Cu [66, 67] show lower DoS. The role of Zn and Cu addition, which preferably
precipitates in the form of τ-phase Al-Mg-Zn/Cu, is to disrupt the continuity of β-phase
along grain boundaries. The addition of 0.6 wt% Zn decreased the DoS considerably
from 100 mg/cm2 to 55 mg/cm2 for 4-5 wt% Mg samples sensitized at 100 °C for 7 days.
However, the authors did not study the effect of alloying Zn on the mechanical proper-
ties which can be critical for industrial use. A decrease in DoS has also been achieved
with the addition of Sr [68, 69] and Nd [70, 71] although the mechanism of improvement
in IGC resistance is not very well established. While Sr seems to be very promising for
negating the sensitization alone, the hardness of sensitized samples, however, decreased
as the Sr content increased. A similar decrease in hardness may be expected for samples
with higher Zn content [65]. So far, the only element that showed both enhancement in
hardness and IGC resistance properties is Nd [70]. The amount of Nd additions in the
aforementioned study ranged from 0-0.17 wt%. It is also worth mentioning that chro-

location when compared to the parent matrix and tungsten arc welded structure.
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mate, silicate and rare earth elements have been used as cathodic inhibitors to prevent
localized corrosion attacks by forming films on cathodic sites [72, 73, 74, 75]. While the
corrosion rates have been reduced, none of the studies considered DoS as a variable and
thus no direct comparisons can be made.

1.5 Environmental

From the electrochemical perspective, protection against corrosion by means of manip-
ulation of external factors can be achieved in 2 ways: cathodic protection and anodic
protection. In the former case, the surface to be protected acts as an anode, whereas in
the latter case, the surface to be protected acts as a cathode. The principle of anodic
protection is bringing the anodic metal to its passive region where it forms a natural pro-
tective layer using higher electric potential. Searles et al. [76] performed slow strain rate
tests (SSRT) on sensitized AA5083 using various electric potentials. They assumed that
the IGC mechanism of sensitized Al-Mg alloys is driven by β-phase anodic dissolution
along the grain boundaries and found that samples potentiostatically polarized below
the β-phase breakdown potential showed almost no evidence of IGSCC. The newly cre-
ated potential corresponded to the passive regime for β-phase. Seong et al. [77, 78]
chose a different approach and studied the effect of chromate, silicate, or vanadate ions
based chemical additives as corrosion inhibitors. They used the SSRT to show that the
addition of K2Cr04 and NaVO3 into the 3.5 wt% NaCl environment resulted in strain
curves essentially equal to those in air while sodium silicate additive was ineffective. The
mechanism of inhibition in this case was mainly through the inhibition of cathodic reac-
tion rather than the anodic dissolution. Despite their effectiveness, the anodic protection
methods are not well suited for marine environment where large bulks of material need
to be protected.

The most common solution in the cathodic protection approach is galvanic and sacri-
ficial protection. Since the galvanic method is not viable for large structures such as long
pipelines or ship hulls, localized sacrificial protection must be utilized. In this case, a
sacrificial metal with corrosion potential lower than that of the protected metal is used.
The sacrificial metal then becomes the new anode and corrodes instead of the protected
now cathodic bulk metal. The three most commonly used sacrificial materials are mag-
nesium, aluminium and zinc. In the case of marine salt water environments, it is zinc.
Park et al. [79] studied the effect of zinc sacrificial anode on AA5083-H321 in seawater
and found that the open circuit potential (OCP) of zinc anode was about –0.2 V relative
to the aluminium which resulted in preferential corrosion of the zinc anode and calcare-
ous deposits formed on the Al surface. Sacrificial anodes are normally supplied in the
form of blocks, rods, plates or cast-m straps to facilitate their attachment to ship hulls
(Fig. 1.17). The amount of sacrificial anodes used is determined by a balance between
the additional mass they add to the ship and the depletion period. Usually, they need to
be replaced annually or when they have corroded to half their original size. This brings
additional cost and time investment into the ship maintenance schedule.
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Figure 1.17: Sacrificial cast-m strap anodes attached to a ship hull [80].

1.6 Stress removal

The last, yet for this work most relevant approach toward preventing SCC, is the removal
of tensile stresses via specialized mechanical treatments. Tensile stresses in general are
a necessary component for crack initiation and propagation and need to be monitored
carefully during the manufacturing process. A faulty technological procedure leading
to tensile stress pile up in critical area may result in a quick failure of a component.
Although the penetration depth can vary significantly, the treatments usually target the
material surface since that is where the cracking usually initiates and propagates further
into the material. Nevertheless, there are also cases where cracks can initiate within the
material, usually due to uneven heat treatments, bubbles, impurities, ultra-high cycle
material fatigue.

All of the methods presented in this section, namely Shot Peening (SP), Ultrasonic
Impact Peening (UIP) and Laser Shock Peening (LSP) are part of the severe plastic defor-
mation (SPD) group. There is some evidence that the recrystallization that accompanies
surface plastic deformations may have a positive impact on the IGC. Seong et al. [78, 81]
investigated the OCP of a solutionized and sensitized AA5083 and found that the small
plastic deformation of the surface induced during diamond solution polishing prevents
IGC from happening. The altered surface layer is only about 1 µm thick but it was enough
to cause recrystallization of the surface layer which removed the β-phase from the grain
boundaries. In contrast, it has been also proposed that the vacancies produced by SPD
could enhance Mg diffusion rate during the sensitization process [82]. Nevertheless, the
influence of near-surface deformed layers on the corrosion properties of aluminium al-
loys is not widely understood.

It is important to point out that as far as stress removal is concerned, the SPD pro-
cesses merely cause redistribution of residual stresses rather than their removal as the
total sum of residual stresses, both tensile and compressive, must remain equal to zero.
If the sum is not equal to zero, the material macroscopically deforms (bends or twists)
until a balance is restored. This is especially important when a larger volume of material
is affected, as in the case of Laser shock peening, which can lead to undesired geometrical
changes of the treated component.
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1.6.1 Shot peening

Shot peening (SP) is a cold working and work hardening process and is an industrially
widespread method for tensile stress elimination. In this case, the surface of a mate-
rial is bombarded with high velocity spherical projectiles (shots) accelerated by means
of compressed air or centrifugal forces. The shots can be made of metal, glass or ce-
ramics, within the typical size range of 0.1 mm up to 3 mm. The speeds vary between
10-100 m/s, depending on the material and application. Each of the shots acts as a little
ball-peen hammer, leaving a small dimple in the place of impact. Compressive residual
stresses are induced around the peened surface region along with some tensile stresses
further below. Additionally, a thin nanocrystal layer is created, refining the grain size
close to the surface [83]. The mechanism is depicted in Fig 1.18. The process is similar
to sandblasting, except unlike sandblasting, SP operates by the mechanism of plasticity
rather than abrasion and thus no material is intentionally removed.

Figure 1.18: A schematic of the shot peening process [84].

The key parameters during the SP treatments are the intensity and coverage. The
intensity is governed by the shot velocity, size and time of exposure. It is measured with
an Almen strip which is a thin sheet of plain carbon steel with defined dimensions (75 x
19 x 0.7–2.4 mm) supported on 2 knife edges or 4 small metallic balls [85]. The strip is
peened from one side which causes its bending due to uneven compressive residual stress
distribution. The degree of bending then determines the peening intensity. The second
important factor is coverage which is given by the percentage of the surface indented
once or more. Due to the inherent randomness of the SP process where individual shots
cannot be controlled, coverage is subjected to statistical determination. It is affected by
the angle of shot blast incidence which varies either due to the shape of the treated part
or the natural cone shaped beam. The coverage can be increased by slower or repeated
passes and it was shown to have a direct impact on the amplitude and uniformity of the
induced compressive stresses which are positively correlated with fatigue life improve-
ment [86, 87]. It is important to note that excessive coverage can have a negative or
diminishing impact on the fatigue life improvement as the surface may be damaged with
too many impacts.

The main advantage of the SP process is its relative technological simplicity and low
cost, making it the conventional tensile stress removal technique. The downside is the
superficial compressive stresses induced which usually do not reach further than about
250 µm. Moreover, the treatment causes higher surface roughness which may require
additional grinding and polishing, typically with applications that revolve around wear.
And lastly, some areas such as notches and fillets are not accessible for SP and require a
different technique. Nevertheless, SP has been successfully applied to extend the fatigue
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life of AA5083-H11 T-welded joints [88] and has been reported to have a positive effect
on exfoliation properties of AA5083 [89].

1.6.2 Ultrasonic impact peening

Ultrasonic Impact Peening (UIP) operates on the principle of an ultrasonic transducer
which converts alternating current into ultrasonic vibrations, usually by means of piezo-
electric crystals that change size and shape when voltage is applied. Specially hardened
steel pins (indenters) attached to the transducer transfer the vibrations to the treated sur-
face where a direct contact between the pins and surface is maintained. A basic scheme
of the process is shown in Fig. 1.19. The peened metal responds to the pre-calibrated
resonant frequency of the indenter by high rate straining and heating near the mate-
rial surface, causing plastic deformation. Energetically stable dislocations are created,
inducing compressive residual stresses as a result. Depending on the desired effects, a
combination of different frequencies (ranging from 15 to 80 kHz) and pin displacement
amplitudes (20 um to 80 um) is applied.

Figure 1.19: A schematic of the shot ultrasonic impact peening mechanism [90].

UIP was originally developed in Russia for the shipbuilding industry in the 1970s
[91] and became prominent at the end of 1990s in USA, in particular tied to federal
highway construction works where it was applied for fatigue strength enhancement of
steel bridges [92]. Since 2008, the US Navy uses the process to aid in repairs of SCC
caused surface cracking of AA5456-H116 ship structures. The repairs specifically in-
volve treatment of sensitized and heat affected areas around welded SCC cracks (Fig.
1.20) and repairs that require insertion of a new material. UIP was specifically shown
to impart deep compressive stresses in sensitized AA5456 accompanied by a refined mi-
crostructure resulting in improved resistance to IGSCC [93]. Similarly, the surface layer
nanocrystalization and fatigue life improvement was observed with AA2024 [94] and
AA7075 alloys [95] where in the latter the effect of UIP on exfoliated material was inves-
tigated. Similar effects can be observed with other materials such as stainless steel [96],
low carbon steel and various titanium alloys [97]. A considerable upside of the process
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when compared to SP is that UIP can be implemented using hand-held devices allow-
ing access to hard to reach locations. However, leading the pins over the surface by hand
will negatively affect the uniformity of the impact distribution when compared to a static
machine where the sample is mounted to translation stages and the indenter speed and
pattern can be precisely controlled. As far as the surface roughness is concerned, UIP in
general does not cause gross damage to the surface of the material although some flaws
in the form of microcracking and microtearing may appear, usually as a result of uneven
treatment.

Figure 1.20: Application of ultrasonic peening technology to localized AA5456-H116
aluminum crack repair [93].

1.6.3 Laser shock peening

Unlike the previously described SP and UIP processes which are both mechanical in
nature, LSP is based on interaction of high-energy nanosecond laser pulses with solid
material and will be the main focus of this work. During the process, a laser pulse with
typical energy of several Joules is focused on a specimen surface covered with a thin
protective layer and a laminar water layer on top. As the laser pulse gets absorbed, a
strong shock wave is generated which travels into the material creating plastic strain and
compressive residual stresses similar to the other SPD processes. Treatment of areas is
achieved via placing laser shots next to each other in a controlled fashion. The process
can be applied to a wide range of materials, most notably to various steel, aluminium and
titanium alloys. The details of the process will be extensively described in the following
chapter. For the sake of continuity, however, let us now elaborate on LSP in context of SP
and UIP.

First practical applications of LSP has been developed in the 1990s as an alternative
method to SP which has been used in the industry since 1940s. It turned out that SP
proved insufficient in dealing with certain problems which required deeper compressive
residual stresses than what SP offers which proved to be an insurmountable technolog-
ical limitation up to this day. Apart from the deeper compressive stresses, LSP offers
precise control over the laser shot impact location which removes the randomness asso-
ciated with the SP coverage and provides higher stress uniformity. LSP also produces
smoother surfaces as evidenced by Montross et al. [98] and Hatamleh et al. [99] who
studied surface roughness Ra of AA7075 after both treatments. The roughness improve-
ment in direct comparison of LSP to SP is roughly 3-10 fold, depending on the material
and parameters used. And lastly, LSP can be utilized in areas inaccessible both to SP
and UIP usually associated with various cavities, complex geometries or underwater en-
vironment. The comparison with SP is graphically summarized in Fig. 1.21. The obvious
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downside to LSP is its cost which is, however, getting progressively lower as new cheap
laser sources are developed.

Figure 1.21: Comparison between LSP and SP.

When it comes to UIP, a comparison to LSP is harder to assess as it seems to be highly
material dependent. Both Mordyuk et al. [100] and Wang et al. [101] studied the effects
of LSP and UIP on stainless steels AISI 321 and AISI 316L, respectively. Both studies
reported significantly higher surface compressive residual stresses for the UIP treatment
although a depth profile is absent in both studies. Similarly, a significant increase in
hardness has been observed for UIP (125%) as opposed to LSP (20-30%) where the differ-
ence is attributed to the much higher impact number and total energy for UIP. The effect
of the treatments on microstructure is discussed in detail with the conclusion that UIP
causes much higher nanocrystallization (10-90 nm) compared to LSP (>70 nm) charac-
terized by different deformation mechanisms, namely dislocation and twinning, respec-
tively. Hamzah et al. [102], on the other hand, performed similar comparative study on
AA7075 and found better hardness results with LSP of 23% improvement as opposed to
5% with UIP. LSP also showed better high cycle fatigue life improvement but worse low
cycle data. It seems that both LSP and UIP should be regarded as valid alternatives differ-
entiated by specific application. Traditionally, UIP was applied using portable hand-held
devices which allows it to be used in many small scale scenarios where high precision
is not required. In recent years, UIP has also been automated using robotics giving it
precise control over the peening location. LSP tends to perform better with complex ge-
ometries where it can be difficult to maintain contact between the surface and peening
pins. Due to the deep nature of LSP induced compressive residual stresses, more sur-
rounding bulk material around the treated area is needed to counteract the compression.
This means that deeper stresses can be obtained with thicker samples. Moreover, a great
level of automation for high-throughput industrial manufacturing incoporating LSP has
been achieved using advanced robotic control [103]. The two conventional approaches
to industrial LSP are presented in Fig. 1.22. In one case, the part is fixed to a robotic arm
which moves around a static laser beam. In the second case, the part is fixed and laser is
delivered through special mirror tracking system and laser head mounted to the robot.
The second approach allows for treatment of very large parts such as wings in aerospace
industry.
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Figure 1.22: Robotic control of the LSP process. (a) Part is carried by robotic arm and
moved through a static laser beam. (b) Part is fixed to a positioner while laser beam is
delivered via advanced beam guiding system mounted to the robot [103].

When it comes to LSP influence on SCC, studies focusing on AISI 304 and AISI 316L
steels [11, 12], AA7075 [104] or AZ31B magnesium alloy [14] have been carried out and
all point to positive effect of LSP. These studies approach the problem mostly via the
stress route where SCC is supressed through the introduction of compressive residual
stresses. Despite LSP being primarily utilized for the generation of compressive stresses,
this work also aims to investigate the microstructural aspect of LSP and its effect on sen-
sitization of AA5083 and its susceptibility to IGC. We have already established in (1.3.3)
that the grain size and grain boundary orientation have an effect on the DoS although
the precise mechanisms are unclear. Various studies suggest that LSP does have a refin-
ing effect on the grain structure. For instance, Lu et al. [105] studied the influence of
LSP on grain refinement of LY2 aluminium alloy. The ultra-high plastic strain caused
by multiple laser impacts caused a grain refinement at the top surface to a 100-200 nm
size. Similarly, Trdan et al. [106] used 6082-T651 aluminium alloy and report excep-
tional increase of dislocation density after LSP with the result of producing ultra-fine
(60-200 nm) and nano-grains (20-50 nm) in the surface layer. Moreover, electrochemi-
cal studies performed with aluminium alloys subjected to LSP treatment also speak in
favour of LSP. In different study, Trdan et al. [107] investigated corrosion resistance of
AA6082-T651 under LSP and showed improvement in open circuit potential, corrosion
current and electrochemical impedance. The results were attributed to modification of
surface film and residual stresses caused by LSP. Amar et al. [16] report that LSP on
AA2050-T8 prevented IGC although the IGC mechanism is different than with AA5083-
H116. Wang et al. [15] used AA7075 and linked the 50% reduction in corrosion current
to grain refinement.

Despite the intrinsic heat effects associated with nanosecond laser pulse absorption,
LSP is often considered a cold-working process due to the fact that the heat gets dissi-
pated in the protective layer. Removing the protective layer causes burning and melting
of the surface layer followed by creation of surface tensile stresses. This process is re-
ferred to as Laser Peening without Coating (LPwC). It was shown, however, that the
tensile stresses can be minimized when using low energy pulses with high pulse den-
sity [108]. A unique aspect of the LPwC process, often associated with the previously
mentioned negative effects, is the creation of a modified oxide layer on top of the treated
material. Aluminium surface in aqueous environments naturally forms a thin oxide pas-
sive layer that hinders the corrosion processes. A hypothesis is put forward where the
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modified oxide layer created by LPwC could fulfil a similar role in a more aggressive sea
water environment.

To the author’s knowledge, very few studies touched the subject of the effect of LSP
on IGC and IGSCC of AA5083. H. Mattern in her thesis [9] investigated the effect of
laser peening on SCC in metal-inert-gas welds of AA5083 in corrosive 3.5% NaCl envi-
ronement. Although the slow strain rate tests showed a systematic increase in maximum
stress applied with increasing LSP intensity, the fracture surfaces of the laser peened and
control weld samples all showed primarily ductile failure without any evidence of SCC.
Without any prolonged sensitization, she concludes that the heating associated with the
welding process may not have been sufficient to sensitize the tested specimens. The sec-
ond work is by Tsao [109] with a focus on the effect of LSP on dislocation morphology
and microstructural evolution of AA5083-H116 after LSP supported by FE modelling.

1.7 Corrosion fatigue

While significant attention in the literature was paid to investigating IGSCC behaviour
of the 5xxx aluminium alloys, only a limited number of studies have investigated the
effects of corrosion fatigue (CF) in aggressive marine environments [19, 20, 21]. CF refers
to the process in which a metal fractures prematurely under conditions of simultaneous
corrosion and repeated cyclic loading at lower stress levels or fewer cycles than would
be required to cause fatigue of that metal in the absence of the corrosive environment.
In this case, the fatigue loading is introduced by wind and wave motion, ship machinery
vibrations, thermal expansion, and contraction and operational loading events [23, 24].
The fatigue process is thought to cause rupture of the protective passive film, upon which
corrosion is accelerated.

CF behaviour is dependent on the interactions among loading, environmental, and
metallurgical factors although less stress is put on the state of the material which in the
IGSCC case plays a critical role. For a given material, the fatigue strength (or fatigue life
at a given maximum stress value) generally decreases in the presence of an aggressive
environment. For the majority of engineering alloys, the fatigue limit or fatigue strength
refers to the stress level below which failure does not occur within a specified number of
cycles, usually 107 or 108 cycles. A typical S-N graph which plots stress level against the
number of cycles is shown in Fig. 1.23.

Figure 1.23: Corrosion fatigue S-N curve.
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The fatigue fracture is brittle and the cracks are most often transgranular [110] al-
though intergranular cracks are not uncommon [111, 112] especially when the alloy is
sensitized [113, 114]. The corrosive environment can cause a faster crack growth and/or
crack growth at a lower tension level than in dry air. Even relatively mild corrosive at-
mospheres can reduce the fatigue strength of aluminium structures considerably, down
to 75 to 25% of the fatigue strength in dry air. No metal is immune from some reduction
of its resistance to cyclic stressing if the metal is in a corrosive environment.

CF can be prevented through:

1. Reducing the fatigue by minimizing vibration and pressure fluctuation

2. Reducing the corrosion by using high-performance alloys resistant to corrosion fa-
tigue

3. Reducing the corrosion by using coatings and inhibitors to delay the initiation of
corrosion fatigue cracks

This work’s LSP approach falls primarily into the second category which in this case
means making the alloy more fatigue resistant by inducing compressive residual stresses
in the critical area. Increasing fatigue life is the primary application of the LSP pro-
cess and there are numerous studies covering its beneficial effects on various materials.
Furthermore, similar to the goals regarding IGSCC, the impact of LSP on the surface film
will be investigated where affecting the pitting behaviour could have a significant impact
on the crack initiation sites. This approach would then fall into the third CF prevention
category.
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Chapter 2

Laser Shock Peening process

2.1 Nanosecond laser pulse interaction with matter

2.1.1 Light propagation in materials

When a laser pulse strikes a surface of a material, a portion of it will be reflected from
the interface due to discontinuity in the index of refraction and the rest will be transmit-
ted into the material. The fraction of incident power that is reflected from the surface,
denoted by reflectance R, and transmitted into the material, denoted by transmittance T ,
can be calculated from the Fresnel equations which for normal angle of incidence are

R =
(
n1(λ)−n2(λ)
n1(λ) +n2(λ)

)2

, T = 1−R (2.1)

where n1 and n2 denote the real part of index of refraction for the two media. The index
of refraction is a function of laser wavelength λ which will be important later when the
influence of laser wavelength on the peening procedure will be discussed (2.5.2). Typical
values of R of metals in the infrared (IR) range for the normal incidence case are between
0.8 and 0.99 for a mirror finish of the surface [115]. Despite the high reflectance, even
smooth surfaces will be ablated as long as the laser fluence is high enough1. Fig. 2.1
shows reflectance of polished aluminium target when under various laser fluences [116].
We see that once the fluence threshold is reached, the reflectance drops sharply due to the
screening effect of plasma created on the surface (2.1.5). The laser light absorption is fur-
ther enhanced by surface nano and micro-dents present on the sample surface following
mechanical polishing and their local overheating.

An important factor significantly influencing the reflectance/transmittance not in-
cluded in the Fresnel approximation (2.1) is surface roughness. For light incident, nor-
mally (0o) or with a relatively small angle (30o), the laser absorption was found to in-
crease with roughness (rms slope) after the threshold for multiple (double) scattering
had been reached (Fig. 2.2a). The relation between the number of scattering events and
surface roughness is shown in Fig. 2.2b. The increase in absorption with roughness is
most pronounced for metals which are highly reflective in flat, smooth state. This is sim-
ply a consequence of diminishing returns where each new scattering point along a ray
path contributes less and less energy for absorption due to the limited amount of energy
available in the bundle.

Once inside the material, the light intensity decays with depth at a rate determined
by the material absorption coefficient α which is in general a function of temperature

1The same effect occurs when a mirror is burnt by a laser pulse due to a random hot spot in the laser
spatial profile.
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Figure 2.1: Hemispherical total reflectance of aluminium as function of laser fluence for
ablation in 1-atm air and in vacuum [116].

Figure 2.2: (a) Ratios of the absorptions of rough and smooth surfaces for normally inci-
dent light shown as a function of slope roughness (where σ is the rms height and τ the
correlation length) for various metals (the number after the atomic symbol indicates the
wavelength of the light involved) [117]. (b) The average number of scattering events per
incident ray as a function of the rms slope roughness for different angles of incidence
[117].

and wavelength. For constant α, the light intensity decays exponentially with depth z
according to the Beer-Lambert law

I(z) = T I0e
−αz (2.2)

where I0 denotes the light intensity before the reflection loss is accounted for. It is useful
to define the optical penetration depth as δ = 1/α, which denotes the depth at which the
light intensity drops to 1/e of its initial value at the interface. For metals, the optical
penetration depth also known as ’skin depth’ can be calculated as [118].

δ = 1/
√
πµf σ0 (2.3)

where µ is the magnetic permeability, σ0 is the electrical conductivity and f is the elec-
tromagnetic wave frequency. Typical values for visible and near infrared wavelengths
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are around 10-20 nm. The absorption in metals therefore takes place only in a very thin
layer on the material surface, hence the name skin effect.

2.1.2 Laser pulse absorption in material

For relatively low laser intensities2 associated with nanosecond pulses (108-1011 W/cm2),
the optical absorption in metals is dominated by free electrons through the collisional
absorption mechanism, also known as inverse bremsstrahlung. Regular bremsstrahlung
(Fig. 2.3a) is an electromagnetic radiation produced when a charged particle gets deceler-
ated when deflected by another charged particle, typically an electron being deflected by
an atomic nucleus. Since energy during the process must be conserved, the electron loses
kinetic energy at the expense of a radiated photon. The energy of the radiated photon is
hν = ε1 − ε2 where h denotes the Planck constant, f frequency and ε1 and ε2 the electron
energies before and after the collision, respectively. Inverse bremsstrahlung (Fig. 2.3b)
is an opposite process when an electron absorbs a photon while colliding with another
ion or electron. The electron gets accelerated and spreads its newly acquired kinetic en-
ergy among other particles, in this case lattice phonons, by means of ordinary Coulomb
collisions (thermalization)3.

Figure 2.3: (a) Bremsstrahlung: an electron with energy ε1 and velocity ~v1 emits a pho-
ton with energy hν = ε1 − ε2 as a result of deceleration in the ion field. (b) Inverse
bremsstrahlung: an electron is accelerated by a photon absorption and spreads its newly
acquired energy among other plasma particles.

A simpler way to think of inverse bremsstrahlung is to consider the motion of an
electron in the oscillating field of an electromagnetic wave (incident laser beam). As the
electrons oscillate in this field, they collide with ions, thereby converting the directed
energy of the oscillation into the random energy of thermal motion. In other words, the
oscillating electrons correspond to a current induced in the plasma by the incident light
beam that then leads to resistive heating of the plasma due to charged particle (Coulomb)
collisions. In this way, the incident light energy is deposited in the form of increased
electron thermal energy. The rate of energy transfer between the electrons and ions νei
can be expressed through the collisional frequency formula [119]

2Low intensities in the context of ultrafast laser physics where the intensities of femtosecond pulses can
realistically reach up to 1021 W/cm2.

3In non-relativistic cases, energy loss of electrons to ions due to elastic Coulomb collisions dominates
over energy loss of electrons via bremsstrahlung. The absorbed energy thus stays in the material and is not
radiated back.
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νei =
3Z2e4ni lnΛ

8πε2
0m

2
ev

3
e

(2.4)

where Z denotes the ion charge state, e the electron charge, me the electron mass, ni the
ion density, ε0 the permitivity of vacuum, ve the electron velocity and lnΛ the Coulomb
logarithm which is a factor by which small angle collision are more effective than large
angle collisions. In case of insulators, there are no free electrons and the laser energy is
absorbed via excitation of electrons from valency bands into conduction bands or into
their vibration states. The electrons then interact with neighbouring atoms and convert
their energy into thermal energy.

The time it takes for the excited electronic states to transfer their energy to phonons
and thermalize depends on the material and on the specific mechanisms within the mate-
rials. For most metals, the thermalization time is in the order of tens of picoseconds. Typ-
ically, the electron relaxation time τe is much shorter than the ion heating time, τe � τi .
For a nanosecond laser pulse with a duration time τL, the condition τe � τi � τL is ful-
filled, which means that in the case of sufficiently long laser pulses, electrons and ions
can be considered reaching thermal equilibrium (Te = Ti) instantaneously. When the
laser-induced excitation rate is low in comparison to the thermalization rate, one can
consider the absorbed energy as being directly transformed into heat as the details of
the transient electronically excited states are not important. Such processes are called
photothermal (pyrolytic) and the material response can be treated in a purely thermal
way. Processing of materials or semiconductors with slow laser pulses (>ns) are typically
characterized in this way.

2.1.3 Ablation

Laser ablation is the process of direct removal of material from a solid surface when irra-
diated by sufficiently intense laser pulse4. In order for ablation to occur, a threshold laser
fluence needs to be exceeded which depends on the specific material properties, absorp-
tion mechanism, and laser pulse parameters. Typical threshold fluences for metals are 1
– 10 J/cm2, for inorganic insulators 0.5 – 2 J/cm2 and 0.1-1 J/cm2 for organic materials
[115]. At lower fluences, which are typical for ns pulses operated in air, photothermal
mechanisms for ablation include evaporation and sublimation. The energy absorption
rate is relatively slow when compared to the thermalization rate of most materials. That
means that part of the absorbed energy will be dissipated into the material as heat be-
fore the irradiated material is evaporated, causing melting around the ablated crater also
known as HAZ (Heat Affected Zone). This effect is most apparent in the ablation of met-
als due to their large thermal diffusiveness and low melting temperatures. The melting
effect can be avoided with shorter laser pulses (ps to fs) where all the laser energy gets de-
posited into the material before thermalization can take place. In that case, the process is
governed by photochemical ablation mechanisms such as direct ionization, electron-hole
plasmas formation, direct bond-breaking and Coulomb explosion [120]. The difference
in the ablation effect for ns and fs pulse is shown in Fig. 2.4b.

In all cases, the material removed from the irradiated zone is ejected in a highly di-
rected and dense vapour plume. At high laser intensities, the plume becomes ionized
and plasma is created (Fig. 2.4a). Due to their longer duration, ns pulses can interact
with the plasma plume which absorbs the incident light and shields the material surface
below. The thickness of material actually removed is therefore very low, in the order

4also possible with intense CW radiation
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Figure 2.4: (a) Ablation: Laser pulse (ns) vaporizes surface layer of material, ionizes the
ejected material and interacts with the created plasma plume. (b) Laser ablation of holes
drilled in a 100 µm thick steel foil with (1) 3.3 ns, 1 mJ, and F = 4.2 J/cm2 and (2) 200 fs,
120 µJ, F = 0.5 J/cm2 laser pulses at 780 nm [121].

of µm. For instance, a 10 J pulse 30 ns long with intensity of 10 GW/cm2 will ablate 1
to 3 µm of surface material. The importance of the plasma absorption phenomena will
become clear in the following sections.

2.1.4 Ionization mechanisms

The ionization of a material by intense laser pulses can be generally divided into 2 stages:
the initial ionization and the subsequent avalanche ionization. Let us start with the sec-
ond stage. The basic mechanism of avalanche ionization can be written down as

e− +M + hν→ 2e− +M+ (2.5)

A free electron (e−) is accelerated by the inverse bremsstrahlung mechanism (hν) and
then interacts with an atom of a material (M), displacing a valency electron from its shell
and ionizing it. At the end, there is an ionized atom and 2 free electrons ready to continue
the process in a snowball fashion. However, the avalanche ionization process can only
start when there are some free electrons in the medium. In case of dielectrics, there are
no free electrons to begin with and the photon energy for the common wavelength of
1 µm, given by

Eph(eV ) =
1.2398
λ(µm)

(2.6)

is less than the ionization energy of most atoms. However, in case of very high photon
densities of intense laser pulses, multiphoton ionization can take place. The process can
be described by the following equation

M +mhν→ e− +M+ (2.7)

m photons are absorbed simultaneously with combined energy high enough to reach the
ionization energy of a given atom. Other explanations for the initial ionization include
the presence of impurities, and also a distortion of the atomic energy levels in the very
high intensity laser electric field that effectively lowers the ionization potential.
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2.1.5 Laser plasma interaction

An important parameter related to optical properties of plasma is the plasma frequency

ωp =

√
e2ne
ε0me

(2.8)

where ne denotes the electron density. We see that the plasma frequency is proportional
to density of free electrons in plasma. The dispersion relation of an electromagnetic wave
propagating in plasma for non-relativistic case5 is

ω2
L =ω2

p + k2c2 (2.9)

where ωL denotes the laser angular frequency, k the wave number and c the speed of
light.

Based on the dispersion relation (2.9), the plasma can be divided into 2 regions:
underdense and overdense. The underdense region is marked by low electron density
ne such that ωL > ωp. The wave number k in this case is real and the electromag-
netic wave can propagate through the plasma and deposit its energy through the inverse
bremsstrahlung mechanism. The depth at which the laser light propagates is determined
from the absorption coefficient [118]

κ = (2π)1/2
(16π

3

) e6

c (mekBTe)
3/2

lnΛ

ω2
L

√
1−

(
ωp/ωL

)2
(2.10)

where kB is the Boltzmann constant, and Te the electron temperature. Experiments show
sharp cut-off in target surface reflectance when critical laser fluence is reached (Fig. 2.1).
The critical fluence coincides with the moment of plasma creation, when the laser energy
starts getting strongly absorbed in the underdense plasma region.

In the overdense region, where ωL < ωp, k in (2.9) becomes imaginary and the elec-
tromagnetic wave cannot propagate. It can only penetrate into the plasma via skin effect.
The mechanism is the same as in the case of light absorption in metals where the elec-
trons in plasma are replaced by free electrons in the crystal lattice. From a more physical
point of view, the electron inertia is sufficient to keep the material current in phase with
the displacement current in the underdense region where the light frequency exceeds the
plasma frequency. In the overdense region, the light frequency is less than the plasma
frequency and the material current opposes the displacement current in the light field.
The wave is then not allowed to propagate. The critical electron density ne,crit marks
the boundary between the underdense and overdense region where ωL = ωp. It can be
derived from (2.8) as

ne,crit =
ε0me
e2 ω2

L =
(
1.11× 1021cm−3

)
λ−2
L (µm) (2.11)

At this electron density, the plasma behaves as a mirror (Fig. 2.5). The reflectance is high
and the absorption nearly zero. This effect is the basis of plasma mirrors which are used
to increase laser contrast in femtosecond pulses [123, 124].

During the absorption in the underdense region, it is mainly electrons that are accel-
erated due to their low inertia compared to ions. The energy transfer between electrons

5For the interaction to be treated relativistically, the laser intensities would have to exceed 1018 W/cm2

where the kinetic energy of the electrons oscillating in the electric field of the laser pulse is equal to their
rest energy [122].
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Figure 2.5: Incident laser light cannot propagate beyond the critical density which sepa-
rates the underdense and overdense plasma regions [125].

and ions by means of Coulomb collisions is not very efficient because the maximum part
of the electron energy that can be transferred to an ion is limited to 2me/mi . The energy
is transferred mostly to other cold electrons where the collisional frequency is νee = νei/Z.
The rate of energy transfer between electrons is therefore much faster than between elec-
trons and ions (by a factor of ∼ 104). As the laser intensity increases and ve → c, and
considering that νee ∼ v−3

e , the plasma becomes transparent for the fast electrons and
practically no collisions take place. This is another reason why lower intensity ns pulses
are preferred over ultrashort pulses since it is in our interest to transfer as much energy
into the plasma as possible. This will be shown in the analytical model calculations in
the next section.

2.2 Laser Shock Peening mechanism

LSP processing (Fig. 2.6) starts with the application of an opaque overlay on the material
surface. This layer is most often made of a black or aluminium tape or some kind of paint
which is easily applied and easily removed when the process is finished. This overlay has
2 primary roles. First, it serves as a sacrificial layer which protects the material surface
from heat effects such as melting and oxidation caused by heat diffusion from the target
area during the laser pulse absorption phase (2.1.2). The effect on the processed material
itself is then purely mechanical and can be treated as such. In special cases where no
protective coating is applied, the surface is exposed to various heat effects which has in
general a negative impact on the resultant characteristics. Secondly, the opaque layer
enhances the pressure transmitted to the underlying metallic material.

Next, the sample with the applied overlay layer is fixed in place and a transparent
confinement layer is placed on top of it. The most common type of confinement layer
in production processing is water since it is cheap, easily applicable, readily conforms
to most complex surface geometries and is easily removed. The water is usually applied
with some kind of adjustable nozzle which ensures that the flow is laminar and stable
in the target area. Other confinement media such as quartz or glass can also be used.
Despite producing better results than the water confinement does, these are limited only
to flat surfaces and must be replaced after every shot which is highly impractical in a
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Figure 2.6: Step by step description of the LSP process.

production setting.
The part is now ready to be treated. The laser system is triggered. Before the laser

pulse hits the target area, it is usually focused by a lens to a desired spot size. In more
advanced systems, the beam profile is imaged by more complex system of optics to pre-
vent beam profile distortion. The beam passes through the transparent confinement layer
and strikes the opaque overlay, immediately vaporizing its surface (2.1.3). The vapour is
trapped in the interface between the transparent and opaque overlays. As the pulse en-
ergy continues to be delivered, it rapidly heats and ionizes the vapour (2.1.4), converting
it into a rapidly expanding plasma plume. The plasma keeps getting heated (2.1.5) and
the sudden rise of pressure on the material surface due to the plasma expansion produces
a high amplitude shock wave which propagates into the material. Without a confinement
layer, the plasma plume would move away from the material surface and the resultant
pressure would be significantly lower.

If the amplitude of the pressure wave exceeds the Hugoniot Elastic Limit (HEL), i.e.
the dynamic yield strength of the material, the material is permanently plastically de-
formed during passage of the shock wave. As the wave propagates inside the material,
magnitude of the plastic strain decreases due to attenuation. When the pressure drops
below HEL, the plastic strain becomes zero and no more deformation takes place. Once
the shock wave passes, the material is left with a compressive residual stress gradient
created by the residual plastic strain. The residual stresses are usually highest on top of
or just below the surface and then steadily decrease penetrating up to a few millimeters
deep.

The post-process material characteristics such as surface roughness, residual stress
depth profile, hardness, corrosion resistance and microstructure are dependent on many
factors such as laser power density, pulse duration, wavelength, coverage, overlay mate-
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rial and thickness, confinement medium, sample geometry and many more. The effects
of individual factors will be discussed later in this chapter (2.5).

2.2.1 History of LSP

The first scientific discoveries directly leading to modern laser peening can be tracked
back to the beginning of 1960s, shortly after the discovery of laser itself by Maiman in
1960 [126], when the very first pulsed laser sources started to emerge. Early investiga-
tions documented the laser pulse interaction with materials leading to creation of pres-
sure on the material surface [127]. It turned out that the observed pressure was much
higher than what could be created by the force of the laser beam alone. Studies of the phe-
nomenon indicated that the high pressure is a result of a momentum impulse generated
by expanding plasma created by vaporization of material on a surface which is rapidly
heated by a short and intense laser pulse [128, 129]. In order to reach higher pressure,
it was necessary to increase the laser power density by focusing the beam. To prevent
dielectric breakdown of air (2.5.1), the interaction between the laser and material had to
be confined to a vacuum chamber which meant that only small a number of researchers
with sufficiently strong lasers were able to participate in the research [130, 131].

A major breakthrough occurred in 1970 when N.C. Anderholm discovered that much
higher plasma pressures can be achieved by confining the expanding plasma against the
target surface [2]. Rather than water which is most often used nowadays, Anderholm
used quartz glass which he firmly placed over the target surface. With the transparent
overlay in place, the laser beam passed right through it and created rapidly expanding
plasma on the material surface which was now confined within the interface between
the quartz overlay and the target surface. In this regime, the generated pressure was
increased by an order of magnitude into the GPa levels. This meant that laser peening
could now be performed in air without the need for a vacuum chamber. However, the
problem of scarcity of sufficiently strong and affordable laser sources still remained.

The first study regarding improvement of mechanical properties of metals was pub-
lished in 1972 by the researchers of Battelle Memorial Institute in Columbus, Ohio, USA.
The study reported on beneficial effects of laser generated shocks on tensile aluminium
samples using quartz overlay as plasma confinement medium [132]. More research in
Battelle followed which investigated the effects on materials in more detail and showed
the creation of deep compressive stresses inside the material accompanied by increase of
fatigue life caused by laser peening [133, 134, 135, 136, 137] 6. Eventually, Battelle was
the first to patent LSP in 1974 with additional patents filed subsequently.

During the initial stages of development, laser peening was severely hindered by con-
temporary laser technology available. The Battelle laser encompassed one large room
and was able to deliver laser pulses up to 500 J every few minutes at 1053 nm and 30 ns
pulse duration (FWHM) [133]. In order for LSP to become economically and industrially
viable, more time was needed for the laser technology to mature so that the laser sources
would become more compact while having higher repetition frequency at the same time.

The first potentially viable laser arrived in 1987 when Wagner Castings Company
approached Battelle with an interest to use LSP to improve fatigue properties of iron
castings and powder metallurgy parts. Development of a new more compact laser de-
sign with faster repetition rate was funded aiming to demonstrate commercial and in-
dustrial viability of the process. Having the pre-prototype laser ready, Wagner Castings
Company launched a marketing campaign to introduce LSP to potential industrial mar-

6Incidentally, large part for this thesis contains results acquired in 2018 in Ohio Centre for Laser Shock
Processing in Cincinnati which has very close ties to the Battelle Institute in Columbus.
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kets. In 1991, the U.S. Air force introduced the engineers of Battelle and Wagner to GE
Aviation, to discuss potential utilization of LSP when dealing with the problem of for-
eign object damage (FOD) with fan blades of the General Electric F101 engine which
propelled the Rockwell B-1B Lancer Bomber. The tests showed that after laser peening
severely notched blades had the same fatigue life as new blades [3, 138]. After further
development, GE Aviation licenced the LSP technology from Battelle and in 1998, in co-
operation with U. S. Air Force, GE has developed the industrialized production process
of the F101 fan blades and coined the phrase Laser Shock Peening using black tape as
an ablative medium. Prior to that, only black paint was used in Batelle and it was called
Laser Shock Processing. To meet the technical demand, part of the Battelle research team
in 1995 founded the LSP Technologies, Inc. to become the first commercial supplier of
laser peening systems.

With a major commercial breakthrough of LSP with the F101 engine blades treat-
ment, the laser peening technology attracted some attention around the world and sev-
eral LSP groups were created outside the USA. In the 1980s, it was the French group lead
by Remy Fabbro of the Ecole Polytechnique. Fabbro visited Battelle in 1986 and carried
on with research of his own [139]. The group made major contributions, both theoretical
and experimental, to the overall understanding of the overall LSP phenomena, especially
by investigating and modelling the shock wave propagation inside the target material
under various conditions using the VISAR measuring system [1, 140, 141]. In the mid
1990s, independent of the laser peening development in USA and France, Toshiba com-
pany in Japan initiated their own investigation, lead by Yuji Sano, into mitigation of stress
corrosion cracking of nuclear power plant pressure vessels. Their main contribution was
the development of laser peening without protective coating (LPwC) as the pressure ves-
sels had to be treated underwater where no coating could be easily applied [4]. Next,
it was the Spanish group at the Madrid Polytechnic University lead by J. Ocana, estab-
lished in the 90s. Their work encompassed both theoretical and experimental studies on
various metals using low energy laser pulses [142, 143]. Later on, more countries with
their own LSP programs such as China, Britain, Germany and several others joined in. In
the second half of the 1990s, Metal Improvement Company (now part of Curtis Wright
Surface Technologies) started cooperation with Lawrence Livermore National Laboratory
(LLNL) to develop its own laser peening capabilities. One of the first applications was
wing shape forming of Boeing 747-8 (Laser Forming). In Japan, Toshiba expanded its
commercial applications of its LPwC for pressurized water reactors. In 2002, they in-
cluded laser beam delivery via optical fibers which were connected with the underwater
laser head. The whole system was redesigned to be more compact, making it possible to
fit entirely into the pressure vessel [144]. Commercial use started in 2013.

Since its inception in the 1960s, the biggest obstacle laser peening faced on the way
to become commercially and industrially viable were the high production and operation
costs. Not only do the laser sources need to be compact and highly effective, they also
need to be very robust in order to withstand suboptimal work environment full of vibra-
tions and dust often with non-stop operational schedule. All these requirements add up
to a very complex high-tech system. Add to it low processing rates, manual labour, over-
lay application and high training costs and it is easy to understand why the development
of spread of the applications is relatively slow. At the beginning, the low processing rates
were compensated by targeting low volume, high cost components as was the case with
aerospace industry. In the 1990s and continuing through present day, the development
was aimed at decreasing costs and increasing throughput to reach markets outside the
expensive aeronautics parts. Numerous ongoing advancements addressing these chal-
lenges have reduced laser peening costs dramatically. The laser peening systems are now
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being designed to handle more robust operations, the pulse rates and pulse stability are
increasing and routine labour operations such as overlay application are increasingly au-
tomated. Thanks to these developments, more companies adopted laser peening to solve
and prevent specific manufacturing problems. Some of the companies are Rolls-Royce,
Siemens, Boeing, Pratt & Whitney, and others. More research groups are being created
in order to continue in this endeavour to make laser peening more industrially viable
and more widespread. HiLASE laser centre in the Czech Republic is one of these groups.
With its state-of-the-art laser systems, it is aiming to further advance the LSP knowledge
while looking for more affordable industrial applications.

2.2.2 Analytical model of the confined regime

The physical model presented here was proposed and developed by Fabbro et al. in 1990
[139] and since then has been accepted as a baseline for many experimental measure-
ments in confined regime both for solid and liquid confinement media. More rigorous
mathematical description including the plasma dynamic has been recently published by
Zhang in [118]. In Fabbro’s model, the process can be described in 3 steps:

1. Heating phase - laser is switched on and the laser pulse energy is being absorbed
at the interface between the target and the confinement medium. Plasma is created
and the generated pressure sets off 2 shock waves propagating into the target and
the confinement layer and an opening at the interface is formed.

2. Adiabatic cooling - laser is switched off and the plasma still maintains pressure.
As it continues to expand, the pressure decreases due to adiabatic cooling as the
opening increases.

3. Heated gas expansion - for longer times, after complete recombination of the plasma,
projectile like expansion of the heated gas inside the interface adds further mechan-
ical momentum to the target.

Figure 2.7: Geometry of the target assembly in confined ablation mode.

Let us now discuss these 3 steps in further detail. Fig. 2.7 shows schematic of the target
assembly. Only a 1-dimensional solution to the problem will be presented.
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Heating phase

The laser energy is absorbed at the interface between the target material and the transpar-
ent medium. Material in the affected zone is rapidly heated, vaporized, and ionized while
being confined against the target material as the blow-off effect is being suppressed. As
the pressure increases, two shock waves with velocities D1 and D2 propagating inside the
two materials are created and an opening of thickness L(t) forms on the interface. The
opening is the result of the fluid motion behind the 2 shock waves which can be written
as

L(t) =
∫ t

0
[u1(t) +u2(t)]dt (2.12)

where the velocities of the fluids are denoted by u1 and u2. The relation between the fluid
velocity and the pressure force is given by [145]

Pi = ρiDiui = Ziui (2.13)

where ρi , Di , and Zi are the density per unit surface, shock velocity and shock impedance
of a material, respectively. We will assume that Zi = ρiDi is constant. Equation (2.12) can
then be written as

dL(t)
dt

=
2
Z
P (t) (2.14)

where Z is the reduced shock impedance

Z =
2Z1Z2

Z1 +Z2
(2.15)

After the initial ablation phase the ongoing laser energy influx is being used to increase
the internal energy of the plasma inside the interface as well as to open the interface.
The laser energy deposited per unit surface I(t)dt, where I(t) is the laser power density,
is used to increases the plasma internal energy density Ei(t) (Joules per unit volume) per
unit area by d[Ei(t)L(t)] and as work of the pressure forces P (t)dL. The law of conserva-
tion of energy states

I(t) = P (t)
dL(t)

dt
+

d[Ei(t)L(t)]
dt

(2.16)

Only a constant fraction α of the plasma internal energy Ei(t) represents the thermal
energy ET (t) which is responsible for the actual pressure rise. The rest of the internal
energy (1 − α)Ei(t) is used for the ionization of the ablated, vaporized material. In the
ideal gas assumption, the pressure P is related to the thermal energy ET of the plasma by

P (t) =
2
3
ET (t) =

2
3
αEi(t) (2.17)

Substituting relation (2.17) into equation (2.16) gives

I(t) = P (t)
dL(t)

dt
+

3
2α

d[P (t)L(t)]
dt

(2.18)

We obtain a system of 2 coupled differential equations (2.14)(2.18). Next, we assume
the solution for I(t) and L(t) in the form of I(t) = Ata and L(t) = Btb. Substitution into
the equations and comparison of the exponential coefficients and constants gives the
following relations between the A, B, a and b coefficients:
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a = 2(b − 1) (2.19)

A = bB2Z
2

[
b+

3
2α

(2b − 1)
]

(2.20)

To obtain analytical solutions, we further assume constant laser power density I0 (a = 0
and A = I0) with duration τ and non-existence of the opening L(t) before the laser was
switched on (L(0) = 0). Finally, we obtain

P (GPa) = 0.01

√
α

2α + 3
×Z(g/cm2s)× I0(GW/cm2) (2.21)

L(t)(µm) =
2× 105

Z(g/cm2s)
× P (GPa)× τ(ns) (2.22)

We see that for the time of the pulse duration with constant intensity, the pressure P
in the interface opening is constant and the interface thickness L(t) is only linearly de-
pendent on the pulse duration. Moreover, equations (2.14) and (2.15) show that using
confining material with very high shock impedance can only increase the pressure by a
maximum factor of 1.41. Equations (2.21) and (2.22) do not explicitly contain depen-
dence on the laser wavelength or the overlay material besides the acoustic impedance.
All of these factors are, however, included in the α factor which can only be estimated
based on fitting of experimental results. Typical values of α are between 0.1 and 0.4.

Adiabatic cooling

This phase starts at time t = τ when the laser pulse is switched off. To simplify the fol-
lowing equations for cooling, we will neglect the heat losses to the walls of the interface
due to the short duration of the cooling process. The plasma will then experience an
adiabatic cooling for times t > τ described by the adiabatic condition

P V γ = constant (2.23)

where γ denotes the ratio of specific heats for the gas. In 1D approximation the equation
can be reduced to

P (t > τ) = P (τ)
(
L(τ)
L(t)

)γ
(2.24)

When coupled to equation (2.14), the evolution of L(t) will be

P (t > τ) = L(t)
(
1 +

(γ + 1)
τ

(t − τ)
)1/(γ+1)

(2.25)

Using equation (2.25) in equation (2.24) and considering that for ideal gas γ = 5/3, we
see for example that the pressure will drop to half of its original value in time t = 1.8τ .
This tells us, that unlike in the case of direct ablation mode which will be discussed later,
the pressure persists over a period much longer than of the laser pulse itself. We can also
conclude that the main pressure peak lasts about twice as long as the pulse duration. Let
us now see the effect on the impulse momentum delivered to the shockwave

J(t) =
∫ t

0
P (t)dt (2.26)
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Using equation (2.14) and the fact that the pressure P (0 < t < τ) = constant, we obtain
from (2.26)

J(t) = Z
L(t)

2
=
L(t)
L(τ)

∫ τ

0
P (t)dt =

L(t)
L(τ)

P (τ)τ =
L(t)
L(τ)

J(τ) (2.27)

As an example, we can now see that when the pressure drops by an order of magnitude
in time t = 15.7τ (2.24) accompanied by the increase of interface thickness L(t)/L(τ) by
a factor of 4 (2.25), the impulse momentum increases by the same factor. Later, it will
be shown that the impulse momentum is directly proportional to the plastically affected
depth of the material (2.39).

Heated gas expansion

Even after complete recombination of the plasma, the heated gas can still apply pressure
before reaching atmospheric pressure levels. Since the pressure is lower that the elastic
limit of the material, it can no longer cause plastic deformation and thus contribute to
the residual stresses. However, the additional momentum delivered to the target and the
confinement medium causes their macroscopic ’cannon-ball’ like acceleration. We can
estimate the effect by calculating the time it takes for the system to obtain its final ve-
locities and corresponding momentum in a laboratory frame. At time t1 which roughly
corresponds to the end of the previous cooling phase, the interface thickness is L1, the
pressure is P1 and the corresponding internal energy per unit surface in the gas is E1. Let
us assume that the internal energy is equal to the initial energy delivered by the laser
pulse decreased by energy dissipated in irreversible processes such as plastic deforma-
tion, heat conduction or lateral 2D expansion of the gas and others. The thickness of the
target and the confining medium is l1 and l2, respectively. The equation of motion for
the interface thickness can be written as

d2L(t)
dt2

= P (t)
(

1
m1

+
1
m2

)
(2.28)

wherem1,2 = ρ1,2l1,2. Combining equation (2.28) with equation (2.14) where τ is replaced
by t1 we can calculate the time it takes to reach 80% of the final velocity [139] as

t2 =
6.3√

P1

L1

(
1
m1

+
1
m2

)(
2

γ − 1

) (2.29)

In order to determine the final velocities of the target and the confining medium, we use
the equations for conservation of momentum and energy

E1 =
1
2
m1v

2
1 +

1
2
m2v

2
2 (2.30)

m1v1 =m2v2 (2.31)

where v1 and v2 are the sought after velocities, respectively. The impulse momentum J1
delivered during the process to the target and the confinement layer can then be derived
as
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J1,2 =m1,2v1,2 =

√√√√√√√√√
2E1

 m1,2

1 +
m1,2

m2,1

 (2.32)

2.2.3 Direct ablation mode

In the direct ablation mode, there is no confinement layer on top of the irradiated ma-
terial. The pressure dependency on the laser intensity within the range of 109 − 1012

W/cm2 can be estimated by an empirical relation [146]

Pd(GPa) = 0.393× I0.7(GW/cm2)×λ−0.3(µm)× τ−0.15(ns) (2.33)

Let us now compare the pressures from relations (2.21) and (2.33) for the intensity range
of 1-100 GW/cm2. The laser wavelength is 1.06 µm with a 10 ns pulse duration, the
confinement medium is water with Z = 1.7 × 106 g/cm2s and we assume α = 0.1. The
ratio P (τ))/Pd then varies from 3.3-8.3 where the lower end is associated with the upper
end of laser intensities and vice versa. For the typical laser intensity values in the order of
GW/cm2, the pressures generated in confined regime are nearly an order of magnitude
greater than in direct ablation.

The second major difference between the two modes is related to the duration of
applied plasma pressure. In the direct ablation mode, the pressure follows the temporal
laser pulse profile due to very fast plasma expansion. In the confined mode, however, the
pressure persists even after the laser is switched off during the adiabatic cooling phase
as the plasma keeps opening the interface. As was shown before, the main pressure peak
lasts about twice as long as the pulse duration. The mechanical impulse momentum
transmitted to the target is then twice as much. Achieving the same effect in the direct
ablation mode would require much higher laser intensities which is only possible in vac-
uum due to dielectric breakdown in standard pressure atmosphere. A solution involving
vacuum is however not industrially feasible, at least for now.

2.2.4 Generation of residual stresses

Let us now move onto what happens inside the treated material itself when the outside
pressure is applied. The generation of residual stresses greatly depends on the process
parameters and usually follows a two-step sequence:

1. During the laser-matter interaction, the plasma expansion creates a uniaxial defor-
mation of the irradiated area and a dilation of the surface layers

2. After the pressure wave passes, the surrounding matter reacts to the deformed area
by generating the compressive stress field

The basic model to predict the mechanical effects induced by a short pressure pulse in
a semi-infinite body presented here was developed by Ballard et al. in 1991 [147]. The
model is based on several assumptions:

(a) shock waves propagating in a perfect elastic-plastic half space are longitudinal and
plane

(b) plastic strain follows a Von Mises plasticity criterion
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(c) the applied pressure is uniform on the impacted area

Using this model, one can determine the optimal process conditions for a specific elastic-
plastic material and the plastic strain and residual stress fields induced by the impact
pressure.

Materials undergo plastic deformations when subjected to strong shocks. The point
where a material transitions from a purely elastic state to an elastic-plastic state is called
the Hugoniot elastic limit (HEL). The pressure where the transition takes place is denoted
by

HEL =
1− ν

1− 2ν
σDY (2.34)

where σDY is the compressive yield strength at high strain rate and ν is the Poisson’s ratio7.
The deformation process can then be divided into 3 steps:

1. P < HEL, no plastification occurs

2. HEL < P < 2HEL, plastic strain occurs with a purely elastic reverse strain

3. 2HEL < P , elastic reverse strain gets saturated to 2HEL and plastic strain occurs.
At this point, only detrimental superficial deformation effects occur

The process then follows the same chronological order of events. First, elastic deforma-
tion occurs, then a plastic one followed by an elastic release and a plastic ultimate release
(Fig. 2.8). In order to cause maximum surface plastic strain while at the same time avoid-
ing the additional superficial deformation effects, materials should be optimally treated
with stresses in the 2− 2.5HEL range.

Figure 2.8: (a) Plastic deformation induced by LSP as a function of peak pressure where λ
and µ are the Lame constants [147], (b) tensile stretching of the impacted area during the
laser interaction [148], (c) reaction of the surrounding matter after the laser is switched
off induces a compressive stress field [148].

Assuming biaxial (no shearing effects) and isotropic residual stress field and no initial
residual stress, the surface residual stress for circular (radius r) and square (side a) laser
spot geometries is given by [1, 149]

circularspot : σsurf = σDY

[
1− 4

√
2

π
(1 + ν)

Lp
r

√
2
]

(2.35)

7ratio of transverse contraction strain to longitudinal extension strain in the direction of stretching force
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squarespot : σsurf = σDY

[
1− 4

√
2

π
(1 + ν)

Lp
a

]
(2.36)

where Lp is the plastically affected depth. An initial residual stress σ0 modifies HEL of
the base material and it also changes the induced residual stresses to [1]

circularspot : σsurf = σ0 − (σDY + σ0)
[
1− 4

√
2

π
(1 + ν)

Lp
r

√
2
]

(2.37)

squarespot : σsurf = σ0 − (σDY + σ0)
[
1− 4

√
2

π
(1 + ν)

Lp
a

]
(2.38)

If there is a compressive residual stress state in the base material, the plastification
threshold of the material tends to increase under a laser-shock loading and allows reach-
ing higher residual stress levels. The opposite effect can be associated with initial tensile
stress.

The previous equations contain the term Lp which denotes the depth of the plastic
deformation. The depth depends on given shock conditions (P and τ) and given material
(HEL). It is also directly related to the dimple size which is left after the laser impact.
For a Gaussian pressure profile induced by a laser pulse, the estimation of Lp then is [1]

Lp =
CelCplτ

(Cel −Cpl)
P

2HEL
(2.39)

where Cel and Cpl are the elastic and plastic velocities, respectively. The estimation has
been calculated with the assumption that the plastic deformation occurs only to depths
where P > HEL. The model shows that the plastically affected depth is quasi-linearly
proportional to the pulse duration τ . Many experimental studies show that the affected
depths indeed increase both with P and τ but in case of τ to a much lesser extent than
the model predicts.

These inconsistencies can be mostly attributed to the 1D planer geometry approxi-
mation of the model. The model does not account for the propagation of release waves
as a consequence of the finite impact geometry. The phenomenon can be described as
follows. At time t = 0, the plasma pressure is applied to the material which creates a
plane longitudinal wave at the surface. The wave propagates along the surface normal
and induces plastic deformation. At the same time, release waves are generated at the
border of the impact. These waves are of two types: a longitudinal F wave corresponding
to an edge effect due to the impossibility of a discontinuity existing between the inner
and the outer sides of the impact. The second transverse wave S is created by shear oc-
curring at the edge of the impact. The S wave forms a Rayleigh wave whose longitudinal
component gets focused at the centre of the impact zone. The resulting plastification may
suppress the plastic deformation from the initial longitudinal wave in the centre of the
created dimple. After the Rayleigh wave passes, the underlaying matter reacts against
the deformation of the affected layer and creates tensile stresses. As a consequence, a
stress drop appears in the middle of the dimple (Fig. 2.9). In practice, the residual stress
drop can be countered by overlapping of the laser spots.

The mechanical effects predicted by this planar model in terms of plastically affected
depth Lp and surface residual stress σsurf are summarized in Table 2.1
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Figure 2.9: Residual stresses induced by a single laser impact on aluminium alloy 2050-
T8 at I0 = 3.5 GW/cm2. Experiments versus simulation at impact pressures P0 = 2 and 3
GPa [150].

Table 2.1: Influence of both laser impact (P -impact pressure, τ-laser pulse duration,
a-spot size) and target (σDY -dynamic yield strength) parameters on mechanical surface
states induced (εp-plastic strain, σres-residual stress, Lp-plastically affected depth) [1].
Legend: + increase; ++ large increase; − decrease; and = no effect.

2.3 Influence of processing parameters

2.3.1 Protective overlay

The importance of the protective overlay to the LSP process has been recognized soon
during the initial development in the 1970s [137, 151]. Since the early works, many
different coatings have been used. These coatings can be metallic or organic paints or
adhesives. The influence of the protective overlay on the process is threefold:

1. Protection of the underlying material from thermal effects resulting from the laser
irradiation

2. Acoustic impedance mismatch can increase the pressure transmitted to the under-
lying metal

3. Enhancement of the laser absorption

The first effect is probably the most important as it has large consequences for the re-
sultant residual stresses. As was noted in (2.1.3), during the laser-material interaction
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in the GW/cm2 range, the energy deposition and the following ablation phenomenon
occur only on a few micrometers of depth. The heat penetration depth ranges between
10 and 20 µm [149]. Therefore, if the protective layer is thick enough, thermal effects on
the metallic underlying substrate are suppressed and the target experiences only pure
mechanical loading. With no overlay, thermal effects dominate. As the heated zone is
compressively plastified by the surrounding material during its dilation, it produces ten-
sile residual stresses after cooling. The effects can be observed in Fig. 2.10b where the
stresses are tensile near the surface when no overlay was applied. Furthermore, the over-
lay tends to move the stress profile towards the surface Fig. 2.10a which has positive
effects on fatigue properties in general.

Figure 2.10: (a) Residual stress distribution induced by LSP in 6061-T6 samples with
and without protective coating using a water jet arrangement [152]. (b) Average residual
stress values determined at the surface of notched fatigue samples with different LSP
conditions at 5 GW/cm2 in the water-confining regime [149].

Fabbro et al. [1] studied the influence of various overlay materials on the peak pres-
sure developed during the process. The coatings were thick enough to avoid complete
ablation but thin enough to minimize impedance mismatch effects. All the materials,
except for copper, probably due to lower laser absorption, show that the laser induced
pressure is quite independent on the nature of the target material. This suggests that
the plasma is primarily composed of the confining layer material which in this case is
water as it is the only element common for all the measurements. A possible explanation
could be that after establishment of some free electrons during the initial ablation phase
through the multiphoton ionization process, the avalanche ionisation in the water takes
over as water has lower ionization potential than the overlay material. Thus the plasma
is primarily composed of the confining medium elements regardless of the overlay mate-
rial. Benavides et al. [116] tried to explain this effect by suggesting that the fast electrons
originate from thermally isolated surface micro and nanodefects of the irradiated mate-
rial which are heated much faster than the rest of the surface. These hot spots then ther-
moionically emit the free electrons which trigger the avalanche ionization effect in the
surrounding medium, causing its optical breakdown. Vorobyev et al. [153] report that
the optical breakdown of air near metal surface results in a significant thermal energy
transfer from the air plasma to the metal surface. On the contrary, there is no noticeable
thermal energy transfer to the sample from the plasma in vacuum. This ‘plasma assisted
etching’ due to enhanced thermal coupling also explains why the fluence threshold of
plasma creation in vacuum is larger than in air (Fig. 2.1).
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The second beneficial effect of the overlay can be considered more of a side-effect
of the necessity of having a protective overlay in the first place. A mismatch in the
acoustic impedance Z between the confining can increase the induced stress. By us-
ing thicker coatings with low Z compared to the base material, much higher pressure
than the plasma pressure can be achieved inside the material. This phenomenon is for
instance promoted in the cases when steel samples are protected by Al-based coatings.
Fig. 2.11b shows an example of a 316 steel covered with a 100 µm thick Al-based coating
[1, 149]. One can see that the peak pressures obtained with bare steel are very similar to
those obtained with aluminium. However, the pressures are about 50% increased when
the coating is used. As a result, lower power density can be used to achieve similar in-
duced stress as compared to when no coating is used. However, such protective overlays
must have very good adhesive properties to prevent spallation [154], especially in cumu-
lative shock loadings. Spallation is a phenomenon when the overlay gets detached from
the base material during the laser impact. This results into non-ideal shock wave cou-
pling as well as very often thermal damage to the base material. Also, once the overlay is
compromised, more spallation usually follows in the surrounding area especially when
the laser pulse density is high.

Figure 2.11: (a) Peak pressures obtained for different target materials for laser intensities
1 and 4 GW/cm2 [1]. (b) Peak pressure levels induced by LSP on 200 µm 316L foils
influenced by Al-based protective coatings [1].

The last effect has to do with the laser absorption efficiency. In the ablation section
(2.1.3), we spoke about the threshold fluences that are necessary to ablate the irradiated
material which leads to plasma formation and strong laser absorption (Fig. 2.1). Typical
laser fluences for metals are in the range of 1-10 J/cm2. As an example, let us take a 10
ns laser pulse with 10 GW/cm2 intensity. Considering the fluence range, it takes 1-10 %
of the total pulse energy to reach the point of plasma breakdown. With highly reflecting
surfaces, the effect can be even stronger as can be observed in Fig. 2.11a in the case of
copper which has very high reflectance compared to other metals. In order to prevent the
energy losses, the protective coating is often opaque. Having low reflectance, the plasma
is formed much sooner and the laser energy conversion efficiency is higher. Despite being
highly reflective, some of the overlay types such as aluminium are still used. The reason
for that is first, because of the impedance mismatch effect and second, because metallic
tapes tend to withstand higher laser fluences than organic materials, making them more
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suitable for applications with high pulse densities without the need to be replaced during
the process.

No protective overlay

LSP is also possible without the protective overlay. The process is then called Laser Peen-
ing without Coating (LPwC). The idea emerged when classical peening with protective
overlay was not applicable in certain situations such as treatment of pressure vessels in
nuclear power plants [155]. These vessels are permanently under water which makes
it impossible to apply the coating. As we discussed in the previous section (2.3.1), the
absence of protective coating causes temperature rise in the material surface resulting
in tensile residual stresses (Fig. 2.10b). However, studies showed that it is possible to
obtain compressive residual stresses without protective coating when lower power den-
sities, high pulse densities and shorter pulse durations are used [4, 156, 157, 158]. An
example is shown in Fig. 2.12a. Typical process parameters for Laser Peening with and
without protective coating are summarized in Table 2.2.

Figure 2.12: (a) Residual stress depth profile of tool steel (JIS SKD61) after LPwC with
low pulse energies and high pulse densities used [4]. (b) Surface roughness after vari-
ous surface treatments in Ti–2.5Cu (EP = electropolishing, BB = ball-burnishing, USP =
ultrasonic shot peening, SP = shot peening) [159].

Table 2.2: Typical laser parameters for LSP with and without protective overlay.

Surface vaporization and melting is still induced by LPwC even with much smaller
power and shorter pulse duration compared to LSP. This leads to resolidification of
droplets leading to increase of surface roughness [159, 160]. Other methods such as
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shot peening, ball burnishing and ultrasonic impact peening usually introduce rough-
ness smaller in magnitude than LPwC as shown in Fig. 2.12b. This rougher surface
associated with LPwC may lead to more significant deterioration in resistance to fatigue-
crack initiation and corresponding fatigue life than that with the other treatments.

Another side-effect of the underwater environment is that the most commonly used
wavelength can no longer be used or with very little effectiveness. This is due to strong
absorption of the near IR wavelength of Nd:YAG laser (1064 nm) in water. The effect is
not significant when only a thin confining layer of water of a few mm is used and the
rest of the space between the treated sample and the beam delivery optics is air which
is almost 100% transparent. But when a significant part of the space is occupied by
water, the absorption becomes non-negligible8. The most common solution is frequency
doubling of the Nd:YAG laser producing the 532 nm of green light which is less absorbed
by water (Fig. 2.13) [161]. The process is referred to as second harmonic generation
(SHG).

Figure 2.13: Liquid water absorption spectrum across a wide wavelength range [161].

2.4 Confinement medium

The introduction of the confinement regime in 1970 was a breakthrough in the LSP tech-
nology. It removed the necessity of the interaction taking place in vacuum and opened
many real application possibilities. The crucial role of the confining medium is prolong-
ing of the pressure effect created in the laser-matter interaction which consequently leads
to more plastic deformation and higher residual stresses. As the plasma is trapped be-
tween the target and the overlaying water, the peak pressure level can be increased by a
factor of 10 and pressure duration by a factor of 3 compared with direct ablation mode.
Fig. 2.14 illustrates that the pressure decay is also much slower when compared to the
laser pulse temporal shape.

Various types of confining media have been tried, both solid state and liquids. Among
the most common solid state media are BK7 glass [162, 163, 164] and quartz [133]. These

8Beam dumps of high-power near IR lasers are often externally cooled vessels filled with water which
fully absorbs the laser pulse.
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Figure 2.14: Gaussian laser pulse and resulting pressure pulse submitted to the target
[148].

media were used especially in the early years of LSP when high energy (∼50 J) low fre-
quency (∼0.1 Hz) laser pulses have been used. Also, BK7 has a higher shock impedance
and larger breakdown threshold than the commonly used water. The reason for the de-
crease in utility nowadays is because these types of confining media are not reusable as
they often take optical damage from the laser impact. This makes the process rather
slow, especially with the high frequency lasers (∼20 Hz) which we have at our disposal
today. Among the liquid confining media used are water and silicon oil [162] with water
being the most commonly used confining medium nowadays. There are several reasons
for that. First, water is very easy to work with and can be easily delivered to the treated
sample. Second, it self-replaces itself due to its constant flow, taking away any debris
from the sacrificial layer. Third, it is suitable for peening complex non-flat geometries.
And four, its density and acoustic impedance is compatible with most materials.

Generally, the choice of confining medium depends on the density and speed of sound
in the target which is related to the reduced acoustic impedance given in equation (2.15).
An instance when water as a confining layer is not suitable may arise due to its low
evaporation point when the treatment is done at higher temperatures. In such case, the
silicon oil is more suitable choice. In some cases, no confining layer is used when the
laser intensity is too large and would case optical breakdown of the confining medium
[165, 166].

2.5 Influence of laser parameters

2.5.1 Power density

We have mentioned earlier that the LSP process comprises a large amount of process-
ing variables. Some of these variables such as laser wavelength and pulse duration are
often fixed on one or a few discrete settings based on the laser system used. The main
adjustable laser parameter then becomes laser power density defined as
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I(GW/cm2) =
E(J)

τ(ns)×A(cm2)
(2.40)

where E denotes the laser pulse energy, τ the pulse duration and A the spot size. As-
suming that the pulse duration is fixed, there are generally 2 ways to change the power
density. Either by changing the pulse energy or by changing the spot size. The former
can be done either by attenuator or by varying the delay between the laser signal pulse
and the pump and the latter can be done via changing the distance between the laser
focusing element and the sample.

In order to create residual stresses, the pressure has to exceed the dynamic yield
strength σDY of the material to cause plastic deformation at the surface. Opposite to
that, the pressure cannot exceed the dynamic ultimate tensile strength of the metal σDU to
prevent spallation which leads to dramatic reduction of fatigue life of materials [167, 168,
169]. The reason for this reduction is the formation of internal cracks in the specimens
during the laser treatment which act as large crack initiators and are larger than any
surface discontinuities. Thus we have for the pressure [163]

2σDY < P < 2σDU (2.41)

Using equations (2.41) and (2.21), we obtain the optimal power density

4(2α + 3)
α

(σDY )2

Z
< I <

4(2α + 3)
α

(σDU )2

Z
(2.42)

Dielectric breakdown

In addition to the just mentioned hard upper power density limit which is imposed by the
material, there is another soft restriction which is imposed by the laser-matter interaction
dynamics. The phenomenon is referred to as dielectric breakdown and occurs when
the power density exceeds certain threshold, usually around 5-8 GW/cm2. During the
breakdown, a parasitic plasma is prematurely created further from the target surface
and acts as a screening to the laser pulse. This limits the amount of energy that actually
reaches the target behind.

As mentioned earlier (2.1.4), there are two mechanisms which lead to plasma forma-
tion – multiphoton ionization (MPI) and avalanche ionization (AI). The latter requires
one or more free electrons in the focal volume9 to get going which can be supplied ei-
ther by the MPI process or by thermal ionization of absorbing impurities. One can speak
of dielectric breakdown when the free electron density exceeds 1018 − 1020 cm−3. The
breakdown eventually happens in every medium as long as there are atoms present. The
difference between various media such as air, water, glass, etc. is the power density at
which the breakdown occurs. The phenomenon is of big importance in high peak power
laser science where damage caused by the laser pulses to the optics is a common occur-
rence and is referred to as Laser Induced Damage Threshold (LIDT). Fig. 2.15 shows an
example of an optical element damaged by high intensity laser pulse.

In order to determine the irradiance required to cause the optical breakdown, one
needs to solve the rate equation which describes the free electron density evolution [163]

9Very often in laser science, it is necessary for the laser beam to go through focus (e.g. relay imaging)
without being distorted by the optical breakdown of the medium. The focal point then has to be placed
into vacuum. It is also the same reason why the first LSP tests had to be conducted in vacuum chambers
before the invention of the confinement regime. The optical breakdown of air would occur before high
enough power density on the target could be achieved to produce the pressure necessary to cause plastic
deformation of the material.
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Figure 2.15: Laser induced optical damage in a laser window caused by high laser flu-
ence.

dne
dt

=
(
dne
dt

)
MP I

+ ηcascne − ηdif f ne − ηrecn2
e (2.43)

The first two terms on the right-hand side describe the electron generation through MPI
((dne/dt)MP I ) and AI (ηcascne), respectively. The third term accounts for the free electron
diffusion out of the focal volume (ηdif f ne) and the last term addresses recombination
(ηrecn

2
e ). Once the critical free electron density is reached, plasma is created and the laser

gets strongly absorbed10.
Let us now focus on the water confinement regime. Studies [1, 170, 151, 141] indicate

that the pressures generated by the laser impacts with respect to the power density follow
the trend set by the analytical model (2.21). Fig. 2.16a shows that the pressure rises with
the power density until a point of saturation is reached which coincides with the critical
power density when the breakdown plasma is formed. After that, the pressure no longer
rises and is kept constant as part of the laser pulse is shielded. The high variance in the
peak pressure after the critical power density is caused by the stochastic nature of the
exact moment when the breakdown plasma is formed.
Fig. 2.17 shows snapshots of the process which were taken by a frame camera with 5 ns
exposure time during the water confinement regime. At low power density
(< 2 GW/cm2), no plasma breakdown occurs (Fig. 2.17a). At higher power densities,
the breakdown occurs at the outer water surface and the plasma at the sample-water
interface is switched off by the screening effect (Fig. 2.17b and 2.17c).

When the breakdown occurs, the laser pulse duration impinging on the target can be
considered as shortened (Fig. 2.18a). At high power densities which depend on the laser
pulse parameters and the confinement layer used, the breakdown happens before the
peak of the laser pulse is reached (Fig. 2.18b). Let us stick to our current example of 25
ns long laser pulses at 1064 nm and water confinement. In the 2-10 GW/cm2 range, the
maximum laser intensity reaches the target and the pressure is increasing (Fig. 2.16a).
As the power density keeps increasing and the plasma breakdown occurs, the shortened
laser pulse reaching the sample translates into shortened pressure wave propagating in-
side the material. The situation is covered in Fig. 2.16b, where 2 laser wavelengths of
1064 nm and 355 nm have been investigated. One can also see that the water breakdown
occurs sooner for the shorter wavelength which will be further discussed in the following
section (2.5.2).

10One can easily observe the screening effect of the plasma when a high intensity laser is focused in air
and the pulse energy is measured in a safe distance in front of and behind the laser focus. One will find out
that there is very little energy left from the original pulse as it gets shielded mid-air and the pulse energy is

62



Figure 2.16: (a) Peak pressure variation vs incident peak laser intensity in Al target con-
fined with water with 25 ns pulse duration. Continuous curve: analytical model given
by Eq. (2.21) with α = 0.3 [1]. (b) Variation of pulse pressure duration vs laser intensity
at 1064 nm and 355 nm (measured with VISAR) [1].

Figure 2.17: Examples of breakdown and confined plasma photographs obtained with a
frame camera. Horizontal bar represents the water surface. (a) I0 = 2 GW/cm2, obser-
vation time: at peak laser intensity. No plasma at water surface. (b) I0 = 28 GW/cm2,
observation time: in the laser rise time, before plasma breakdown. The water surface
plasma increases in luminosity. The confined plasma is still readily heated. (c) I0 = 28
GW/cm2, observation time: after breakdown. The outer plasma disappears, only an
outer ring remains [1].

In practice, the situation can be improved by artificially steepening of the pulse front.
The technique is called pulse slicing and is being employed by fast switching of Pockels
cells interacting with the polarized laser light. Slicing of the pulse front causes higher
power density to reach the target before the plasma breakdown occurs which in turn pro-
duces higher pressures inside the target. Fig. 2.19 shows peak pressure measurements
as a function of the power density for a water confinement mode and two different pulse

absorbed in the plasma via the inverse bremsstrahlung mechanism or it gets reflected.
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Figure 2.18: Plasma breakdown in the laser pulse time frame. (a) At low intensity, the
plasma breakdown occurs in the falling part of the incident laser pulse at time tbr . (b) At
high power density, the breakdown occurs in the rising part of the incident laser pulse.
The width of of the transmitted part of the laser pulse is marked τtrans [170].

temporal shapes: a classical Gaussian pulse and a sliced pulse with short rise time (SRT)
[171]. While the Gaussian unsliced pulses would cause pressure saturation at around 4
GW/cm2, the sliced pulses would saturate much later at 10 GW/cm2. The peak pressure
generated in the target material was thus larger with the sliced pulses. The effect is very
beneficial since higher pressure in the material causes higher residual stresses.

Figure 2.19: Peak pressure levels as a function of the peak power density for the water
confinement mode using Gaussian and short rise time (SRT) pulse shapes [148].

2.5.2 Wavelength

The most commonly used lasers in the LSP industry up to date are based on the Nd:YAG
solid state active medium which produces the fundamental wavelength of 1064 nm in the
near infrared spectrum (NIR). Other commonly used wavelengths in the visible spectrum
(VIS) are then acquired from this basic wavelength through second (SHG)[172] and third
harmonic generation (THG)[173] using non-linear crystals. The conversion efficiency for
SHG is usually capped at around 50-60% and at 30-40% for THG.
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The wavelength of the laser pulse has direct impact on the laser-matter interaction
in the LSP process. The effect in the confined regime can be characterized as two-fold.
First, it affects the pressure saturation level and second, it affects the pressure pulse du-
ration that propagates into the sample. Fig. 2.20a shows peak pressure measured against
the incident power density for four different wavelengths. The pressure reaches satu-
ration in all cases but the threshold power density and saturation pressure magnitude
decreases with wavelength. On the other hand, for intensities below threshold, shorter
wavelengths are slightly more efficient for pressure generation when compared to longer
ones despite the lower ability of shorter wavelength photons to be absorbed by inverse
bremsstrahlung. One of the reasons can be lower reflectance of the incident light but
this is highly dependent on the material or the protective coating. A more generally ap-
plicable explanation seems to be that lower wavelengths enhance the MPI process which
stands at the initial plasma creation which than absorbs the laser pulse and creates the
pressure due to its expansion (2.1.4). The very same MPI process at the water surface
however causes that the parasitic plasma breakdown occurs earlier with shorter wave-
lengths which limits the amount of energy that reaches the sample surface. In the case
of the very short wavelengths (here 308 nm), the recoil pressure produced cannot ex-
ceed 2.5-3 GPa. This limits the range of materials where such lasers can be used. If the
pressure is not high enough to cause the plastic deformation, no dislocations driving the
residual stresses will be created and the process has no beneficial effect [4, 155, 156].

Figure 2.20: (a) Peak pressure variation vs laser power density for laser wavelengths (and
duration) of 1064 (25 ns), 532 (25 ns), 355 (25 ns), and 308 nm (50 ns) [1]. (b) FWHM
(τp) of shock-wave profile from the VISAR material velocity measurements as a function
of power density for 1064 and 355 nm laser wavelengths [141].

Fig. 2.20b shows the shock-wave duration from the material velocity measurements
as a function of power density at 1064 nm and 355 nm. The incident laser pulse duration
was 25-30 ns. In both cases, the pressure pulse duration decreases as the power density
increases. But the decrease occurs sooner in UV than in IR and the drop in UV is sharper.
Thus the duration of a laser pulse irradiating the confined target is reduced when the
power density increases and stays shorter in UV than in IR at the same incident power
density. The reason is the plasma breakdown at the water surface which screens the laser
pulse and which occurs at lower power density at shorter wavelengths.

It seems that there is not much reason to use anything besides the fundamental
Nd:YAG laser wavelength of 1064 nm. Especially when one does not have to deal with
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the energy loss during the wavelength conversion processes. However, as we have already
mentioned in section (2.3.1), the fundamental wavelength is not suitable for underwater
peening due to its high absorption in water (Fig. 2.13). The choice of proper wave-
length is therefore governed by the specific application rather than by the material being
peened. An example of such application is the peening of nuclear power plants in Japan
which has to be performed underwater [4, 155, 156] or possibly peening of ship hulls to
prevent various corrosion effects which is one of the objectives of this thesis.

2.5.3 Pulse duration

Typical pulse durations used for LSP lie in the range of 1-100 ns. The reason for the
upper limit is that for too long pulses, the target will be thermally affected even when
protective overlay is used because the hot plasma will be sustained for too long and
transfer of heat will occur. Another reason is related to target thickness. The duration of
the pressure is directly related to the pulse duration. Usually, it is about 2-3 times longer
(Fig. 2.14). Longer lasting pressure means that the pressure wave will reach deeper
inside the target before being attenuated resulting in deeper residual stresses. When the
target is thin (a few mm), the pressure wave will get reflected at the other side of the
material, sending a refraction wave back inside the material, causing tensile stresses and
effectively lowering the efficiency of the process. If the pulse duration is too short (<0.1
ns), the laser pulse does not interact with the ablated material and the pressure effect of
the rapidly expanding plasma is absent [174]. In this regime, the material is effectively
ablated but no plastic deformations and thus residual stresses occurs. Fig. 2.21a shows
peak pressures generated versus the laser power density of 3 different pulse durations.
While the magnitude of the peak pressures is independent on the pulse duration, the
saturation pressure increases with shorter laser pulses.

Figure 2.21: (a) Peak pressure variation as a function of peak incident laser intensity for
laser pulse duration of 25, 10, and 0.6 ns [1]. (b) Plastically deformed depth as a function
of laser spot size and pressure duration [175].

Based on the analytical model (2.2.4), the pulse duration has a direct effect on the
plastically affected depth caused by the laser impacts since it affects the pressure wave
duration (2.39). The trend can be observed in Fig. 2.21b. One also needs to realize that
even if the dimple size increases, the surface residual stress remains constant or increases
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slightly [175].
It is interesting to note that experiments with femtosecond laser pulses to produce

laser driven shocks inside the material have also been performed [176]. Due to extremely
high power densities (∼PW/cm2), the experiments have to be conducted in a vacuum
chamber. In case of low energy femtosecond pulses and low power densities (∼GW/cm2),
no vacuum is needed [177, 178]. The pressure in these cases is generated by the ejected
material which causes compression of the material surface.

2.5.4 Multiple laser impacts and overlapping

It has been shown that multiple laser shocks have significant influence on improvement
of the residual stresses induced in the treated material [179, 180, 181, 148, 182, 150,
183]. It is due to the fact that the higher the number of impacts, the higher the plastic
deformation of the treated surface until a point of saturation is reached [184]. Fig. 2.22a
shows surface deformation of 2050-T3 and 2053-T8 aluminium alloys [150]. In one case
(T8), a decrease in depth per impact with the number impact loadings is found. In the
case of T3, the depth per impact exhibits constant value.

Figure 2.22: (a) Surface deformations induced by 1–6 laser impacts at I0 = 6 GW/cm2 (P0
= 4 GPa) on 2050-T8 alloy [150]. (b) Laser spot overlap.

Due to the high power density requirements (2.5.1) and limitations of available laser
systems, the effect of multiple impacts is often used in the form of overlapping to cover
larger areas. In classical SP, the coverage ratio is an important factor in optimizing the
generation of the residual stress fields. A similar effect also applies to LSP except that in
case of SP, the coverage rate is determined statistically while in the case of LSP, it can be
done precisely since one can control the exact position of every laser impact. The overlap
ratio can be calculated as

overlap ratio =
d −D
d

(2.44)

where d denotes the spot diameter (or in the case of square spot the square side) and D
is the distance between the centres of neighbouring spots as shown in Fig. 2.22b.

Investigations showed (Fig. 2.23) that an increase in the coverage ratio (number of
shots) leads to the residual stresses reaching deeper inside the material [1, 180, 148, 183].
This phenomenon may result from a purely elastic propagation of shock waves in the
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pre-stressed layers. These have already been plastically deformed meaning that the con-
secutive shocks are less attenuated and thus reach deeper inside the material. Overlap-
ping of the laser shots also helps to smoothen out the uneven residual stress distribution
produced by a single shot impact (Fig. 2.9) on larger treated areas. Investigations also
showed that there is a relatively uniform distribution of residual stresses across the over-
lapped regions after LSP. No indications of tensile residual stresses in the overlap region
has been reported.

Figure 2.23: (a) In-depth residual stress profiles by LSP on 35CD4 steel (10 Gw/cm2, 30
ns) showing the influence of the number of local impacts [1]. (b) Vickers measurement
of hardness induced by SP and LSP for 1, 3 and 6 laser impacts [182].

It was also reported that multiple laser impacts also have an influence on hardness of
the treated sample [182, 183]. Fig. 2.23b shows work hardening levels found by Vickers
microhardness tests. It is also worth noting that even though work hardening levels
increase with high laser intensities and numerous laser impacts, they remain smaller
than after SP treatment, indicating a lower yield strength for the laser peened surface.

2.5.5 Laser spot size

The first obvious effect the laser spot size has is that it directly determines the power
density. For a fixed laser pulse energy, one can change the power density simply by
changing the distance of the sample and the laser focusing optics as described in equation
(2.40). Similarly, by varying the lens distance and adjusting the laser pulse energy, one
can easily achieve various laser spot sizes with the same power density.

A second, less obvious effect can be observed in the pressure wave propagation. A
small diameter shock wave expands as a sphere which then attenuates at a rate of 1/r2

[185]. A larger diameter shock wave, however, behaves like a planar front and attenuates
at a rate 1/r. The situation is depicted in Fig. 2.24. The net result is that planar shock
waves propagate further into the material as less energy gets lost due to attenuation and
deeper compressive stresses are produced [186, 187].

Different spot sizes will also have an impact on the residual stress distribution within
the created dimple. Assuming uniform power density distribution, larger spots will pro-
duce more uniform stress fields than their smaller counterpart of the same power density.
Furthermore, the release waves which are generated on the laser impact boundaries will
be affected by the spot size (2.2.4).
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Figure 2.24: Pressure attenuation rate for small and large spot sizes.

2.5.6 Spatial beam profile and scanning strategy

The most commonly used spatial beam profile in the LSP process is circular profile11.
Nevertheless, studies have shown that using square shaped laser beam is superior and
yields better results [181, 188, 189, 190, 191, 192, 193]. It was observed that circular
spots in a single impact arrangement cause a pressure drop in the middle of the impact
area [150, 1]. The effect is much less pronounced in the case of square laser spots [181].
As we discussed in the previous section (2.5.4), non-uniform residual stresses caused
by singular laser impacts can be avoided by proper overlapping. But even if the laser
spots are sufficiently overlapped to cover the whole treated area, the total power density
distribution for the circular and square beam shape can never be made identical due to
the inherent geometrical restrictions. An example of 50% overlap and how it affects the
total power density distribution for the two spot shapes is shown in Fig. 2.25. While
every area is hit exactly 4 times in the case of the square spot, the total power density
distribution is more complicated in the case of circular spot. Obviously, the situation
will be different for different overlaps but the effect of square spots on higher uniformity
of local residual stresses remains.

When it comes to patterning strategy, there are 3 strategies that are generally used.
The first one is a simple zigzag pattern where the overlapping of neighbouring pulses
happens all in one take (Fig. 2.26a). This strategy is often employed in LPwC (2.3.1)
where no protective overlay is used or when the protective overlay is strong enough to
withstand multiple shots. Such an overlay can for instance be an aluminium tape. As a
result, this strategy is fast as the overlay does not need to be replaced during the process.
The second strategy in Fig. 2.26b is a scanning pattern similar to the zigzag one but all
the lines now start at the same side. This pattern is obviously slower but the advantage
here as that with correct timing, it is guaranteed that each line will be directly above
the previous lines with no horizontal offset between individual shots. The zigzag pattern
generally lacks this feature. The third strategy depicted in Fig. 2.26c relies on sequential
overlapping of several patterns (in this case 4) which are mutually shifted with respect to
one another to achieve the target overlap. Individual sequences have zero or very small
overlap in order to prevent the overlay disruption (i.e. black vinyl tape) and the overlay

11Typical lasers used for LSP are Q-switched and YAG crystal based. These crystals are in the shape of
elongated rods which give the generated beam its characteristic circular shape. The reason the crystals are
rod shaped is because they are easier to produce and they are also easier to uniformly pump using flash
lamps.
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Figure 2.25: Overlap ratio 50% for (a) square and (b) circular laser spots. The numbers
indicate how many times a particular area in the pattern was hit.

is replaced between each of the sequences. A common overlap used is 50%. This strategy
is more time consuming but the sample surface is protected against heat effects.

Figure 2.26: Scanning strategies: (a) zigzag pattern, (b) scanning pattern and (c) overlap-
ping of 4 mutually shifted sequences.

Even though the coverage and resultant pattern is the same with all three strategies,
studies show that the residual stress distribution varies as a result of different sequenc-
ing [194, 195]. The experimental and numerical results indicate that the zigzag and
scanning patterns cause a residual stress anisotropy as a collateral effect. It is also nu-
merically shown that using a random pattern significantly decreases the anisotropy [195].
From a practical point of view, however, using a random pattern algorithm has several
disadvantages. First, the whole treatment would take much longer as lower pulse repeti-
tion frequencies would have to be used with respect to the maximum sample movement
speed. Secondly, random patterning can cause local tearing (spallation) of the protective
tape when too many spots are randomly assigned on the same place. Such tears tend to
get larger as the peening continues which very often compromises the whole sample.
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Chapter 3

Experimental methods, procedures
and devices

This chapter covers the general experimental procedures as well as devices used through-
out the course of this work. The laser treatment of samples and subsequent analysis took
place partially in the laboratories of HiLASE laser centre in the Czech Republic and the
Mechanical and Materials Engineering Department at the University of Cincinnati (UC),
Ohio, USA.

3.1 Aluminium alloy 5083-H116

Due to its light-weight properties and the growth of fabrication processes, many indus-
tries seek to use aluminium as an alternative for steel in many applications. The me-
chanical properties of aluminium are derived from alloying elements such as copper,
manganese, silicon, magnesium, and zinc. The alloys are then categorized based on the
primary alloying element (Table 3.1). Additionally, aluminium can be cast or wrought.

Table 3.1: Aluminum wrought alloy series and its principal alloying element. Adapted
from [196].

The alloys are supplied in different tempers which can be divided into two princi-
pal groups of heat treatable and non heat treatable alloys. Heat treatable alloys whose
temper designation starts with T achieve their strength and mechanical properties via
heat treatment followed by cooling and natural or artificial ageing. On the contrary, non
heat treatable alloys whose designation starts with H acquire their strength and mechan-

71



ical properties through cold working (rolling, extruding, etc.). Cold working or strain
hardening is a process of making a metal harder and stronger through plastic defor-
mation. When a metal is plastically deformed, new dislocations are generated which
interact with each other, becoming pinned and tangled. The result is decrease in the dis-
location mobility and strengthening of the material. An important aspect of the process
is that sufficiently low temperature must be maintained so that the atoms cannot rear-
range themselves, thus cancelling the strengthening effect. Common tempers for non
heat treatable alloys are summarized in Table 3.2.

Table 3.2: Temper designations for strain hardened alloys. Adapted from [197].

The specific alloy used in this work is the AA5083-H116 with chemical composition
shown in Table 1.3. The testing material has been supplied by the Slim Fusina company
in the form of sheets 12" x 18" wide and 0.25" and 1" thick. In total, several 0.25" thick
plates have been used and one 1" plate. Since the Mg content is not strictly defined but
rather in a range of 4-4.9 Mg wt%, the exact Mg content may vary between individual
plates. As a result, slightly different Mg content dependent results may be obtained
which was accounted for by using carefully selected control groups from each plate. The
mechanical properties of AA5083-H116 are shown in Table 3.3.

Table 3.3: Mechanical properties of AA5083-H116 [198].
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3.2 Laser systems

A typical laser for the LSP process is based on the Nd:YAG or Nd:Glass solid state ac-
tive medium which is common for this type of high-energy nanosecond lasers. Com-
pared to ultra-short laser systems which generate pulses on the pico and femtosecond
scale, nanosecond systems are relatively simple and reliabe. The design consists of a
Q-switched resonator and several power amplifiers pumped either by flash lamps or re-
cently more common laser diodes. The lasers can either be single-pass or multi-pass and
depending on the cooling efficiency, they can generate average power from 10 W up to 1
kW.

3.2.1 Q-switching

Unlike CW lasers (Continuous Wave) where the resonator cavity losses are constant and
energy is released in a gradual manner, Q-switched laser utilize artificial cavity loss mod-
ulation with the result of energy being released in short powerful bursts1. At the start
of the process, the resonator losses are kept high. No lasing occurs due to the lack of
positive feedback from stimulated emission and energy from the external pumping is
being accumulated. The laser gain rises as the electron population inversion increases.
The amount of energy stored is only limited by spontaneous emission, amplified spon-
taneous emission (ASE)2 or simply by the pump energy available. The losses are then
abruptly lowered which leads to a quick build up of laser radiation in the resonator cav-
ity. The energy build up starts form spontaneous emission noise. As the energy rises,
the gains starts to be saturated. The peak of the pulse is reached when the gain becomes
equal to the current low resonator losses. As the rest of the stored energy is depleted, the
power drops and the cycle ends. The result is a short laser pulse with duration typically
in the nanosecond range (corresponding to several resonator round trips). The process is
depicted in Fig. 3.1.

Figure 3.1: Temporal evolution of gain and losses in an actively Q-switched laser [199].

1Resonator losses are directly linked to the Q factor (quality factor) of a resonator, hence the name Q-
switching.

2ASE is a process when a single pass through the high gain medium can generate strong laser pulse even
in the absence of a resonator. It is commonly used for example in generation of X-ray laser pulses where
the active medium is plasma generated either by high-voltage electrical discharge or secondary laser-matter
interaction.
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The sudden change in resonator losses can be achieved via passive or active means.
An example of passive Q-switching is a saturable absorber which changes its absorp-
tion with light intensity. When enough energy accumulates in the resonator cavity, the
absorber becomes semi-transparent for the radiation and fast build up follows. Active Q-
switching can be for instance achieved via rotating mirrors or very often using ultrafast
optical switching with Pockels cells [200]. In the Pockels cell configuration, the resonator
contains polarizer which rejects the light. When the cells are switched, the light polariza-
tion is abruptly changed by 90° and can now pass the polarizer. The pulse energy after
the resonator is typically in the mJ range and the short pulses are amplified further using
power amplifiers.

3.2.2 PowerLite Plus laser

Two laser system have been used for this work. The first one is the Powerlite Plus com-
mercial laser system manufactured by Amplitude [201] which is located in the UC labo-
ratory (Fig. 3.2).

Figure 3.2: Powerlite Plus laser system at UC.

The system is based on the Nd:YAG laser medium, uses flashlight pumping and gen-
erates pulses at 1064 nm infrared (IR) wavelength. The beam profile is circular due to
the rod shaped Nd:YAG crystals and the intensity profile is top-hat (Fig. 3.7a). The de-
sign is single-pass and comprises a resonator, one preamplifier and two amplifiers. The
Q-switching happens via Pockels cells placed within the resonator cavity. Between the
resonator and preamplifier, another Pockels cell can be found, this time in a pulse slicing
configuration. The function is very similar to the one for Q-switching, except that the
delay is now set so that only a front part of the pulse is cut off – sliced – and rejected via
polarizer. This is specifically done to steepen the pulse ascending edge (Fig. 3.3) which
increases plasma breakdown threshold in the LSP process (2.5.2).

A Faraday isolator is placed after the amplifiers to protect the laser system from back-
ward propagating laser pulses. The Faraday isolator comprises strong homogeneous per-
manent magnetic field which acts as an anisotropic polarization rotator so that light can
only pass in the forward direction. This is very important for the LSP process as laser
pulses are fired at metallic parts at close to perpendicular angle which means that part
of the pulses can be easily reflected back. Similarly, laser light can be reflected from the
generated plasma (2.1.5). If the reflected pulse was allowed to propagate back into the
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laser system, it could be further reamplified and potentially damage often expensive op-
tical parts upstream. To lower the risk of reflection damage, the sample is usually peened
at a slight angle (±3°) with respect to the laser beam.

Figure 3.3: Temporal shape of non-sliced vs sliced laser pulse produced by the PLP laser
at 3J and 1064 nm wavelength. The measurement has been done using a photodiode
utilizing a mirror leak.

A removable mirror allows to divert the beam path into a KDP crystal for second
harmonic generation (SHG). Each beam path has different exit aperture. No Faraday
isolator is necessary for the SHG path since mirrors preceeding the KDP crystal are non-
reflective for the halved wavelength. Additionally, the SHG pulse cannot be reamplified
in the Nd:YAG laser medium. The emerging laser beam has a top-hat spacial profile
which is achieved via specially optimized flashlight pumping of the Nd:YAG crystal in
the resonator. As a result, relay imaging is required via a confocal non-magnifying tele-
scope to prevent distortion of the beam profile. The overall parameters of the PLP laser
are summarized in Table 3.4.

The laser operation is controlled by timing central unit (TCU) which synchronizes
the flash lamp pumping with the Q-switch and pulse slicer Pockels cells. The pump
and slicer delay can be adjusted via a PC with a customized software. When and how
many laser pulses are coming out is controlled via gating of the Q-switch timing signal.
When the gate is OFF, no Q-switching takes place and the resonator is in its default state
of high losses. When the gate is ON, pulses are generated and amplified. The pulse
energy is controlled via desyncing of the amplifiers with the signal pulse. This method
of energy control is not ideal because the pulse spacial and temporal profile can vary
between energies. In this case, the result is that the pulse FWHM is dependent on the
output energy, starting at 20 ns for low energies and rising up to 30 ns for high energies.
For example, the FWHM of 1J pulses at 1064 nm was measured to be 22 ns (Fig. 3.7a)
while for 3J it was 30 ns.
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Figure 3.4: Structural schematic of the Powerlite Plus laser.

3.2.3 Bivoj laser

The second laser system named Bivoj [202] is situated at the HiLASE laser center. The
state-of-the-art system was designed for high average power operation and is currently
the world record holder for Q-switched laser pulses [203]. The efficient cooling required
for the high power is achieved in three ways. First, it is laser diode pumped with about
30% conversion efficiency compared to the usual < 5% efficiency for flash lamps. Second,
it is based on the Yb:YAG active medium with 1030 nm first harmonic which has lower
quantum defect3. And third, the slab shaped laser crystals are cooled cryogenically by
means of flowing helium cooled down to 150 K. The system is divided into 2 parts, one
generating maximum 10 J at 10 Hz (Fig. 3.5) and the second, a scaled up copy of the first,
generating 100 J at 10 Hz. Only the first part of the system was used for this study and
its scheme is shown in Fig. 3.6.

Figure 3.5: Bivoj laser system 10 J part.

Pulses are generated in a fiber resonator situated in a rack outside the optical table.
The pulses are then transported via optical fiber into the 1st preamplifier. After that the

3Quantum defect refers to the photon energy difference between the pumping photon and signal photon.
The lower the quantum defect, the less energy is getting transformed into heat
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Figure 3.6: Structural schematic of the Bivoj laser.

Figure 3.7: Temporal (top row) and spatial (bottom row) beam profiles of (a) the Power-
Lite Plus laser at 1J pulse energy and of (b) the Bivoj laser using IR wavelength.

pulses enter a pi-shaper which redistributes the intensity profile from Gaussian to top-
hat using specially shaped lenses. Next, the pulses pass through square shaped aperture,
giving the pulses their characteristic square shape (Fig. 3.7b). For the rest of the beam
path, the image plane is relayed via multiple confocal telescopes which are absent from
the scheme for simplicity. After the second preamplifier, the pulses enter multi-pass
main amplifier with 7 passes in total. The end of the amplification area is marked by
Faraday isolator. A mirror can be inserted to send the pulses into the 100 J part for
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further amplification but in this case, the pulses were released into a distribution system
leading to the LSP station. For SHG, the pulses are diverted into a KDP crystal and then
sent into the distribution system following the same path as the first harmonic using
dual wavelength optics. The energy is controlled via an attenuator which consists of a
λ/2 wave plate and a polarizer. The waveplate is used to rotate the polarization vector
of the laser pulse. Depending on the vector orientation, part of the beam gets reflected
on the polarizer ending up in a water filled beam dump and part passes through. The
attenuator is followed by a pneumatic fast flipper which can be directly controlled from
the LSP station. When the flipper is closed, the pulses end up in the same beam dump.
During the operation, the laser runs constantly on full power which means that all the
attenuated pulses preserve the spatial and temporal beam profile. In this case the pulse
duration (FWHM) was 14 ns (Fig. 3.7b). All the laser parameters are summarized in
Table 3.4.

Table 3.4: General characteristics of the PLP and Bivoj laser systems.

3.3 LSP station

Both LSP stations, one at UC (Fig. 3.8a) and the other at HiLASE (Fig. 3.8b), share similar
design. A Fanuc robotic arm is located at the end of each beamline serving as a mounting
platform for peened samples. The robot models are LR MATE 200ic/5L for UC and M-
20iA/20M for HiLASE with carrying capacities of 5 kg and 20 kg, respectively. A lens is
located at a safe distance before the sample to focus the laser beam into a smaller laser
spot. The size of the laser spot is controlled via distance between the sample and the lens.
Water for laser confinement is delivered through adjustable tubing with a nozzle at the
end. In case of classic IR peening, an air knife is used to protect the lens and divert the
spraying water droplets away from the laser path. A water collector connected to a drain
is placed underneath the sample. In case of underwater peening where SHG of the laser
must be used, a removable water tank can be inserted. Laser enters the tank through a
glass window located in the tank wall4. During the peening, the tank is filled with water
and the sample attached to the robotic arm is submerged. The main difference between
the two stations is that the PLP laser is located in the same room as the LSP station
while Bivoj is located in a separate clean room and the beam must be transported via the
distribution system. Second difference is that while both first and second harmonic share
the same path in HiLASE case, they are separate in the UC station. This means that the
laser for IR treatment enters the treatment area from one direction and the laser for SHG

4The distance between the window and the lens must be kept at minimum. Otherwise, the window may
get damaged by high laser fluence.
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treatment enters from a direction rotated by 90°. Both systems have their own separate
focusing lens for each wavelength.

Figure 3.8: Layout of the LSP stations located (a) at UC and (b) at HiLASE.

3.3.1 Laser-robot synchronization

The desired peening pattern is achieved through robot programming when a number of
lines consisting of individual laser spots are placed next to each other. Typical parame-
ters for peening of flat samples are scanning speed, line spacing, line length and number
of lines. For a given spot size, the scanning speed determines the spot overlap within
individual lines, line spacing determines the spot overlap between lines and line length
and line number determine the overall size of the patch. The scanning pattern starts in
one of the lower corners and the lines have horizontal orientation. This is because when
the tape overlay tears during the process, the laminar water flow is not disturbed as the
sample moves downward when moving towards the next patch line.

A problem arises when both the laser and robot have their own independent timing.
The laser timing is given by the TCU while the robot executes its programming one com-
mand after another in a closed loop. When the robot reaches the supposed beginning
of the peening line, a signal is send to open the Q-switch gate (PLP) or the fast flipper
(Bivoj). Pulses start coming in but with some arbitrary delay. In case of 10 Hz repetition
frequency, the delay can be between 0-100 ms. The result is distorted peening pattern in
horizontal direction (see Fig. 3.9a) as the constant delays produced by each cycle add up.

Figure 3.9: Peening pattern of (a) a synchronized process and (b) out of sync process with
an arbitrary delay δ between individual lines.

To solve this problem, the laser and robot must be coupled together. In case of PLP laser
it is done via the TCU unit and in case of Bivoj via laser diode trigger. The whole cycle
follows these steps:
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1. The peening program is started and the robot moves into position to execute the
first peening line.

2. The robot waits for a timing signal from the laser to start moving. In practice,
the signal is either an ascending or descending edge of the periodically changing
voltage on the robot digital input module.

3. The signal arrives and the robot starts moving. Due to the robot acceleration, a
short line segment is used to achieve constant speed.

4. The robot reaches the beginning of the line and sends a signal to switch on the
laser pulses. For the PLP laser, the TCU gate opens and for Bivoj, the fast flipper
opens. There is still some delay before the first shot arrives but it gets reset at the
beginning of each line.

5. The robot reaches the end of the line and, without stopping, sends a signal to switch
the laser pulses off.

6. The robot slows down, comes to a halt and moves to the start of the next peening
line and the cycle repeats itself.

When the scanning finishes, each peening line is perfectly positioned with respect to
other lines. The process is schematically depicted in Fig. 3.10.

Figure 3.10: Schematic representation of the laser-robot synchronization loop.

3.4 Electrochemical analysis

The majority of corrosion related processes occurs via electrochemical reactions at the in-
terface between a metal and an electrolyte solution. The corrosion rate is determined by
an equilibrium between two opposing electrochemical reactions – anodic and cathodic.
During anodic reaction, a metal is oxidized and electrons flow away from the anode
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which may cause corrosion to occur. The simultaneously present cathodic reaction in-
volves reduction of metal where electrons flow into the cathode. When these two reac-
tions are in equilibrium, the electron flow from each reaction is balanced, and no net
electrical current occurs. Fig. 3.11 shows a typical current dependency during poten-
tial sweep measured by a potentiostat. The vertical axis represents electrical potential
measured with respect to a reference electrode and the horizontal axis represents the
logarithm of absolute current or current density. Plotting along logarithmic axis is nec-
essary due to a wide range of current values (commonly over 6 orders of magnitude) that
are recorder during a corrosion measurement. While the theoretical current for the an-
odic and cathodic reactions is represented as straight lines, the current that is actually
measured is denoted by the curved pink line which represents the sum of both the anodic
and cathodic currents. The sharp point represents a potential value where the current
direction shifts from negative to positive as the potential sweep starts in the cathodic
region. This value is known as corrosion potential Ecorr and it represents a potential
where the cathodic and anodic currents are in equilibrium. When more than one elec-
tron transfer reaction takes place at the sample surface, Ecorr becomes a mixed potential
defined by the kinetics of all simultaneous electrochemical reactions. When the potential
is forced away from Ecorr , the sample is referred to as being polarized. In a time stabilized
situation, Ecorr overlaps with Open Circuit Potential (OCP) which is another important
electrochemical value which marks the point when no current is flowing through the
sample.

Figure 3.11: Total net current flowing through the sample measured (pink line) as a
combination of anodic and cathodic reactions [204].

The current value corresponding to Ecorr is called corrosion current Icorr . Icorr cannot
be measured directly and is usually obtained via Tafel plots as depicted in Fig. 3.11.
The use of Tafel plots, however, is possible only when both the anode and cathode parts
follow a single exponential in the corrosion potential. That is, the system in this potential
has a unique time constant. If more time constants are present, other methods such as
Linear Polarization Resistance method (LPR) have to be used [205]. During LPR, small
voltage variations (±10 mV) are applied around Ecorr and the slope of current response
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is measured which is used to determine polarization resistance Rp. Icorr is then obtained
using the Stern-Geary equation [206]. Another characteristic value is the breakdown or
pitting potential Eb which marks the point of sharp increase in anodic current, typically
after a passivation period. Many metals form a thin oxide layer in their anodic region
which lowers or even inhibits the corrosion rate. At higher potentials the passive film
breaks down locally and significant point corrosion develops (pitting). When no passive
region is present, Eb overlaps with Ecorr . It is also worth mentioning the switch potential,
denoted Esw, which is the potential corresponding to when maximum allowed current is
reached and the sweep is reversed. Similarly, when a reverse potential sweep is employed
after the forward sweep has already taken place, the potential where lowest current is
measured is called the protection potential Eprot. It is very common for Eprot to be lower
than Ecorr since the resultant curve often displays some form of hysteresis, especially
when irreversible corrosion damage such as pitting occurs during the upward potential
sweep. Eprot is then the potential at which the pits are re-passivated.

In electrochemical measurements, electrochemical cells of various designs are used
to simulate the corrosion environment in the system being studied. The sample surface
is exposed to an electrolytic solution together with additional immersed electrodes. In
total, there are 3 electrodes. One of them represented by the sample, a counter-electrode
and a reference electrode. The reference electrode cannot be polarized and precisely
monitors the potential on the working electrodes. All of the electrodes are then con-
nected to a potentiostat which, in this case, was supplied by Gamry instruments. The
potentiostat allows to change the potential of the sample in a controlled manner and
monitor the current that flows as a function of the applied potential. The specific layout
of the cell used is shown in Fig. 3.12.

Figure 3.12: Schematic representation of (a) the Gamry electrochemical cell and (b) a real
measurement in progress.

Three types of measurements have been used in this study: cyclic polarization (CP),
electrochemical impedance spectroscopy (EIS) and potentiostatic test (POTSTAT). The
CP test runs a potential sweep from the cathodic to the anodic region either in a given
potential range or until a pre-set maximum current flow is reached. The sweep then
reverses its direction and the potential starts dropping again to a specified value. From
the test, one can determine Ecorr , Icorr , Eb, Esw, Eprot and trends in the corrosion behaviour
such as passivation. The EIS test measures the complex impedance of a sample over a
pre-set AC frequency range. The measurement is performed at a fixed potential central
point with the potential periodically alternating around this point at a fixed amplitude.
Impedance at each frequency point is recorded and the data is represented in a Bode
and Nyquist plot where the former plots absolute impedance and phase shift against
frequency while the latter plots imaginary part of the impedance against its real part.
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And lastly, during the POTSTAT test, the sample is polarized at a fixed potential level and
current or current density is measured over a period of time. Both the EIS and POTSTAT
tests are complementary to the CP test which predetermines the areas of interest with
respect to the current flowing through the sample with changing electric potential.

3.5 X-ray diffractometry

X-ray diffractometer (XRD) is a device which uses x-ray radiation to measure the dis-
tance of atomic planes in crystalline materials. When a narrow beam of x-rays irradiates
periodic atomic structure, it gets diffracted due to the wavelength of the incident radi-
ation being comparable to the typical spacing between atomic planes in materials. The
direction into which the beam gets diffracted is determined by the Bragg law

nλ = 2dhkl sinθ (3.1)

where λ denotes the wavelength, dhkl the distance between atomic planes given by the
[h k l] Miller indices and θ the angle of incidence. The condition states that in order for a
wave to be diffracted, the path difference between the incident and reflected wave has to
be a multiple of the radiation wavelength so that constructive interference between two
reflected beams occurs. The situation is shown in Fig. 3.13.

Figure 3.13: Diffraction of x-rays on atomic planes where green line represents the path
difference between the incident and diffracted beams.

Since λ and d are fixed, the condition will be met only for a discrete set of angles
which are referred to as Bragg angles. Depending on the structure, each crystalline ma-
terial has a unique diffraction pattern characterized by an angular spectrum of Bragg
peaks each associated with different atomic plane differentiated by [h k l]. The measure-
ment of residual stresses is based on monitoring of the shift of Bragg peak position 2θ
with respect to Ψ which is the angle between the normal of the sample and the normal
of the diffracting plane. A typical polycrystalline material such as steel or aluminium
consists of many grains, each with its own random plane orientation. When a thin x-
ray beam irradiates the sample, there will always be some statistical amount of grains
in the irradiated volume oriented in the right way as to satisfy the Bragg equation (3.1).
If the atomic structure of all the grains is the same with grains being just randomly
oriented, the same peak position will always be measured regardless of Ψ . Stresses,
however, both external or residual, introduce anisotropy to the grain structure. Grains
whose atomic planes are perpendicular to stresses will have their atomic planes either
stretched or pressed depending on whether the stresses are tensile or compressive, re-
spectively. Fig. 3.14 shows the grain structure changing when stresses are introduced.
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The top side symbolizes the material surface. When near surface plastic deformation is
created, by peening for instance, the response of the surrounding material is stronger in
the direction parallel to the surface rather than in the perpendicular direction as there is
no pressing surrounding material above the surface. This results in atomic planes being
more compressed in the parallel direction. Tensile residual stresses which can often be
introduced by heating processes, such as welding, affect the grains in similar way, only
now the atomic planes in the direction parallel to the surface are stretched.

Figure 3.14: Change in atomic plane distance in subsurface volume affected by stress in
relation to the grain orientation.

Since dhkl is now a function of Ψ , the angle θ that fulfils (3.1) becomes also Ψ depen-
dent5. Residual stresses can then be calculated based on the Bragg peak original posi-
tion, its shifting with respect to Ψ and elastic constants of a specific material. The elastic
constants involve Young modulus E and Poisson ratio σ . The most common calculation
technique is based on the sin2Ψ model which plots the 2θ peak position against sin2Ψ

resulting in a linear plot. Residual stresses are then calculated from the plot gradient and
the elastic constants. Positive gradient is associated with compression and negative with
tension.

Besides the peak position, peak broadening can be measured simultaneously. The
natural peak width results from several factors. First, the x-ray beam is not perfectly
monochromatic and collimated. Second, the model assumes infinite amount of atomic
planes that reflect the incident beam. In reality, finite size of grains causes that the de-
structive interference of beams coming at angles near to, but not equal to, the exact
Bragg angle is not perfect due to the finite number of atomic planes contained within the
grain contributing to the interference. Next to grain size, other factors affecting the peak
broadening are dislocations, stacking faults, twinning, microstresses etc. These phenom-
ena can be used to study the effect of LSP on the material microstructure.

In this work, residual stresses were measured in 2 perpendicular directions. These
directions are referred to as scanning (σS ) and transversal (σT ) and are defined in relation
to the scanning and transversal (or advancing) directions of the peening pattern (Fig.
3.15). These stresses may differ significantly depending on the peening strategy.

Two diffractometers were used - Proto LXRD instrument at UC (Fig. 3.16a) and
RIGAKU AutoMATE II at HiLASE (Fig. 3.16b). The LXRD machine had a dual detector
configuration while the AutoMATE had one larger detector. The second structural differ-
ence was that the LXRD machine had an in-built stage able to rotate the sample around
its normal. While the AutoMATE machine could not mechanically rotate the sample,
it instead could set the inclination angle Ψ in two perpendicular directions. These di-
rections were referred to as iso-inclination and side-inclination and corresponded to the
(σS ) and (σT ) directions mentioned earlier. Parameters that were used for the measure-
ments are summarized in Table 3.5 and the elastoplastic material constants can be found
in Table 3.3.

5The shifts in the Bragg peak position are usually in the tenths of a degree.
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Figure 3.15: Residual stresses principal directions. The scanning direction is parallel to
the peening lines while transversal direction is perpendicular to them.

Figure 3.16: X-ray diffractometers used for residual stress measurements: (a) Proto LXRD
with dual detector configuration and (b) RIGAKU AutoMATE II with a single detector.

Table 3.5: XRD measurement parameters.

When it comes to in-depth residual stress measurements, one must consider the at-
tenuation length, or skin depth, which is the depth at which the x-ray intensity falls
to 1/e of its value. The skin depth is defined at perpendicular beam incicidence. For
instance, the attenuation length of x-ray radiation from Cr cathode with the Kα1

wave-
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length of 2.29 Å in aluminium is less than 20 µm [207]. For angles where θ ,90°, it is
even less. Therefore, in order to create residual stress depth profile, layers of the sample
must be removed consecutively. However, the removal of the material must be done in
such a way as not to affect the residual stresses. An example of a bad technique would
be mechanical polishing after which a thin surface layer (few microns) typically contains
high compressive stresses caused by the polishing friction which would compromise the
measurement. Instead, electro-polishing is used which utilizes electrochemical processes
to remove material without affecting the already existing residual stresses. Despite the
frictionless process, removal of material still intrinsically affects the measurement since
removal of mass causes the material to relax and deform. This is most noticeable at
higher depths. As a result, a depth correction algorithm has to be used. The Proto LXRD
has such algorithm directly included in its evaluation software. The AutoMATE II ma-
chine is missing this function and therefore an approximate correction formula can be
used

σcorrected = σcorrected(z)− 4σ (0)
z
H

(3.2)

where z is the measurement depth and H is the sample total thickness. This approxi-
mation is however only valid for small depth increments (a few percent of the specimen
thickness) [208]. Therefore, the AutoMATE machine was used for surface and shallow
depth measurements only. The electropolishers used were ElectroMet 4 from Buehler at
UC (Fig. 3.17a) and LectroPol-5 from Struers at HiLASE (Fig. 3.17b). The electrolyte
was a mixture of 87.5 vol% methanol (CH3OH) and 12.5 vol% sulphuric acid (H2SO4).
The electropolishing voltage was set to 28 V with a steady current density of 1 A/cm2 at
a constant temperature of 30 °C. The average polishing rate was about 10 µm/min. Af-
ter polishing, the sample thickness was measured using a precise digital thickness gauge
meter with 1 µm precision.

Figure 3.17: Electropolishers (a) Electromet 4 and (b) LectroPol-5. (c) Aluminium sample
after electropolishing.

3.6 Nitric Acid Mass Loss Test

The NAMLT is the primary testing tool to quantitatively determine the susceptibility of
5XXX series aluminium alloys to intergranular corrosion (IGC). The test consists of im-
mersing test samples in a concentrated nitric acid (70 %wt) in a temperature controlled
environment of 30 °C for a period of 24 hours. The strong acid preferentially dissolves β-
phase located at the grain boundaries over the solid solution α-phase in the aluminium
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matrix. If the grain boundary is populated with continuous β-phase, the acid attacks
causes grain fall-off resulting in a mass loss. The test follows the ASTM G67 standard
[41] with a detailed, step-by-step procedure provided in the following list:

1. Specimens are prepared with dimensions 50 mm by 6 mm by product thickness. If
the thickness of the product is greater than 25 mm it is reduced by one half or to 25
mm, whichever is less, while retaining one original as-fabricated surface. For each
testing condition, at least 2 samples are used.

2. Specimens are polished with a 600 grit paper.

3. All specimen edges are smoothened using 1200 grit paper.

4. Specimen dimensions are measured using precise digital thickness gauge meter
with 1 µm precision and surface area is calculated.

5. Surface cleaning procedure - specimens are immersed in 5% NaOH solution at 80
°C for 1 min, rinsed in deionized (DI) water , immersed in 70% HNO3 (desmut) for
30 s followed by another DI water rinse and final air drying with an electric hair
dryer.

6. Specimens are weighed on digital analytical scales with 0.1 mg precision.

7. Specimen are immersed in a marked glass test tube with 70% HNO3. A minimum
of 3 ml/cm2 of HNO3 is used.

8. Test tubes with immersed specimens (in a stand) are placed in a water bath pre-
heated to 30 °C for 24 hours. The water bath is located in a fume hood6.

9. Specimens are removed from the acid and rinsed with DI water while being brushed
off with a tooth brush using consistent force. The brushing removes all the loose
grains. Specimens are then left to air dry.

10. Specimens are weighed again to 0.1 mg precision.

11. Mass loss per unit area is calculated and the Degree of Sensitization (DoS) is deter-
mined.

The specific chemicals used were Nitric Acid 70% w/w (Certified ACS Plus) and
Sodium Hydroxide 50% w/w (Certified) both supplied by Fisher Chemical. The general
purpose water bath with 10 l volume and ±0.1 °C temperature stability was supplied by
PolyScience.

3.6.1 Modified NAMLT

Later in Chapter 4, it will be showed that when it comes to the rolled AA5083-H116 plate,
the mass loss contributions of individual sample faces vastly differ due to the orientation
dependent grain morphology which is a result of the rolling manufacturing process. LSP
is a singular surface treatment procedure and ideally would require acid exposure of the
treated surface only. However, the standard NAMLT involves full immersion of the test
specimen into the acid which means that all the specimen faces contribute to the grain

6It is not recommended to fully cover the bath if it is metallic. The HNO3 fumes condensate on the cover
and trickle down the metallic walls, corroding them.
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fall-off. For this reason, a modified version of the standard NAMLT targeting singular
surface has been developed. The test will be referred to as modified NAMLT.

Isolating one surface from the rest of the sample proved to be rather difficult as com-
mon masks used in electrochemical measurements do not withstand the aggressive envi-
ronment of concentrated nitric acid. Eventually, a solution was found using glass flanges
purchased from Chemglass with an o-ring groove at one end. The special acid resistant
o-rings are produced by VITON7 [209]. The flange is pressed against the sample in a
3D printed contraption so that the acid comes into contact with the studied surface only
(Fig. 3.18). The preparation and measurement procedure is the same as before with 2
modifications. First, the affected area of the specimen is now calculated using the o-ring
diameter. Second, When the contraption is placed in the water bath, it is placed in its
separate water filled beaker. A part of the specimen in this configuration is exposed
to the water environment which means that when more samples at once are measured,
any acid leak could come into contact with other specimens and compromise the results.
With an extra beaker, only the leaking sample would be invalidated.

Figure 3.18: Modified nitric acid mass loss test for singular surface measurements. A
glass flange placed in a special 3D printed contraption is pressed against a sample to
keep only one surface exposed to the acid attack.

3.7 Hardness

Hardness testing is based on probing a material with a defined tool – indentor and mea-
suring the material response in terms of load applied and penetration depth. The inden-
tor tip is made of very hard material, most commonly diamond. The indentor shape in
combination with the penetration depth is used to calculate the area of the tip that was
in contact with the material during the measurement which is in turn used to calculate
the hardness given by

H =
Pmax
Ar

(3.3)

7It has been experimentally determined that regular o-rings will dissolve rapidly in the acid and
promptly ruin the measurement. Also, the VITON o-rings will deteriorate and expand over time (months)
and at some point no longer fit the flange and need to be replaced.
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where Pmax is the maximum load applied and Ar the residual indentation area. In more
rigorous measurements, hardness as a function of penetration depth can be obtained. In
this work, however, only one value per measurement is obtained related to the maximum
load. The unloading portion of the load-depth data contains information about stiffness
of the material being tested (Fig. 3.19).

Figure 3.19: (a) Hardness measurement with a diamond indentor probing the material
and (b) resultant load vs displacement curve.

There are two basic types of hardness testing: nano-indentation and micro-hardness
testing. Both methods differ in a couple of ways, but the results are expected to be com-
parable as long as the tip geometries used provide similar strains in the tested mate-
rial. These tips are Berkovich shaped tip for nano-indentation and Vickers tip for micro-
hardness. Both of these tips exhibit the same projected contact area of 8% with respect to
the penetration depth and the strain induced. The difference in shape is that Berkovich
is a 3-sided pyramid while Vickers is 4-sided pyramid. The Berkovich shape allows the
indentor to be theoretically sharpened to an atomic point. Typical loads applied with
micro-hardness testing are up to 10 N and with nano-indentation up to 1 N. In this
work, CSM instruments at UC (Fig. 3.20) was used to carry out the nano-indentation
measurements.

Figure 3.20: CSM instrument used for nano-indentation measurements.

89



3.8 Tensile testing

Tensile testing is a destructive irreversible test for metallic materials in which a sample
of defined shape is subjected to controlled tension. The test provides information about
the ultimate tensile strength, yield strength, breaking strength, maximum elongation
and reduction in area. The measurements are most commonly used to determine basic
material properties such as Young’s modulus, Poisson’s ratio, yield strength, and strain
hardening characteristics. Typical tensile specimen can either have circular or rectangu-
lar cross-section consisting of 2 broader sections (shoulders) for gripping and a narrower
section in between (gauge). The smaller cross-section of the gauge guarantees that the
deformation will be localized into this area as higher stress will be applied compared to
the rest of the specimen. Owing to their shape, the tensile specimens are often referred
to as ’dog-bone’ samples. The samples can be mounted either by simple firm gripping of
the shoulders or using threaded shoulders.

After each measurement, a stress/strain plot is obtained showing relationship be-
tween the force applied (stress) and the elongation observed (strain) in the material dur-
ing the test (Fig. 3.21). At first, linear behaviour is observed where the strain is directly
proportional to the stress applied. The linear behaviour continues until a Yield point
is reached at which point the material begins to deform plastically. The value of the
stress developed at this point is called the Yield strength of the material. The now non-
linear elongation continues until the Ultimate tensile strength is reached which is the
maximum amount of force per unit area that a material can withstand. At this point,
localized narrowing of the sample occurs called necking and the stress starts dropping.
Finally, a fracture occurs and the sample breaks into two.

Figure 3.21: Typical stress/strain curve obtained from tensile testing.

During the test, the sample can be placed in a specially designed cell filled with an
gaseous or liquid environment, which makes it one of the primary tools to study material
response to SCC8. In order for the corrosion phenomena to take effect, however, the test

8Another test suitable for SCC testing is the Constant Load Test where a sample is placed in a corrosive
environment at constant load until it breaks due to the corrosion induced cracks. A single test, however, can
take several months to finish which was the reason it was not included in this work.
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must be carried out at low strain rates (in the range from 10−8 to 10−3) when compared to
classical tensile test. Due to its importance, this subgroup of tensile testing has its own
name – Slow Strain Rate Testing (SSRT). Proper selection of strain rate is very important
because the susceptibility to cracking may not be evident from testing not only with too
high strain rates but also with too low. The fastest strain rate that will still promote SCC
for a given material-environment system is called the critical strain rate. For aluminium
alloys in aqueous chloride solutions, it is 10−7/s to 10−4/s [210]. For AA5083 specifically,
the optimal strain rate was determined to be 10−6 to 10−7/s [211, 212, 213].

The tensile testing in this work was performed on Kappa 100 SS-CF electromagnetic
creep testing machine with a load rating of 50 - 100 kN dynamic in both compression
and tension in CVR – Research centre Rez in Pilsen.

3.9 Bending test

A simple uniaxial tension, such as one provided by tensile testing, may not provide all
necessary information. A bending test, also referred to as flexure or transverse beam
test, subjects the tested material to a complex combination of forces including tension,
compression, and shear. The test is performed by placing a specimen in a fixture on two
support anvils while one or two anvils apply force from the top. If the force is applied
by a single upper anvil at the specimen midpoint, it is a 3-point bend test (Fig. 3.22a)
while two anvils equidistant from the centre make a 4-point bend test (Fig. 3.22b). The
main difference between the two is the stress distribution. In a 3-point bend test, the
area of uniform stress is concentrated under the centre loading point and is quite small.
In a 4-point test, uniform stress covers the whole area between the inner loading points.
Also, test specimens for 3-point test are easier to prepare.

Figure 3.22: (a) 3-point bend test with area of highest stress concentration under the
loading point. (b) 4-point bend test with uniform stresses distributed over larger area.

A bend test produces tensile stress in the convex side of the specimen and compres-
sion stress in the concave side which creates an area of shear stress along the midline.
To ensure that primary failure comes from tensile or compression stress, the shear stress
must be minimized by controlling the span to depth ratio S/d; the length of the outer
span (S) divided by the height (depth) of the specimen (d). For most materials, S/d=16
is acceptable [214]. The loading amplitude is expressed as the R ratio which is the min-
imum peak stress divided by the maximum peak stress. Similar to tensile testing, the
specimen can be immersed in a corrosive environment using a specially designed liq-
uid container. This type of setup is suitable for corrosion fatigue (CF) testing which is
the mechanical degradation of a material under the joint action of corrosion and cyclic
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loading. Corrosion fatigue tests were performed on Electromagnetic pulsator RUMUL
Testronic for high cycle fatigue testing situated in CVR – Research centre Rez in Pilsen.

3.10 Microscopy and near-surface chemical analysis

3.10.1 Confocal microscope

A confocal microscope is a special type of non-contact device used for 3D imaging and
surface profiling. Unlike conventional microscope where the entire specimen is flooded
evenly in light coming from a light source, confocal microscope uses point illumination
which is achieved by placing a pinhole into a laser focal point. Another pinhole is placed
in an optically conjugate plane in front of the detector. The setup is shown in Fig. 3.23a.
Only light coming from the narrow in-focus plane of the illuminated sample will pass
through the pinhole and be recorded while out of focus rays will be eliminated. Moving
the sample in Z direction shifts the focal plane on the sample surface. A step by step scan-
ning of the whole surface then allows 3D reconstruction of the surface profile. As only
light produced by fluorescence at or close to the focal plane gets detected, the process
requires longer exposures to collect high resolution images. Here, a confocal microscope
Olympus LEXT OLS5000 was used supplemented by ZEISS optical microscope.

Figure 3.23: A schematic of (a) a confocal microscope [215] and (b) an interference mi-
croscope [216].

3.10.2 Interference microscope

Interference microscopes provide yet another method of non-contact optical profiling for
3D and roughness measurements. The system contains two beamsplitters. One beam-
splitter is placed between the objective and the camera and the second beamsplitter is
placed between the objective and the sample surface (Fig. 3.23b). Part of the light sent
toward the sample coming from the first beamsplitter is transmitted to the sample sur-
face and part gets reflected by the second beamsplitter on a reference plane. The two
reflected beams then travel back through the system, recombine at the first beamsplit-
ter and then continue to the camera. Any sample surface deviation from a flat plane is
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represented as a phase shift in the interference pattern with a resolution given by half
wavelength of the light used. With white light illumination, the height spacing is typ-
ically 280 nm. The use of white light results in interference fringes not covering the
whole image but only a limited surface height range due to limited coherence length.
Alternatively, the use of a coherent monochromatic source (laser) with fringes covering
the whole field of view can be used which is called phase-shifting interferometry. White
light sources are more suited for surfaces exhibiting a large height range which is also our
case. The system used for measurement was WYKO NT1100 Optical Profiling System at
UC.

3.10.3 Scanning electron microscope

SEM, as the name suggests, scans a focused electron beam over sample surface to create
high resolution images. The theoretical limit for resolution of standard optical micro-
scopes is given not only by the number and quality of lenses but also by the wavelength
of the illumination light. White light with an approximate wavelength range of 400-700
nm and a central wavelength of 550 nm results in a maximum achievable resolution of
about 200 – 250 nm. Electrons used by SEM typically have energies between 0.2 keV
to 40 keV which correspond to a wavelength range of 0.03 nm to 6 nm. As a result,
modern full-sized SEMs provide resolution between 1-20 nm. Electrons are generated
via a thermionic emission using an electron gun and then focused and accelerated down
through a combination of lenses and apertures to form an energetic tightly focused beam
on the sample surface. The sample is mounted on a stage in an evacuated chamber area.
The vacuum level depends on the microscope design. The scanning or sweeping of the
beam is achieved by two sets of electromagnetic coils, each controlling one of the X or Y
coordinates. When the electron beam hits the sample surface, a large number of prod-
ucts are generated. These are secondary electrons (SE), backscattered electrons (BSE) and
characteristic X-rays along with continuous X-ray spectrum. The interaction volume ex-
tends from less than 100 nm to approximately 5 um into the surface depending on the
accelerating voltage and the sample density. The signals are collected by one or more
detectors. The image contrast is achieved in several ways. One of them is the compo-
sitional contrast generated by BSE. These high-energy electrons from the beam undergo
elastic collisions when interacting with the atoms of the irradiated surface. The heav-
ier the atoms (high atomic number) the stronger the backscattering and the brighter the
resultant image (Fig. 3.24a).

Figure 3.24: (a) SEM backscattered electrons creating contrast based on the atomic num-
ber of the irradiated elements and (b) SEM secondary electron generation creating con-
trast based on the surface topology.
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BSE are therefore mainly used for detecting contrast between areas with different chem-
ical composition. Second is the topographic contrast which arises due to the number of
BSE and SE being dependent on the surface inclination. SE have much lower energy than
the primary beam, about 50 eV, which means low penetration depth. When generated
deeper inside the material which would correspond to perpendicular primary beam im-
pact, SE do not have enough energy to leave the interaction volume resulting in lower
number of detections. On an inclined surface, the interaction volume is spread closer to
the surface meaning less material for the SE to penetrate and thus higher signal count
(Fig. 3.24b). The resultant SEM images are characteristic in showing bright edges of ob-
jects similar to dark field illumination. The SEM devices used in this work were ZEISS
Auriga Compact instruments (Fig. 3.25a) and Tescan Mira 3 (Fig. 3.25b).

Figure 3.25: Scanning electron microscopes: (a) ZEISS Auriga Compact and (b) Tescan
Mira 3.

3.10.4 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for chem-
ical analysis (ESCA), is a technique used for analyzing surface chemistry of various ma-
terials. One of the main advantages of the technique is that not only it can be used to
measure elemental composition but also the chemical and electronic state of the atoms
corresponding to different bonding energies.

During the measurement, solid surface is irradiated with an X-ray beam and electrons
are ejected from the top 1-10 nm of the material. The range of electron kinetic energies
is recorded creating a photoelectron spectrum or an XPS spectrum. The intensities and
energies of the photoelectron peaks then allow identification and quantification of all
surface elements with the exception of hydrogen. A basic scheme of the technique is
shown in Fig. 3.26. The XPS spectra in this work were acquired using a KRATOS AXIS
Supra XPS instrument (sputtering by Ar+ ion clusters) using a monochromatic Al Kα
(1486.6 eV) X-ray source.
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Figure 3.26: XPS scheme.
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Chapter 4

Experimental results and discussion

4.1 Laser parameter optimization

Determining optimal peening parameters for a given component is a particularly uneasy
task due to the large amount of variables involved. One may change the pulse energy,
spot size, pulse duration, beam profile, laser spot overlap, peening strategy, protective
overlay type and thickness, angle of incidence, laser wavelength, water delivery and oth-
ers. Every material responds differently to the treatment but even within the scope of
one material, geometry plays a very significant role. The parameters will also vary de-
pending on the specific mechanical problem which is to be addressed by LSP. Moreover,
peening parameters are not very well transferable between different laser systems as each
system tends to be unique with its own parameters and the possibilities for tuning are
usually limited. Therefore, the only way to properly optimize the peening parameters is
computer modelling and simulations. For real components with more complex geometry
such as turbine blades, modelling is a necessity. Computer simulations, however, are out-
side the scope of this work. The sample geometry used in this work was kept simple so
that the peening parameters could be determined through a set of experimental guide-
lines which will be presented in the following sections. Due to multiple laser sources
available, one of the main goals of this study was to cover as much variety in the peening
process as possible and determine which approach yields the best results for the problem
of SCC and CF of AA5083-H116. The three selected peening categories were:

1. LSP IR - conventional Laser Shock Peening (LSP) with protective tape using in-
frared laser (IR)

2. LPwC IR - Laser Peening without Coating (LPwC) with infrared laser (IR)

3. LPwC SHG - Laser Peening without Coating (LPwC) with second harmonic gener-
ation (SHG) laser underwater

4.1.1 Peening strategies

Two laser systems (3.2) were used in the experiments and the corresponding laser pa-
rameters for each of the peening categories are shown in Table 4.1. The parameters were
selected to be as much comparable as possible despite the non-identical spatial and tem-
poral beam profiles which were predetermined by the laser system designs (3.7). Addi-
tionally, as a part of the optimization process, the Bivoj laser was subjected to VISAR
measurements (2.5.1) which was done in a collaboration of HiLASE and French LSP
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group lead by Laurent Berthe and Remi Fabbro. The laser induced pressure on the spec-
imen surface as a function of the laser power density is shown in Fig. 4.1. Up to a point
of about 4.5 GPa, the plot shows a stable rise of pressure with power density which sup-
ports the analytical result for confined regime (2.21). The red line at 4.5 GPa marks the
dielectric breakdown threshold after which the pressure becomes unstable. The power
densities were therefore selected safely below this threshold to allow good result repeata-
bility.

Table 4.1: Selected laser pulse parameters for 3 treatment conditions and 2 laser systems.

Figure 4.1: VISAR measurements of Bivoj laser system showing the dielectric breakdown
threshold [217].

The first peening category, LSP IR, represents the standard way to apply LSP where
protective overlay, in this case 120 µm thick black vinyl tape is being used on top of
the peened surface to prevent it from melting during the laser pulse absorption. The
experimental setup of the LSP IR condition is shown in Fig. 4.2a.

To prevent tearing of the tape after multiple laser hits, the sequencing technique was
used (2.5.6) where full laser coverage of the surface (layer) was achieved with 4 mutually
offset peening sequences with the tape being replaced between each. To better illustrate
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the sequencing, changes in surface topography after application of each sequence were
recorded and are shown in Fig. 4.3. The number of layers, specifically 1 and 2, was used
as a variable in the following measurements to study the influence of number of laser
impacts on the residual stresses and DoS.

Figure 4.2: Experimental setup using the PLP laser for (a) peening with protective tape
(LSP IR) and (b) peening without protective tape underwater (LPwC SHG). Plasma break-
down in the beam path can be observed in the LSP IR setup as the laser gets focused by
small sprayed water droplets. The orange colour of the photo showing the underwater
peening setup is caused by safety goggles equipped with 532 nm filter which were placed
in front of the camera objective to protect it against intense green light.

The experimental setup for the LPwC IR samples was the same as in Fig. 4.2a except
for the missing protective coating and different lens-to-sample distance to accommodate
the different laser spot size. The experimental setup fot the LPwC SHG condition is
shown in Fig. 4.2b. The sample is submerged in a water tank where the laser beam
enters through a laser-grade glass window in the tank wall. With no tape to replace,
a straightforward scanning strategy can be adopted. The whole treatment can now be
carried out in a single laser pass where pulses are placed next to each other with high
overlap from the very start. The peening patterns are summarized in Fig. 4.4.

Rather than the number of layers, the deciding parameter in the LPwC treatment
is the pulse density which is controlled via scanning speed and spacing between lines.
Specific pulse densities have been selected based on the Fanuc robotic arm speed which
did not allow for decimal number values. The processing parameters in both LPwC
categories were selected the same so that a direct comparison between the IR applied in
air with thin water film and SHG laser applied underwater could be made.
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Figure 4.3: Plastic deformation of sample surface after 1,2,3 and 4 LSP sequences being
applied. The left part of each sequence represents the surface profile scanned by Wyko
profilometer and the right part shows the real surface after particular LSP sequence.

Figure 4.4: Laser scanning strategy (a) with and (b) without protective tape applied.

4.1.2 Residual stress analysis

The 6.35 mm plate of AA5083-H116 was sectioned using EDM to 40 mm x 40 mm x
6.35 mm flat coupons. The surface has been progressively grinded to 600 grit polish.
A 20 mm x 20 mm patch was peened in the coupon centre using the PLP laser system.
The laser and processing parameters are shown in Table 4.1 and Table 4.2, respectively.
Prior to the treatment, the coupons were in a non-sensitized state (as received) without
any previous heat treatment outside the manufacturing process. The coupons after the
treatment are shown in Fig. 4.5. After the LSP IR treatment, the surface retains its polish
with the laser induced plastic deformation well visible. Surfaces of the LPwC coupons
are partially molten which in this case manifests as white patches of rougher surface.

For the in-depth residual stress analysis (3.5), the material was removed by elec-
tropolishing in small increments closer to the surface (∼30 µm) where stress changes
are most rapid. Deeper inside the material, the intervals were increased to 100-200 µm.
For each depth, the stresses were measured both in scanning and transversal directions,
denoted σS and σT , respectively. Fig. 4.6 shows in-depth residual stress measurement
results in all three peening setups. Multiple pulse densities are investigated for LPwC
similar to the number of layers in the LSP treatment. Additionally, the data measured is
compared to the baseline (as received) material, i.e. material where no laser peening was
applied. The standard deviation of any of the XRD measurements did not exceed ± 18
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Table 4.2: Processing parameters for residual stress measurement analysis.

Figure 4.5: Square coupons of AA5083 after (a) LSP IR 2L, (b) LPwC IR 1089 and (c)
LPwC SHG 1089 after being treated with the PLP laser.

MPa. The LSP IR condition is represented on top row of 4.6. The left and right columns
show stresses σS and σT , respectively. In comparison with the baseline, the LSP treatment
with protective tape applied clearly generates significant compressive residual stresses,
around -200 MPa on the surface and maximum compressive stresses reached at a depth
of about 200 µm. More laser pulse impacts represented by the 2L plot cause a constant
increase of about 50 MPa in the compressive stresses. The stresses induced in both σS and
σT are very similar and no significant variations are observed. The compression depth
in both directions is about 1.5-1.6 mm which is higher than in the LPwC cases. This can
be explained by larger spot size used where shock waves generated by laser impacts with
larger spot size attenuate slower and thus deeper residual stresses are produced (2.5.5).
The middle row graphs in Fig. 4.6 represent the LPwC IR condition. Unlike the LSP IR
plots, there is a clear distinction between σS and σT . In scanning direction, the compres-
sive residual stresses peak almost immediately at pulse density as low as 204 p/cm2. The
maximum compressive stress reached is -150 MPa and the compression depth is about
1.5 mm regardless of the pulse density. In the transversal direction, the stress curve
changes as higher pulse densities are applied. A maximum compression of about -325
MPa was achieved corresponding to pulse density of 1089 p/cm2. The ultimate tensile
strength of the material is 317 MPa which means a saturation point was reached. The
compression depth reached was in the range of 1.2 mm to 1.4 mm with the highest depth
corresponding to 204 p/cm2 and lowest to 2500 p/cm2. The stress plots for the LPwC
SHG condition are displayed at the bottom row of Fig. 4.6. The results are similar to
the LPwC IR case, showing the same distinction between σS and σT measurements. The
maximum compressive stresses reached in the scanning direction were about -180 MPa
with very fast saturation. The compression depth ranged between 1.1 mm to 1.4 mm.
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Figure 4.6: In-depth residual stress measurements of AA5083 after various LSP treat-
ments: LSP IR (top line), LPwC IR (middle line) and LPwC SHG (bottom line). The
measurements were taken both in scanning σS (left column) and transversal σT (right
column) directions.

The σT measurements show the same trends as their LPwC IR counterpart with satura-
tion reached at -325 MPa at 1089 p/cm2. The plots show, however, that the saturation
point is reached faster in the LPwC IR case which is evident from the higher stress val-
ues of the 204 p/cm2 and 400 p/cm2 plots. The peaks in the LPwC SHG case are also
sharper and the subsequent drop-off is faster. The depths reached are once again between
1.1 mm to 1.4 mm depending on the pulse density. The resultant stress anisotropy with
LPwC treatments can be explained by stress field interaction of overlapping laser pulses
in a single pass peening pattern [195]. As a result, the residual stresses are higher in the
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advancing transversal direction as opposed to the scanning direction. Furthermore, the
stress anisotropy only occurs when the pulse overlap occurs within one laser pass. This
is evidenced here in top row of Fig. 4.6 where despite the final overlap being 50% in the
LSP IR case, the overlap within each separate sequence was 0% and as a result, no resid-
ual stress anisotropy was detected. On the contrary, high stress anisotropy was found
in both LPwC IR and LPwC SHG where high laser pulse overlap was achieved within a
single laser pass.

Special attention is paid to the surface residual stresses where the biggest difference
between the treatment with and without tape should be found (2.3.1). With the LSP
IR treatment involving protective tape, the surface stresses are rather straightforward,
about -175 MPa for 1L and -200 MPa for 2L in both directions. Without the tape, the
results start to vary based on the environment. The surface stress values for LPwC IR
and LPwC SHG are separately plotted against pulse density in Fig. 4.7.

Figure 4.7: Surface residual stresses in LPwC treatments as a function of laser pulse
density: (a) LPwC IR and (b) LPwC SHG.

The LPwC IR data in Fig. 4.7a show that despite the heat effects present in the treat-
ment, the stresses moved towards compression both in σS and σT measurements when
compared to baseline. The stresses peak rather fast around 400 p/cm2 and then level
off. The difference between σS and σT is about 60-80 MPa and is kept constant over the
whole data range. The surface stress measurement in LPwC SHG (Fig. 4.7b) shows simi-
lar trend but everything is shifted in the tensile direction. The underwater peening at the
lowest pulse density causes an abrupt shift of roughly 150 MPa towards tensile stresses
in both scanning and transversal direction, creating tensile residual stresses of 105 MPa
and 37 MPa as opposed to baseline values of -55 MPa and -109 MPa, respectively. The
stresses then start to move toward compression as the pulse density rises. Compared to
the LPwC IR data, however, it does not level off and keeps dropping at a low rate within
the data range. While the initial baseline value in σT is regained at 2500 p/cm2, the data
suggests that the baseline value will not be reached in the σS plot. As the laser energy
should be absorbed readily regardless of wavelength by the plasma layer that forms near
instantaneously compared to the nanosecond scale pulse duration, the difference in laser
wavelengths is expected to be largely inconsequential, assuming that energy delivered
per pulse remains constant. The differences between the LPwC IR and LPwC SHG con-
ditions are therefore more likely to arise from changes in the confinement and resulting
interactions between the plasma and the metal surface. Further analysis, however, is
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required and is currently beyond the scope of this study. Nevertheless, it was reported
that compressive residual surface stresses can be achieved underwater when lower pulse
energies (<250 mJ) with very high pulse densities (∼10000 p/cm2) are used (2.3.1).

Based on the results presented in this section, several conclusions can be made:

1. Both LSP and LPwC imparts deep compressive residual stresses into the studied
material. The magnitude of the stresses rises with the number of laser pulse im-
pacts until a saturation point is reached. Slightly deeper stresses were obtained
with LSP treatment which is explained by slower shock wave attenuation when
larger laser spot is used.

2. Residual stress anisotropy was observed in case of LPwC treatments where larger
compressive stresses up to a point of material saturation were measured in the
laser advancing direction with respect to the peening pattern. The anisotropy is
explained by stress field interaction during pulse overlapping and is completely
absent in the LSP case where 0% pulse overlap within individual sequences was
used.

3. Comparable compressive residual stresses were found on surface of both LSP IR
and LPwC IR conditions. In both cases, the surface stress magnitude was mostly
independent on the number of laser impacts. In case of LPwC SHG, tensile surface
stresses were measured which turned into compressive in the transversal direction
for higher pulse densities. The baseline compression was however never exceeded.

4. At certain pulse density during the LPwC treatment, a saturation point is reached
and the compressive stresses no longer increase with increasing pulse density. This
saturation point for both LPwC treatments was determined as 1089 p/cm2. To-
gether with the LSP IR 2L, the specific conditions LPwC IR 1089 and LPwC SHG
1089 were determined as primary treatment conditions for the following measure-
ments presented in this work.
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4.2 Nano-Hardness measurement

Square coupons with dimensions 40 mm x 40 mm x 6.35 mm were sectioned using EDM
and polished to 1200 grit. Peening in the form of 20 mm x 20 mm patch was applied
using the PLP laser. Based on the residual stresses measured, the processing parameters
have been narrowed down to 3 conditions: LSP IR 2L, LPwC IR 1089 and LPwC SHG
1089. In this section from now on, the distinct samples will be marked with the first two
labels only; that is LSP IR, LPwC IR and LPWC SHG. After the treatment, the specimens
were cross-sectioned and cold mounted using epoxy resin with the cross-section pointing
up (Fig. 4.8a). The exposed surface was further polished to 1200 fine grit to remove sur-
face damage from sectioning. The measurement strategy involved 2 rows of indentations
starting at the surface and reaching 2 mm in depth (Fig. 4.8b). The two rows were 50
µm apart and the spacing between the indentations was 30 µm for the first 800 µm and
50 µm for the rest of the depth. Berkovich indentor (3.7) was used at a maximum load
of 100 mN and holding time of 10 sec. The results of the hardness measurements are
displayed in Fig. 4.9.

Figure 4.8: (a) Cross-sectioned LPwC IR specimen cold mounted in epoxy resin and (b)
three sided pyramid shaped nano indentions in two rows starting at surface of LPwC IR
sample.

The highest surface nano-hardness of roughly 155 HV was achieved with the LSP IR
condition where protective coating and pulse energy of 3 J was used. This represents
an increase of 25% when compared to the non-treated sample which showed a constant
hardness level of 120 HV. The second highest surface nano-hardness of about 148 HV was
reached with the LPwC IR treatment which represents an increase of 23%. The LPwC
SHG treatment also lead to an increase of 18% with the surface nano-hardness value of
142 HV. In all three peening cases, the increased nano-hardness decreases exponentially
with depth until the baseline level is restored. The depths reached are around 1.6 mm,
1.5 mm and 1.2 mm for the LSP IR, LPwC IR and LPwC SHG, respectively. When com-
pared to the residual stress data, we can see that the increased hardness depth roughly
copies the compression depth of the corresponding processing parameters from Fig. 4.6.

Furthermore, the hardness increase for each investigated condition qualitatively cor-
relates with the degree of plastic deformation induced during the peening process rep-
resented by single laser pulse surface changes displayed in Fig. 4.10. The largest defor-
mation is caused by the LSP IR condition as quantified by the dimple depth in Fig 4.10a
which stretches over 41.3 µm from the highest to the lowest point of the scanned dimple
area. The LPwC IR dimple is shown in Fig. 4.10b and its depth is 30.2 µm. Lastly, the
lowest deformation is caused by LPwC SHG (Fig. 4.10c) with only 9.9 µm dimple depth.
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Figure 4.9: Nano-indentation hardness measurements of AA5083 samples subjected to
various LSP treatments compared to the as received condition.

Figure 4.10: Plastic deformation of AA5083 surface after single laser pulse impact: (a)
LSP IR, (b) LPwC IR and (c) LPwC SHG.

4.3 Nitric Acid Mass Loss Test analysis

4.3.1 Degree of Sensitization as a function of grain orientation

Due to the rolling process involved in the manufacturing, the alloy grains are pancake
shaped with an elongation in the rolling direction (RD) and narrowest dimension in the
normal direction (ND). A 3D image of the grain morphology obtained using the EBDS
technique is displayed in Fig. 4.11.

It has already been established that when the AA5083 alloy is sensitized, Mg rich
β-phase precipitates on grain boundaries (1.2). To better understand the sensitization
process and what effect heat processing has on the DoS, the samples were divided into 3
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Figure 4.11: EBSD image of grain structure from AA5083-H116 3/8" thick plate from
the same supplier used in this study. The grains are flattened in normal direction (ND)
and elongated in the rolling direction (RD).

heat related categories. The first category comprises samples in their received condition
directly from the manufacturer with no additional heat processing (as received). The
second category involves sensitized samples which were put into heat oven for a period
of 60 days at 100 °C and air cooled upon removal (sensitized). And lastly, the third cate-
gory comprises samples that have been solutionized at 450 °C for a period of 2 hours and
water cooled upon removal (solutionized). Fig. 4.12 then shows images taken by a con-
focal microscope of different specimen faces of solutionized, as received and sensitized
specimens with β-phase visualized. The β-phase was revealed by etching the specimens
in 8.5 vol% H3PO4 at 60 °C for a 1 min period based on the work of Jones et al. [218].

First, we notice no β-phase precipitates visible on none of the solutionized faces
which was expected as all the precipitates were dissolved during the high temperature
treatment. While both as received and sensitized specimens show signs of β-phase pre-
cipitation, only small discontinuous traces can be visible in the as received specimen
regardless of orientation. In contrast, the sensitized condition shows nearly continuous
network of precipitated grain boundary β-phase. Due to the varying amount of grain
boundaries available on each face (Fig. 4.11), different amount of β-phase precipitation
is exposed to outside chemical attack. The grains are large on the RD-TD face which
means the least amount of grain boundary and β-phase present. The highest amount of
β-phase is present in the ND-TD plane where the grain dimensions are small and the
boundary to grain size ratio is the highest.

Fig. 4.13 shows all three sensitized faces after being subjected to the nitric acid attack
using standard NAMLT. Almost no grains falling off can be observed on the RD-TD face
despite network of heavily corroded grain boundaries. In contrast, both the RD-ND and
ND-TD faces show loosely attached and completely exposed grains. In order to deter-
mine how much each face contributes to the mass loss specifically, two sets of 5 sensi-
tized specimens with one fixed face area (RD-ND and ND-TD) and decreasing thickness
were subjected to the standard NAMLT. The specimen dimensions were 50 mm x 6.35
mm x 5.7-1.5 mm. As the thickness got smaller, the face with fixed area became more
dominant. The mass loss test results are shown in Fig. 4.14.
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Figure 4.12: Optical microscope images of β-phase on various faces of solutionized, as
received and sensitized samples on various specimen faces.

Figure 4.13: Optical microscope images of AA5083 faces after being subjected to 24 hour
attack of concentrated nitric acid during NAMLT.
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Figure 4.14: Degree of sensitization of specimens with one face area fixed and the area of
the other two faces progressively decreasing.

The DoS of isolated RD-TD face was determined to be 10.6 mg/cm2 using the mod-
ified NAMLT (3.6.1). The increasing trend of DoS observed with decreasing thickness
can therefore be explained by the decreasing area share of the RD-TD face with low DoS.
Specific DoS of the RD-ND and ND-TD can then be determined approximately by ex-
trapolation to the limit case of 0 mm thickness where only a singular face theoretically
contributes to the DoS. Finally, the estimated specific contribution of each face to the
total mass loss is depicted in Fig. 4.15.

Figure 4.15: Estimated mass loss contribution of various faces of sensitized AA5083 plate
when subjected to NAMLT.

By far the lowest contribution of 8% from the total mass loss comes from the RD-TD face.
The ND-TD and RD-ND faces then yield comparable ratios of 49% and 43%, respectively.
The highest mass therefore comes from the face with the highest grain boundary to grain
size ratio Fig. 4.11. More detailed explanation is provided in (1.3.4).

Fig. 4.16 shows the sensitization progress of the AA5083 samples as measured both
by the standard NAMLT and modified NAMLT. The DoS of the RD-TD face as opposed
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to the combined DoS of all three faces was around 50% on day 0 and it kept decreasing
down to 24% by day 60. It is interesting to note that that the DoS in case of modified
NAMLT maximizes around day 42 while it keeps rising for standard NAMLT all the way
to day 60. Based on the data, the modified test shows more consistency than the standard
one. This is attributed to the absence of specimen edges which introduce larger degree
of uncertainty into the measurement since these are the source of highest grain fall-off.

Figure 4.16: Sensitization progress of AA5083 measured by standard NAMLT and mod-
ified NAMLT applied on the RD-TD face.

4.3.2 The effect of LSP on DoS

To better demonstrate the insufficiencies of the standard NAMLT when it comes to laser
peening, the results obtained with both tests will be shown and compared. For the stan-
dard test, specimens with dimensions 50 mm x 6 mm x 6.2 mm (after polishing) were
cut out from the sensitized plate. Due to the nature of laser peening, the specimens
were treated only from two opposing sides (Fig. 4.17a) which corresponded to the ND-
TD faces following the previous conclusion that the ND-TD face contributes the most to
the DoS. Because of that, the specimens had to be first cut out and then treated as in-
dependent blocks rather than peening the whole plate and then cutting out the blocks
afterwards. For the modified NAMLT, square coupons with dimension 50 mm x 50 x
by 6.2 mm were used (Fig 4.17b). Here, laser peening was applied to the largest face
with RD-TD orientation. PLP laser was used for the peening and the treatment applied
follows the notation from Table 4.2.

During the treatment, the standard NAMLT samples were placed next to each other
and attached to the base holder using two sided tape. The peened patch overreached
the specimen edges so that the exposed face was completely covered (Fig. 4.18a). The
larger square coupons for modified NAMLT used standard mechanical attachment and
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the treated area was 45 mm x 45 mm to cover the whole area exposed to the acid attack
(Fig. 4.18b).

Figure 4.17: Specimen dimensions and orientation for (a) standard NAMLT and (b) mod-
ified NAMLT.

Figure 4.18: Laser peening of NAMLT specimens: (a) LPwC SHG for standard NAMLT
and (b) LSP IR (1st sequence) for modified NAMLT.

Once the peening was finished, the specimens were subjected to the DESMUT pro-
cedure as described in (3.6) and weight measurements were taken. For the standard
NAMLT, each sample including the control group was placed into a separate glass tube
with 40 ml of 70% HNO3. The tubes were then placed into a holder submerged in water
bath with temperature control (Fig. 4.19b). The glass tube with sensitized specimen be-
fore and after 24 h of acid attack is shown in Fig. 4.19a. For the modified NAMLT, the
samples were mounted in the developed contraption (Fig. 4.19c) so that the acid attack
affected the treated face only. Once again, the exposed area was cca 12 cm2 and 40 ml of
70% HNO3 was used. The actual test in progress with specimens submerged in the water
bath is shown in Fig. 4.19d.

For better interpretation, the final results are displayed both in the form of a table and
a column graph in Fig. 4.20. While the standard test comprises all the LSP and LPwC
treatment conditions, the modified test focuses only on the LSP IR 2L, LPwC IR 1089
and LPwC SHG 1089. The standard NAMLT results show improvement with most of the
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Figure 4.19: Implementation of the NAMLT: (a) standard NAMLT before and after 24h
of 70% nitric acid attack, (b) glass tubes with specimens placed in a water bath during
standard NAMLT, (c) modified NAMLT before and after 24h of 70% nitric acid attack
and (d) 3D printed contraptions with specimens placed in separate beakers in a water
bath during modified NAMLT.

peening conditions but most of the time, the improvement is negligible, represented only
by a few percentage points. These results are within the margin of error of the measure-
ment and are statistically insignificant. The only recognizable trend can be seen in the
LPwC IR condition which shows steady improvement in DoS with rising pulse density
down to 40.66 mg/cm2 as opposed to 44.6 mg/cm2 of the control sample. Overall how-
ever, the results are unconvincing. The modified NAMLT results fortunately give a much
clearer picture. With only the treated area involved in the weight loss measurement, we
now see a clear improvement of 17.6% and 20.1% with the LSP IR 2L and LPwC IR 1089
samples, respectively. On the other hand, the LPwC SHG 1089 condition showed a slight
increase of 5.4% in DoS.
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Figure 4.20: (a) Standard NAMLT results and (b) modified NAMLT results. Green fill
implies improvement over the control sample as opposed to orange that implies higher
DoS.

Based on the results presented in this section, the following conclusions can be made:

1. The DoS of AA5083 is strongly grain orientation dependent. The difference be-
tween weight loss contribution of grains in the rolling direction is six time higher
than in the normal direction due to denser grain boundary network and more direct
depth penetration.

2. The NAMLT test, as defined by the ASTM G67, is not a valid method to determine
the effect of LSP and LPwC on the DoS of rolled AA5083 plates.

3. The modified NAMLT showed clear drop in DoS for LSP and LPwC samples treated
with infrared laser and thin water layer and a slight increase in DoS for LPwC
samples treated underwater.

112



4.4 Electrochemical analysis

Similar to the previous section (4.3), the specimens were divided into three heat related
categories: as received, sensitized and solutionized. This was done to better understand
the effect heat treatment has on the electrochemical properties before any LSP or LPwC
treatments were applied. Square coupons of 40 mm x 40 mm x 6.35 mm sectioned from
the AA5083 plate using EDM were used. Before testing, all samples were polished to
1200 grit with silicon carbide paper followed by 1 µm mirror polish using diamond sus-
pensions. After DI water rinsing, the samples were ultrasonically cleaned for 30 s, fol-
lowed by ethanol (C2H5OH) rinse and air drying. The LSP and LPwC treatments were
applied to the sensitized samples only. In this case, samples were peened by the Bivoj
laser system using laser parameters from Table 4.1. Based on the previous measure-
ments, only one set of processing parameters was chosen per each peening condition.
These were LSP IR 2L, LPwC IR 1089 and LPwC SHG 1089 as specified in Table 4.2.
Once again for simplicity, the name of the samples in this section will be shortened to
LSP IR, LPwC IR and LPwC SHG. A summary of all labels used in this section is shown
in Table 4.3. Samples after the peening treatment with Bivoj laser are shown in Fig. 4.21.

Table 4.3: Sample categorization for electrochemical analysis.

Figure 4.21: Sensitized square coupons of AA5083 after laser peening using Bivoj laser:
(a) LSP IR, (b) LPwC IR and (c) LPwC SHG.

The electrochemical testing was carried out in 3.5 wt% NaCl naturally aerated water
environment at a room temperature of 25 °C in a flat-cell with a platinum mesh counter
electrode and a standard Ag/AgCl reference electrode (3.4). Prior to testing, specimens
were covered with a Si mask with 15 mm circular opening in the middle to prevent
crevice corrosion around the o-ring contact area. The total surface area exposed to the
electrolyte was 1.77 cm2. A fresh sample was used for each measurement with at least 3
measurements performed per sample condition. The plots presented are representative
results of these replicated measurements.
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4.4.1 Cyclic Polarization

The potential was scanned at 10 mV/min in the anodic direction and 20 mV/min in
the cathodic direction with a sampling period of 0.33 seconds. The current density was
capped at 1 mA/cm2. The scan started at 0.5 V below steady Ecorr after 30 minute stabi-
lization period. Fig. 4.22 shows cyclic polarization (CP) curves of as received, sensitized
and solutionized material with no peening treatment applied.

Figure 4.22: Cyclic polarization curves of as received, sensitized and solutionized
AA5083 samples in 3.5 wt% NaCl solution.

The arrows point in the direction of the potential sweep. All three curves exhibit similar
shape with a notable potential offset. The highest Ecorr of -752 mV is displayed by the
solutionized material, followed by -767 mV of the as received samples and -792 mV of
the sensitized material. The anodic region in all three cases is characterized by sharp in-
crease in current density with rising potential. The difference in Ecorr is correlated with
the amount of β-phase precipitation present on the sample surface and exposed to the
electrolyte as evidenced by Fig. 4.12. Sensitized samples show the highest amount of
continuous β-phase grain boundary while the solutionized samples show no β-phase on
the surface. Birbilis et al. [31] showed that Ecorr of the bulk β-phase (-950 mVSCE) is
lower than the polarization potential of the aluminium matrix. With the β-phase precip-
itation present, the result is a mixed potential between the two components which would
explain the differences in Ecorr . After the measurement, all three samples exhibited se-
vere pitting attacks although no traces of IGC were observed (Fig. 4.23). All surfaces
display localised pitting attack which is more widespread in the case of sensitized sam-
ples. The reverse potential sweep in Fig. 4.22 shows hysteresis which is caused by the
pitting damage to the surface.

Fig. 4.24 shows CP measurements of sensitized samples under various treatment
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Figure 4.23: Optical microscope images of pitting attacks after CP measurement on the
surface of (a) as received, (b) sensitized and (c) solutionized AA5083 samples.

conditions. Ecorr dropped in all cases when compared to the non-treated sample with
the highest drop of 47 mV for the LSP IR sample. Both LPwC treatments, however,
display extended passivity region with reduced anodic current. In these cases, Eb is
shifted further away from Ecorr , exceeding Eb of the non-treated sensitized sample by
more than 20 mV. In contrast, the anodic region stayed relatively flat for LSP IR although
slight indication of passivity may also be observed. This suggests that the kinetics of the
process is controlled by oxygen diffusion through the porous oxygen film which is more
developed after the LPwC treatment. It is also worth noting the different behaviour of
LPwC samples during the reversed potential sweep where Eprot is completely outside the
potential range applied. The widespread pitting attack on the LSP IR surface (Fig. 4.25a)
was similar to the non-treated sensitized sample (Fig. 4.23b). In contrast, the surfaces of
both LPwC IR and LPwC SHG samples in Fig. 4.25b and Fig. 4.25c, respectively, show
more localized pitting which penetrates the transformed recast layer.

The polarization resistance Rp of the investigated samples was determined using the
LPR method. Small voltage variations (±5 mV) were applied around Ecorr and the slope
of current response was measured. The resultant Rp values are summarized in Table
4.4 along with other characteristic dissolution parameters. Smaller electrical current
variations and rapid increase in Rp were observed for the LPwC samples. Most notably
nearly 50 times higher Rp was measured for LPwC SHG sample when compared to the
non-treated sensitized sample (202.5 kΩ versus 4.3 kΩ). An increase in Rp, although
much smaller, was also measured with the LSP IR sample.

Table 4.4: Characteristic dissolution parameters obtained from CP measurement in nat-
urally aerated 3.5 wt% NaCl solution.
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Figure 4.24: Cyclic polarization curves of laser peened samples of sensitized AA5083 in
3.5 wt% NaCl solution.

Figure 4.25: Optical microscope images of pitting attacks after CP measurement on the
surface of: (a) LSP IR, (b) LPwC IR and (c) LPwC SHG samples.

4.4.2 Potentiostatic polarization

The core aspect of sensitized AA5083 revolves around the phenomenon of IGC which
subsequently leads to IGSCC. However, to investigate the role laser peening plays in it
we must first isolate IGC from other prevalent corrosion mechanisms such as pitting
which proved to be dominant in the CP measurements. Seong et al. [81] achieved that
by polarizing the sample in its cathodic region just below Ecorr . They considered that
the Eb of -950 mVSCE of the bulk β-phase is lower than the Ecorr of -780 mVSCE of the
sensitized material. Polarizing the sensitized material at -800 mVSCE then led to clear
manifestation of IGC without the pitting corrosion being present. In this case, the Ecorr
of sensitized AA5083 was established at -792 mV vs Ag/AgCl reference electrode. The
samples were therefore polarized at -800 mV vs Ag/AgCl. The current density measured
over time for the untreated conditions is shown in Fig. 4.26. From now on, the potential
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will always refer to the Ag/AgCl reference electrode unless specified otherwise.

Figure 4.26: Current density during potentiostatic polarization at -800 mV of non-treated
AA5083 in 3.5 wt% NaCl solution.

In all cases, the current density starts in negative values as expected due to the ca-
thodic polarization. After some time, the current density of the sensitized sample starts
rising exponentially, reaching a value of 330 µA/cm2 over a period of 6 hours. In contrast,
the current density of both the as received and solutionized samples stays close to zero
and does not change over time. The surface condition after the measurement is shown
in Fig. 4.27. The as received (Fig. 4.27a) and solutionized (Fig. 4.27b) conditions show
no signs of IGC or pitting corrosion after 6 h of immersion in the 3.5 wt% NaCl solution.
In contrast, the sensitized sample in Fig. 4.27c exhibits a large interconnected network
of IGC all over the exposed surface area. No traces of pitting corrosion are observed this
time as the polarization pushes the reaction below Eb.

Potentiostatic measurements at -800 mV of sensitized samples subjected to LSP and
LPwC are presented in Fig. 4.28. Both LPwC treatments show significant drop in current
density. For LPwC IR, the current density after 6 h is 80 µA/cm2 which is more than
four times lower than in case of the non-treated sensitized sample. For LPwC SHG, the
current density after 6 h is 5 µA/cm2, which is nearly the same as for the as received
sample. We can however assume that the current density will keep on rising albeit at
an extremely slow rate when compared to the non-treated sensitized condition. LSP
IR sample with protective coating showed only a slight improvement with final current
density of 267 µA/cm2 although for more than 3 h the curve copied that of the control
sample which indicates that no significant change took place. Optical microscope images
of the surface of treated samples after the potentiostatic measurement are shown in Fig.
4.29. The surface of LSP IR shows developing IGC network with most severely corroded
area in the middle indicated by the blue spot. The LPwC samples on the other hand
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show no observable intergranular features. Instead, the corrosion manifests in the form
of localized surface perturbations.

Figure 4.27: Optical microscope images of AA5083 after potentiostatic polarization at
-800 mV for 6 h: (a) as received sample, (b) solutionized sample and (c) IGC network and
its close up developed on sensitized sample.
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Figure 4.28: Current density during potentiostatic polarization at -800 mV of laser
peened sensitized AA5083 in naturally aerated 3.5 wt% NaCl solution.

Figure 4.29: Optical microscope images of laser peened sensitized AA5083 after poten-
tiostatic polarization at -800 mV for 6 h: (a) LSP IR, (b) LPwC IR and (c) LPwC SHG.
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4.4.3 Electrochemical Impedance measurements

The results of Electrochemical Impedance Spectroscopy (EIS) are presented in the form
of Bode and Nyquist plots. Based on the potentiostatic measurements (4.4.2), samples
were polarized at -800 mV vs Ag/AgCl which showed to be successful in isolating IGC
from pitting corrosion. The testing was carried out in 3.5 wt% NaCl solution with 5
mV RMS voltage oscillation and frequency range from 100 kHz down to 100 mHz. For
clarity, the data is divided into a separate category of different heat conditions applied
to the non-treated plate and a second category of sensitized treated samples. The Bode
and Nyquist plots of the non-treated samples are shown in Fig. 4.30 and Fig. 4.32,
respectively. Similarly, the Bode and Nyquist plots of the sensitized treated samples are
shown in Fig. 4.31 and Fig. 4.33, respectively. Two time constants can be distinguished;
one in the high frequency range (∼20-100 Hz) and one in the low frequency range (0.1-
0.3 Hz). In the high frequency range, the plots indicates higher |Z| for treated samples
with protective coating (Fig. 4.31) as well as non-treated samples (Fig. 4.30). However, as
we approach lower frequencies (<5 Hz), the trend is reversed and higher |Z| is achieved
with both LPwC conditions, LPwC SHG in particular. In contrast, specimens processed
by LSP IR fall more than an order of magnitude behind. The phase angle shift data shows
significant phase angle peak broadening for both LPwC conditions while the regular LSP
IR peak narrows in comparison with the non-treated conditions. The peak broadening is
indicative of a stable protection barrier spread across wider frequency range [219]. The
Nyquist plots presented in Fig. 4.32 and Fig. 4.33 are in the form of semicircles with
centres depressed below the x-axis. Treated samples in Fig. 4.33 show that the LPwC
specimens display higher resistance, represented by wider arc, when compared to the
non-treated specimens. The LSP IR condition with protective coating shows the smallest
arc, indicating lower resistance when compared to the rest of the tested conditions.

Figure 4.30: Bode plot of as received, sensitized and solutionized samples recorded in 3.5
wt% NaCl solution. The data is fitted using the displayed equivalent electrical circuit.
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Figure 4.31: Bode plot of laser peened sensitized samples recorded in 3.5 wt% NaCl
solution. The data is fitted using the displayed equivalent electrical circuit.

Figure 4.32: Nyquist plots of as received, sensitized and solutionized samples recorded
in 3.5 wt% NaCl solution. The data is fitted using the displayed equivalent electrical
circuit.
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Figure 4.33: Nyquist plots of laser peened sensitized samples treated wih LSP recorded
in 3.5 wt% NaCl solution. The data is fitted using the displayed equivalent electrical
circuit.

An impedance plot obtained for a given electrochemical system can be modelled by
one or more equivalent electrical circuits [220] where the appropriate model gives a rea-
sonable fit with the least amount of circuit components. In this case, an equivalent elec-
trical circuit model Rs(Qc(Rpo(QdlRct))) was used based on the work of several authors
[158, 221, 222] who proved it to be adequate for modelling of aluminium corrosion. The
model comprises two time constants as previously indicated by the potentiodynamic
measurements and by the Bode and Nyquist plots. The high-frequency time constant
is related to the reactions at the outer interface (RpoQc), i.e. the porous oxide film and
electrolyte where Rpo represents the film pore resistance and Qc the film capacitance or
constant phase element (CPE). CPE is used to signify the possibility of a non-ideal ca-
pacitance with a varying n. The factor n is within the range of 0 ≤ n ≤ 1. When n = 1, Q
describes an ideal capacitor. The value of n is related to the electrode roughness and het-
erogeneities [223]. The second time constant at low frequencies (RctQdl) is attributed to
the charge-transfer reaction at the metal surface (inner barrier), in the base of the oxide
film pores where Rct and Qdl represent the charge transfer resistance and double layer
capacitance, respectively. The electrolyte resistance is denoted by Rs. A good fit of the
experimental data was achieved and the results are shown in Table 4.5.

According to the data, the combined resistance Rs +Rpo +Rct of the LPwC SHG treat-
ment increased more than 3 times (178 ± 16 kΩ) when compared to non-treated sensi-
tized sample (58 ± 24 kΩ). This suggests that the underwater treatment increased both
the quality of the oxide film (Rpo) as well as the passivity of the transformed layer be-
low (Rct). Lower Rct of the non-treated and LSP IR specimens generally indicates an
increase in the metal area in contact with the electrolyte, denoting the penetration of
water molecules, oxygen anions through the porous film, and the corrosion activity on
the metal surface [224]. The large difference between LPwC IR (33 ± 5 kΩ) and LPwC
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Table 4.5: Electrochemical parameters obtained from EIS spectra.

SHG (87 ± 38 kΩ) in Rpo is attributed to the surface oxide film quality which tends to be
more uniform in case of underwater treatment. These results are in good agreement with
the potentiodynamic measurements from Fig. 4.24. On the other hand, LSP IR under-
performed heavily when compared with the non-treated sensitized condition, with the
combined resistance of only 8.0 ± 0.2 kΩ. This result suggests that the treatment with
protective coating in this case does have a negative effect on the oxide film. The discrep-
ancy between this result and the higher Rp value compared to SE sample (Table 4.4) can
be attributed to the anodic dissolution of LSP IR polarized at -800 mV during EIS.

The highestQc was achieved with LPwC IR which suggests increased surface porosity
and heterogeneity. In contrast, lowerQc of LSP IR compared to the non-treated sensitized
sample points to more homogeneous surface layer after laser treatment with protective
coating. In addition, Qdl of the treated samples was significantly lower when compared
to the non-treated samples. The decrease in Qdl of the metal surface/solution interface
after laser treatment is probably an outcome of lower ion adsorption due to more difficult
penetration of water molecules, oxygen, and Cl− ions [158, 225]. The values of n−Qc and
n−Qdl are in the range of 0.94–1.00; hence Qc and Qdl can be considered approximately
as a pure capacitors.

4.4.4 XPS analysis

Spectra of Al 2p were measured and fitted with Gaussian functions to distinguish be-
tween states corresponding to different bonding energies. The ratio of areas inside the
recorded peaks then represents the ratio of corresponding components present in the
material. The two main components revealed were Al-oxide Al2O3 at 75.7 eV and Al-
metallic at 72.5 eV. In order to reach larger depth, the samples were subjected to 20 min
of ion sputtering with an estimated sputtering depth of about 10 nm [226]. The num-
ber of Ar atoms in a cluster was 1000 and the energy of a cluster was 5 keV. The size
of sputtered area was 2 mm x 2 mm. One of the measured spectra, specifically LPwC
SHG at 10 nm, is shown in Fig. 4.34a. Other spectra are similar, with varying ratios of
the Gaussian areas. The ratios of calculated areas of Al2O3 oxide to metallic Al in Al 2p
spectra are plotted in Fig. 4.34b. Each sample condition is represented by 2 columns,
one at 0 nm and the other at 10 nm depth. Both non-treated conditions show a similar
ratio of the oxide and metallic Al on the surface. At the estimated depth of 10 nm, the
amount of Al2O3 decreases with depth due to less oxygen molecules being present fur-
ther away from the surface. This drop is more pronounced with the as received sample at
85% to 78% as opposed to the 83% to 81% of the sensitized sample. In the case of treated
samples, the largest difference can be observed with the LPwC samples. The amount of
Al-metallic was halved when compared to the non-treated conditions while the amount
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of Al2O3 increased correspondingly. LSP IR showed no increase in Al-oxide but rather
the lowest amount of all the conditions tested with 82% on the surface and 76% at 10
nm.

Figure 4.34: XPS analysis of bonding energies: (a) Al 2p spectrum of LPwC SHG at a
10 nm depth and (b) the ratio of Al-metallic and Al-oxide of non-treated and treated
specimens at 0 nm and 10 nm depth.

4.4.5 Microstructure analysis

Near-surface cross-section SEM images of the treated specimens are shown in Fig. 4.35.
The smooth LSP IR surface in Fig. 4.35a contrasts with the LPwC SHG surface in Fig.
4.35b where a recast layer approximately 2-3 µm thick with a modified oxide layer on
top can be observed. The etched cross-section of the LSP IR sample (Fig. 4.35c) further
reveals β-phase sensitized grain boundaries in very close proximity to the surface. In
case of the etched LPwC SHG sample (Fig. 4.35d), however, the sensitized boundaries
are shielded from the surface by the recast layer that was generated during the laser pulse
interaction when no protective coating was applied.

Fig. 4.36 provides a closer look at the near-surface cross-section of the sensitized ma-
terial without treatment. The TEM image in Fig 4.36a shows that the polishing process
creates fine flat grains up to a depth of about 100 nm. These grains are divided into
several subgrains containing high dislocation density. Underneath, larger grains are also
heavily deformed as a result of the manufacturing process. Fig. 4.36b and 4.36c then
show the Mg precipitates distribution both in coarse isolated particles as well as dense
coverage on the grain boundary. The subgrains are subjected to large stress with high dis-
location density homogeneously distributed in the volume with Fe and Mn precipitates
present.

When the plate was treated with the protective coating applied (LSP IR), most of the
grains near the surface were refined to a grain size of 100-200 nm (Fig. 4.37a). The
newly formed subgrains contain high dislocation density (Fig. 4.37c) and the affected
zone reaches up to 300 nm below the surface. There is no grain boundary β-phase in
this region (Fig. 4.37b), however, below this region the structure is the same as in the
initial sensitized state. This means that the shock wave induced plastic deformation can
dynamically change the microstructure only to a limited depth. The presence of Mg en-
richment at the boundary of this refined layer is interesting, as well as the morphological
transition of the β-phase to what appears to be a smooth film, as opposed to the less uni-
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Figure 4.35: SEM cross-section images of treated sensitized AA5083: (a) LSP IR, (b)
LPwC SHG with recast layer and modified oxide layer visible, (c) LSP IR with β-phase
visualized, (d) LPwC SHG with β-phase visualized and shielded from the surface.

Figure 4.36: Cross-section images of near-surface area of sensitized AA5083 with no
treatment applied: (a) TEM of the surface layer deformed by polishing, (b) STEM image
of particles near the surface and (c) distribution map of selected elements.

form thickness observed in Fig. 4.36b that is typical of a densely populated but largely
discrete β-phase coverage viewed in transmission. The limited area of the TEM sample,
however, makes it hard to discern how prevalent this phenomenon is.

The microstructure observed in the surface region of the LPwC SHG sample (Fig.
4.38) is very different from that of both non-treated and LSP IR samples. First, a nearly
2-3 µm wide recast surface layer is present (Fig. 4.38a) which is quite different from that
of the base material beneath this region indicated below the white dashed line in the
TEM image. The β-phase precipitates that appear dark in the BF image and brighter in
STEM EDS Mg map in Fig. 4.38b have been taken back into solution in the melted and
recast layer that appears in a uniform grey contrast; the STEM EDS map in Fig. 4.38b
reveals the β-phase distinctively, but also that the Mg is evenly distributed in the re-
cast layer. The second remarkable feature is the presence of numerous nanoparticles of
varying size embedded within this layer. Very recent work on LPwC of Al7075-T6 alloy
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Figure 4.37: Cross-section images of near-surface area of sensitized AA5083 after LSP IR
treatment: (a) STEM of LSP induced subgrains, (b) Mg distribution in the surface region
and (c) TEM showing detail of the subgrains with high dislocation density.

has determined that these are oxygen-rich aluminium nanoparticles [227], and possible
mechanisms for their formation have been discussed. The recast layer and the layer be-
low are also marked by a heavily deformed structure with high dislocation density and
subgrain boundaries (Figs. 4.38a and 4.38c). This microstructure reaching into the depth
is the result of shock-assisted deformation. Overlapping laser spots result in heteroge-
neous thermal and mechanical conditions, which consequently lead to further increase
in dislocation density and less defined subgrains. These subgrains are kept under stress
caused by rapid solidification and by compressive residual stresses. Since the LPwC SHG
sample was processed in water environment without protective coating, the aluminium
nanoparticles in Fig. 4.38a are enriched in oxygen. The melting/solidification and ther-
momechanical deformation mechanism during LPwC led to dissolution of β-phase pre-
cipitates at original grain boundaries and more uniform distribution of Mg in solution in
the recast surface layer (Fig. 4.38b), as well as their break-up into coarser precipitates in
the matrix regions below (Fig. 4.38c).

Figure 4.38: Cross-section images of near-surface area of sensitized AA5083 after LPwC
SHG treatment: (a) TEM showing the uniform solid solution recast layer with embedded
oxygen-rich Al nanoparticles, (b) Mg map of the recast layer and (c) STEM of coarse
β-phase precipitates under the recast layer.
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4.5 Slow strain rate test

Specimens for SSRT were EDM sectioned from 25.4 mm thick rolled plate of AA5083
sensitized at 100 °C for a period of 60 days. A ’dog-bone’ sample geometry was chosen
based on the work of Ogoucha et al. [49] with up-scaled dimensions for this work (Fig.
4.39a). Based on the unequal contribution of various specimen faces to the DoS (4.3.1),
the specimens were sectioned in such a way that the ND-TD plane with highest IGC
susceptibility coincided with the dominant plane on the SSRT specimen which would
be later laser treated (Fig. 4.39b). The grains were elongated along the long axis of the
sample as the plate geometry did not allow for perpendicular grain orientation. Prior
to peening, the gauge (narrowed central part) of the specimens was polished to 600 grit
from both sides.

Figure 4.39: Dog-bone shaped specimens for SSRT: (a) specimen dimensions and (b)
sectioning of specimens from AA5083 plate.

A customized plastic sample holder was 3D printed to allow laser access to both sam-
ple sides without manual repositioning of the sample. Moreover, side insertions made of
AISI304 steel were used to facilitate the peening near the specimen edges (Fig. 4.40a).
The insertions had the same thickness and copied the shape of the specimen. Smooth
plane transition lessens the likelihood that the laser impact tears the tape at the edge
and burns the underlying surface in the LSP process. Similarly the insertions help to
shield the side planes of the LPwC samples so that the peening takes place on the des-
ignated front and back surfaces only. The specimens were treated with Bivoj laser using
processing parameters that were determined to give the highest residual stresses (4.1.2).
The parameters are summarized in Table 4.6. A specimen during the peening process is
shown in Fig. 4.40b.

A special patterning strategy was employed to prevent the sample from excessive
bending. In general, aluminium alloys are relatively soft and tend to easily bend away
from the peened area when relatively small and thin samples are used. There are several
ways to deal with this. First, one can use thicker samples so that more bulk material
prevents the bending. This was not possible here due to technical limitations of the SSRT
machine. Second, double side peening, i.e. simultaneous peening from both specimen
sides, can be used. Such option was also not available for this work. Lastly, the specimen
can be peened from both sides consecutively in several smaller connected patches. This
strategy was utilized here. Every time a line was peened on one side of the specimen, the
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Figure 4.40: (a) SSRT LSP IR specimen with tape removed placed in a holder and sur-
rounded by steel insertions to smoothen edge transitions and (b) SSRT LPwC IR speci-
men being peened by Bivoj laser.

Table 4.6: Selected laser treatment parameters for SSRT using Bivoj laser system.

specimen would rotate 180° around its long axis and the same line would be peened on
the other side to counteract the bending of the opposite line. Eventually, line after line,
the whole sample would be peened from both sides without any bending occurring. The
strategy is shown step by step in Fig. 4.41. The total size of the laser patch was 75 mm
x 20 mm, i.e. the whole gauge of the sample was peened from each side. Samples after
peening, before being subjected to the tensile testing, are shown in Fig. 4.42. In total, 3
samples were processed for each peening condition with a representative sample being
shown in the stress/strain plots.

The tensile tests were performed with a uniaxial strain rate of 10−6 which was deter-
mined to be within the ideal range of SCC testing for AA5083 (3.8). It is also within the
parameters set forth in ASTM G 129-00, Standard Practice for Slow Strain Rate Testing to
Evaluate the Susceptibility of Metallic Materials to Environmentally Assisted Cracking
[228]. All stresses and strains were computed as engineering stresses and strains using
the original and final dimensions of the specimen. The samples were placed into a spe-
cially designed cell (Fig. 4.43) which contained circulating 3.5% NaCl solution. The cir-
culatory system kept the temperature constant at 40 °C throughout the whole test. Prior
to the test, the upper and lower wide parts of the specimen were coated with silicon to
ensure that only the gauge was in contact with the electrolyte.

First, sensitized samples without any additional treatment were tested both in air and
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Figure 4.41: Peening strategy for the SSRT samples. Sample would rotate after every
laser pattern line to counteract bending of the sample.

Figure 4.42: SSRT samples after laser peening including a baseline (BL) sample as a
reference.

the NaCl solution to determine what effect the environment has on the tensile properties
of the samples. The stress/strain curves are shown in Fig. 4.44. The sensitized sample
in solution shows drastic decrease both in maximum stress and strain to failure. The
literature shows that similar discrepancy can also be observed between non-sensitized
and sensitized samples tested in NaCl solution [9]. In contrast, measurements of non-
sensitized and sensitized samples in air [229] does not show any significant difference
with only a slightly higher strain to failure for the sensitized sample. This is most likely
due to increased ductility of the aluminium once the magnesium transitioned from solid
solution in the material matrix to the grain boundaries. We can therefore conclude that
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the decrease in maximum stress and strain to failure is a direct result of the environmen-
tal influence of the NaCl solution on the sensitized material.

Figure 4.43: Specimens mounted in SSRT machine and surrounded by plastic chamber
with circulating NaCl solution at constant temperature.

Figure 4.44: Stress/strain curves of sensitized samples in air and 3.5% NaCl solution.
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The results of SSRT of sensitized specimens after LSP and LPwC treatments are
shown in Fig. 4.45. It is immediately clear the material was cold worked by the laser
treatment, resulting in its strengthening and raising of maximum stress before breaking.
At the same time, the strain hardening lowered the ductility as the nominal strain at
break decreased significantly in all laser treated cases. The results are summarized in
Table 4.7. The maximum stress at failure was achieved with the LSP IR condition with
∼8% increase when compared to the baseline although the strain at break dropped by
45%. LPwC SHG had a similar increase in maximum stress of 6% but the strain at break
decreased by 18% only. The LPwC IR samples performed the worst both in maximum
stress and strain at break.

Figure 4.45: Stress/strain curves of sensitized samples in 3.5% NaCl solution after LSP
and LPwC treatments.

Table 4.7: SSRT result summary.
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4.5.1 Fracture analysis

The fracture analysis consists of fracture plane stereomicroscopy and SEM followed by
metallography analysis. All the images are displayed in Fig. 4.46 to allow for direct
comparisons between different sample conditions.

Figure 4.46: Fracture analysis results. Rows correspond to analytical method and
columns to specific sensitized condition.

The stereomicroscopic images (Fig. 4.46 top row) show that the fracture progressed
differently in different environments. Sensitized specimens in air show straight fracture
under 45° angle where the highest shear stresses can be found. On the other hand, spec-
imens tested in NaCl environment show irregular fracture roughly perpendicular to the
loading stresses. These fractures comprise several smaller fracture areas where the spec-
imen body was breached under the influence of the highest shear stresses. The closest
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any sensitized specimen in NaCl got to the fracture shape in air was the LPwC IR condi-
tion. Upon closer investigation, however, the LPwC IR fracture morphology much more
resembles the other sensitized samples in NaCl. The images also show no distinct plastic
deformation around the fractures in the corrosive environment which is in agreement
with the stress/strain curves in Fig. 4.45 where the strain at failure was relatively low.
The SEM images in middle row of Fig. 4.46 show two different crack propagation mech-
anisms. Sensitized samples in air show transgranular crack features while all sensitized
samples in NaCl show distinct intergranular cracking. The metallographic analysis in
bottom row of Fig. 4.46 further reveals that cracks in the NaCl solution were initiated
at the specimen surface, specifically at the edges. At first, the intergranular cracks prop-
agated perpendicular to the applied stress due to material weakening in the corrosive
environment. As the cracks progressed, the fracture morphology changed to ductile un-
til the specimens fractured completely. Furthermore, as the primary crack propagated,
secondary corrosion cracks split off into the specimen volume. These cracks were also in-
tergranular as evidenced by a close up image in Fig. 4.47 with β-phase boundary visible.
Moreover, next to the primary crack, more smaller perpendicular cracks can be observed
on the edge surfaces of specimens in NaCl solution which lead to weakening of specimen
cross-section. The size and length of these smaller cracks varied among different testing
conditions. The average crack length of the NaCl baseline sample was 2 ± 1.14 mm while
the LSP IR specimens showed 0.97 ± 0.33 mm. The LPwC conditions displayed even
shorter cracks, specifically 0.25 ± 0.20 mm for LPwC IR and 0.80 ± 0.43 mm for LPwC
SHG.

Figure 4.47: Secondary intergranular cracks following β-phase grain boundary.

In conclusion, we have shown that the SSRT parameters lead to IGSCC of AA5083
in 3.5% NaCl. The LSP and LPwC treatments induced strain hardening of the treated
specimens which made the material stronger but less ductile. It is however unclear what
effect the treatment had on the SCC process itself since the base material was essentially
changed by the process and it is difficult to distinguish between the strain hardening and
potential SCC suppression. An indicator of an actual improvement could be the length
of the smaller intergranular surface cracks that were found on the sensitized samples.
These cracks were smaller in case of LPwC treatments, most notably in the case of LPwC
IR. This assessment, however, is very rough since laser treated strain hardened specimens
failed sooner than non-treated specimens and the surface cracks did not have the same
amount of time to develop. Nevertheless, LSP IR specimens with about half the time
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to failure displayed side intergranular cracks about twice as short which implies linear
propagation of the surface cracks in time. Based on this estimate and longer times to
failure, we would expect longer surface cracks for LPwC specimens compared to the LSP
IR but the crack length was in fact shorter. This qualitative result therefore supports
the hypothesis that modified surface layer created during LPwC treatment does have a
positive impact on IGSCC.

4.6 Fatigue testing

Samples for CF were in the form of 60 mm x 12 mm x 4 mm blocks sectioned from a
25.4 mm thick rolled plate and polished to 600 grit on all sides. Fig. 4.48a shows that
the samples were sectioned in a way such that the plane experiencing the cyclic loading
corresponded to the ND-TD face, i.e. the face with the highest DoS (4.3.1). The samples
were once again sensitized at 100 °C for a period of 60 days. The peening parameters
were the same as in the previous section and their summary can be found in Table 4.6.
Only the 12 mm x 10 mm middle section of each sample was peened from both sides.
Due to the patch short length, the samples were first fully peened from one side and
then from the other to counteract the bending coming from the first side. No special
patterning strategy was needed as opposed to the SSRT. Samples after LSP and LPwC
treatments before fatigue testing are shown in Fig. 4.48b.

The 3-point bend test was load controlled and took place at room temperature at 45
Hz with R value 0.1. The supports were 20 mm apart and the specimen was submerged
in 3.5% NaCl solution to simulate marine environment. The terminating condition was
either when 107 cycles were reached or when the frequency dropped by 20 Hz due to
lowered toughness as a crack developed and started to propagate. The testing setup is
shown in Fig. 4.49.

Figure 4.48: (a) Sectioning of CF samples in relation to the parental plate orientation and
(b) CF samples before fatigue testing.

The results of the 3-point bend test are shown in Fig. 4.50. Data points with arrows
mark samples which did not break during the test and were halted after 107 cycles. The
baseline material not treated by laser peening without and with sensitization is repre-
sented by the black and red plots, respectively. The sensitized sample displays the S-N
curve shifted down which shows a clear negative effect of IGC on the CF of AA5083. The
fatigue strength at 107 cycles of the as received material was 127 MPa which is 44 MPa
higher compared to the sensitized baseline sample. At the same time, it is lower than
the fatigue strength value given in (3.3) and the discrepancy is attributed to the corrosive
environment. Both the LSP and LPwC treatments had a positive impact on the fatigue,
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Figure 4.49: Corrosion fatigue 3-point bend testing setup.

bringing the S-N curves back up and possibly surpassing the original non-sensitized fa-
tigue strength. Better improvements were achieved with the LPwC IR and LPwC SHG
treatments where the fatigue strength improved by 63% and 69%, respectively. The LSP
IR showed the least improvement out of the treatments tested but still reached a slightly
higher fatigue resistance than the non-sensitized sample. Fatigue strength improved by
57% when compared to the control sensitized samples. The results are summarized in
Table. 4.8.

Figure 4.50: S-N curves of sensitized AA5083 after 3-point bend test in 3.5% NaCl solu-
tion after LSP and LPwC treatments. Plot for as received samples is provided for com-
parison.
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Table 4.8: Fatigue strength of non-treated and laser peened samples in 3.5 wt% NaCl
solution.

SEM images of cracked samples are shown in Fig. 4.51. In all cases, the fatigue crack
was initiated in the central part of the loaded section, specifically at one of the sample
edges, and the crack propagation was perpendicular to the tensile loading vector. The
crack propagation mechanism of transgranular cracking was the same for all tested con-
ditions which can be observed in the bottom part of Fig. 4.51. The highest corrosion
damage was observed on the fracture plane of the sensitized baseline sample (Fig. 4.51b)
with pitting as the dominant corrosion mechanism. Laser peened samples showed sig-
nificantly lower pitting damage.

Figure 4.51: SEM images of cracked samples (top) and detail of the fracture surface (bot-
tom) after 3-point bend testing: (a) as received, (b) sensitized, (c) sensitized LSP IR, (d)
sensitized LPwC IR and (e) sensitized LPwC SHG.

In conclusion, sensitization has a negative impact on CF of the material which man-
ifests as a 35% drop in fatigue strength. LSP and LPwC treatment restored and even
possibly improved the original fatigue resistance of the non-sensitized samples. The im-
provement over the sensitized material appears to be over 60% (Fig. 4.50), especially
with the LPwC underwater treatment, although more data points would be required for
higher statistical certainty.
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4.7 Discussion

In the experimental section we tried to answer the question what effect LSP and LPwC
treatments have on stress corrosion cracking and corrosion fatigue of marine grade alu-
minium alloys which are weakened due to sensitization. Generally speaking, there are
three key components for SCC to take place which are corrosive environment (sea water),
weakened material (sensitization) and tensile stresses. While LSP as a post-processing
method is predominantly used to remove the tensile stresses and replace them with com-
pressive, the direct effect on the corrosion behaviour was also investigated.

From the mechanical standpoint, all three peening scenarios (LSP IR, LPwC IR and
LPwC SHG) lead to generation of deep compressive residual stresses. Both magnitude
and depth increased with number of laser impacts until a saturation was reached (Fig.
4.6). The largest differences observed were on the material surface which was heated and
transformed during the LPwC treatments resulting in drop in compressive stresses (Fig.
4.7). However, higher compressive stresses were achieved with higher laser pulse density
which is in agreement with LPwC literature [4, 156, 157, 158]. The second difference
in the LPwC treatments was in stress anisotropy which is associated with single pass
patterning strategy combined with high pulse density used in the LPwC treatments. This
was later used in the CF and SSRT measurements to orient higher compressive stresses
in the direction of tensile loading. The nano-hardness measurements showed an increase
in surface hardness as a result of the cold working process applied via the LSP and LPwC
treatments (Fig. 4.9). The amount of cold working and hardness increase was correlated
to the degree of plastic deformation induced by individual treatments, with the highest
deformation caused by LSP IR and the lowest with LPwC SHG (Fig. 4.10).

The electrochemical measurements show that the effect on corrosion resistance varies
depending on whether an ablative overlay is applied or not, with other processes that af-
fect the near-surface microstructure such as melting, solidification, surface oxide forma-
tion and grain refinement also playing significant role. In general, corrosion behaviour
of aluminium alloys is determined by the behaviour of the surface oxide film, notably its
degree of hydration and porosity [230]. The film forms either naturally or through ther-
modynamic processes. In spite of the LSP IR sample displaying the highest combined
compressive stresses, the process is purely mechanical and thus no modified oxide layer
is generated. Although some improvement was observed in Rp (Table 4.4), the data sug-
gests that the character of the oxide film stayed mostly unchanged when compared to the
LPwC treatments. This is further supported by the XPS analysis (Fig. 4.34b) where sim-
ilar or slightly lower amount of aluminium oxide compared to non-treated samples was
detected. Instead, the grains to about 300 nm depth are refined to ultra-fine nano-grains
100-200 nm in size (Fig. 4.37a). This result is consistent with other publications which
showed LSP refined aluminium microstructure with grain size in the 60-200 nm range
[15, 105, 106]. Despite no β-phase being present around the newly formed grain bound-
aries (Fig. 4.37b), the potentiostatic measurement in Fig. 4.28 suggest that this newly
refined layer does not have an effect on IGC. This could be possibly due to low thickness
of the refined layer since according to Seong et al. [81], 1 µm thick altered layer with re-
fined grains is already sufficient to affect IGC. During the LPwC treatment, on the other
hand, the direct interaction between the nanosecond laser pulse and the aluminium alloy
surface under a water confinement creates a modified oxide layer and underlying trans-
formed recast layer with a microstructure composed of a supersaturated Al solid solution
free of β-phase precipitates, combined with a high dislocation density. These features are
the result of the combined effect of thermal (melting/solidification) and high pressure se-
vere plastic deformation as the pressure and temperature present are in the order of GPa
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[1, 231] and thousands of °C [170], respectively. The presence of the modified oxide layer
is supported by the XPS analysis (4.34b) where higher amount of aluminium oxide was
detected as well as by potentiodynamic measurements (Fig. 4.24) where larger regions of
passivity were observed. Rp after LPwC treatment was significantly increased which is
in accordance with literature [17, 18, 232] where the improved corrosion characteristics
of aluminium were attributed to modified oxide layer resulting from the LPwC process.
Furthermore, the microstructure analysis gave evidence for β-phase free Al solid solu-
tion with high dislocation density layer beneath (Fig. 4.38). The 2-3 µm thick recast
layer acts as a shielding barrier between the underlying β-phase and the electrolyte (Fig.
4.35d). This resulted in significantly lower IGC current measured during the potentio-
static test (Fig. 4.28) and higher resistance in the EIS analysis (Table 4.5). Furthermore,
the recast layer being a uniform solid solution free of β-phase precipitates along the grain
boundaries considerably minimizes galvanic coupling effects, mitigating early pitting by
the electrolyte. Lastly, the increased roughness of treated samples means that the area
exposed to the electrolyte is actually higher than area of the non-treated samples. This
means that the corrosion current density of treated samples should objectively be even
lower than presented here which further supports the conclusion of positive impact of
LPwC.

The NAMLT measurements, on the other hand, do not show any significant change
in DoS for the LPwC SHG sample (Fig. 4.20) even though DoS is the primary indicator
of IGC susceptibility. Instead, an improvement in DoS is observed with the LSP IR and
LPWC IR. This improvement becomes statistically significant when modified NAMLT
was used. These results suggest that the IGC susceptibility as measured by NAMLT
is more closely related to the amount of cold work which is the highest in the LSP IR
and LPwC IR samples. Other studies also indicate that deformation processing methods
such as rolling reductions, cryo-milling and extrusion have a positive effect on DoS of
sensitized 5xxx alloys [233, 56]. The modified oxide layer seems to be ineffective when
subjected to the aggressive attack of concentrated Nitric acid. However, we showed it to
be effective in less aggressive environments such as 3.5% NaCl solution as demonstrated
in the electrochemical analysis (4.4).

The tensile testing showed a clear negative effect of the corrosive sea water environ-
ment which resulted in premature failure of sensitized samples (Fig. 4.44). The fracture
analysis revealed this was due to IGSCC while the fracture of specimen in air had a duc-
tile character. The LSP and LPwC treated samples, however, did not show a clear SCC
behaviour improvement but rather a high amount of cold work induced into the ma-
terial (Fig. 4.45). We observed a slight increase in maximum stress and a significant
reduction in strain-to-failure as the specimens became less ductile. The reduction was
more pronounced for LSP IR and LPwC IR samples where more cold working took place
as evidenced by the nano-hardness measurements (4.2). The investigation of smaller
surface intergranular crack length suggests, however, that some improvement in IGSCC
resistance could take place. The LPwC surface cracks were less than half in length com-
pared to the baseline non-treated material while adjusting for different test durations. In
contrast, the LSP IR condition with protective coating showed almost no crack length re-
duction. These results are in agreement with the electrochemical analysis which revealed
the 3 µm thick modified oxide layer suppressing IGC in LPwC samples and no effect for
the LSP samples. There is however a high degree of uncertainty due to the mechanical
cold working of the material. Despite its popularity in the stress corrosion literature, the
SSRT test might therefore not be the best option to investigate the effect of laser peen-
ing on IGSCC. The LSP and LPwC treatments basically transform the whole thin SSRT
specimen into a different material which makes it hard to evaluate the SCC behaviour. A
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tensile bending test would be more suitable since only a single surface of the sample is
exposed to the tensile forces rather than the whole volume. Moreover, the sample can in
such case be thicker so that the laser treatment would not affect the whole volume.

The CF testing on the other hand gives very clear idea of the LSP and LPwC influ-
ence. All laser treated samples outperformed the sensitized control samples and even
surpassed the original non-sensitized fatigue strength (Fig. 4.50). The CF improvement
is attributed to the compressive residual stresses imparted by the LSP and LPwC treat-
ments. Higher fatigue life of the LPwC samples could be explained by the residual stress
anisotropy. The LPwC fatigue samples had the transversal axis oriented parallel to the
stress loading which means higher compression was achieved. Other authors also report
positive impact of the enhanced oxide layer created during the LPwC process which im-
proved corrosion resistance of various aluminium alloys [17, 18]. Compared to the SSRT,
the bending test is much more suitable to test the LSP and LPwC influence. The tensile
loading takes place on one surface only which could be specifically targeted by the treat-
ment. That is the strength and primary use of the LSP technology - targeted treatment of
critical areas.
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Conclusion

In this work, the effect of Laser Shock Peening (LSP) treatment on marine grade alu-
minium alloys, specifically AA5083-H116, was investigated. A series of mechanical and
electrochemical tests was carried out and evaluated in the context of material sensitiza-
tion and intergranular corrosion (IGC) which have been shown to lead to stress corrosion
cracking (SCC) and corrosion fatigue (CF). In order to cover more variation within the
LSP process itself, three distinct peening configurations were used, one with protective
overlay (LSP IR) and two without which were further separated by different water con-
finement and laser wavelength used (LPwC IR and LPwC SHG). Throughout the work,
two laser systems were used; one at the University of Cincinnati, Ohio, USA, and the
other at HiLASE research center in the Czech Republic. The laser parameters used were
chosen as similar as possible so that shared conclusions could be made.

First, a residual stress parametric study was carried out that showed that LSP in-
troduces deep compressive residual stresses into the material which increase with the
number of laser impacts. Lower compressive stresses were measured on the surface in
treatment without protective coating as a result of material heating during the laser ab-
sorption. A set of optimal parameters was picked for each peening configuration which
was used for the rest of the study. Hardness testing showed a general increase in nano-
hardness after leser peening with the highest increase up to 25% for the LSP IR samples.
There was a correlation between the nano-hardness increase and the amount of cold
working the laser treatment induced.

For the following tests, the material was sensitized at 100 °C for a period of 2 months.
Nitric acid mass loss test (NAMLT) confirmed that after the heat treatment the sam-
ples were highly susceptible to IGC. It was also shown that the degree of sensitization
(DoS) strongly depended on the grain orientation which were elongated in the AA5083
plate rolling direction. In order to accommodate NAMLT for LSP, a modified version
of NAMLT was developed which was able to target a singular surface of the measured
specimen. The modified NAMLT then showed that LSP treatment does have an impact
on the DoS with up to 20% decrease for the LSP IR and LPwC IR speciemens whereas the
LPwC SHG treatment showed no significant change. This result is attributed to plastic
deformation caused by the LSP process which is the weakest in the LPwC SHG case. The
modified oxide layer after the LPwC treatments does not seem to play any role in the
aggressive nitric acid environment.

The electrochemical tests showed that the laser plasma interaction with the alu-
minum surface associated with the LPwC process creates β-phase free, supersaturated
Al solid solution recast layer with a modified oxide layer on top in the treated area. This
leads to the creation of a passive region with significantly lower anodic current in the
potentiodynamic measurement. The modified oxide layer and the 2–3 µm thick β-phase
free recast layer from the LPwC treatment shield the underlying β-phase regions from
the electrolyte which results in significantly reduced IGC current during potentiostatic
measurements, most notably for LPwC performed underwater. Despite 300 nm of re-
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fined microstructure caused by LSP with no grain boundary β-phase present, the low
thickness is not sufficient to protect the specimen against IGC.

The SSRT measurements clearly showed the cold working effect of the LSP treatment
on the aluminium samples. We have observed an increase in maximum stress but at
the same time significant decrease in nominal strain at failure as the samples lost some
ductility. The effect of LSP on SCC is not clear since the cold working essentially trans-
forms the base material into a different material although some evidence suggests that
LPwC treatment slows down the crack propagation. Nevertheless, SSRT might not be
an ideal ideal for determining the influence of LSP on SCC in general. Instead, constant
strain test or bending tensile test might be more suitable. In contrast, the CF tests clearly
showed large improvement in fatigue strength up to 69% for all laser treated samples. Si-
multaneously, sensitized control samples show about 50% drop in fatigue strength when
compared to the non-sensitized samples. We can therefore conclude that the LSP and
LPwC treatments recovered the fatigue strength loss caused by sensitization and it even
improved the original fatigue strength of the non-sensitized material.

Although more work needs to be done in better designing the SCC tests, this thesis
overall showed that LSP can be successfully applied to treat corrosion related phenomena
in marine aluminium alloys. When compared to conventional shot peening or ultrasonic
impact peening, LSP offers additional benefits such as deep compressive residual stresses
and a unique recast oxide surface layer that significantly slows down the rate of IGC in
sea water environment and increases pitting breakdown potential. This layer is produced
in the LPwC treatment when no protective coating is used and the effect is stronger with
underwater peening that uses green laser. The absence of protective coating additionally
brings the economical benefit of lower time consumption for the treatment. We believe
that in future, LPwC could become a commonly used tool in combating material sensiti-
zation and other stress related phenomena problems in the marine industry.

For future research, the author proposes these following steps: First step would be to
investigate the stability of the beneficial recast layer. The recast layer is key for combating
the IGC process and it needs to be able to withstand real ship service conditions. Sec-
ondly, a concrete application should be developed where real ship parts are treated and
the process is further optimized. Thirdly, process capability should be assessed in terms
of variability of the output which should then be compared with a proposed specifica-
tion or product tolerance. And lastly, modelling should be used to simulate the process
within the verification model.

Contribution to the scientific community

According to the author’s opinion, this doctoral thesis will help to expand the field of LSP
applications which were historically associated primarily with aerospace. Besides the
traditional approach through compressive residual stresses, this work also shows more
underutilized aspects of the LPwC method which modifies the material surface through
thermomechanical effects. We have shown that this modified oxide layer alone can act as
a barrier against IGC in sea water environment. This result is unique as current literature
reporting on naked peening predominantly focuses on pitting as a main corrosion mech-
anism. The positive effect of LSP and LPwC and CF of sensitized AA5083 is also new
and not published anywhere else. This work also features wide variety of LSP techniques
including treatment both with and without protective coating as well as somewhat rare
peening underwater utilizing second laser harmonic. Although the amount of cold work-
ing induced in the underwater peening is lower, the oxide layer modification is stronger
which could make underwater peening more suitable for corrosion related applications
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featuring aluminium alloys. The various LSP techniques are further supplemented with
rigorous summary of the LSP technology. And lastly, we have also developed a modified
nitric acid mass loss test which is able to target singular sample surface. This technique
could be useful in number of applications outside the scope of this work or LSP technol-
ogy.
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