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ABSTRACT 

Laser shock peening (LSP) is a surface treatment to induce beneficial compressive residual stresses 

in metallic structures, thus improving their fatigue resistance. This technology has the potential to 

improve aeronautical component performance during application and maintenance. Aluminium 

alloys are used in the aviation industry due to their high strength-to-weight ratios and ease of design 

and manufacturing. However, they are susceptible to localised corrosion in some aggressive 

environments. 

This study investigated the corrosion behaviour of AA7075-T651 after LSP without a protective 

coating (LSPwC). Variations in power intensity (PI) of 1-6 GW/cm2, coverage (Np) of 2.5-67 

spots/mm2 and spot size (SS) of 0.5-1.5 mm were explored. Surface modifications were evaluated 

using stereo microscopy, scanning electron microscopy (SEM), contact profilometry and Vickers 

microhardness tests. Three types of corrosion tests were conducted in 3.5 wt% NaCl solution on 

the peened and unpeened samples:  potentiodynamic polarisation tests, 30-day immersion tests and 

stress corrosion cracking by three-point bending for 40 days. 

Microscopic examination revealed rough surfaces with areas of melting and solidification in 

LSPwC samples. Surface roughness increased in all samples post-LSPwC due to induced plastic 

deformation and surface ablation. Increasing PI and Np led to increased surface roughness. All 

peened samples had increased microhardness with a positive correlation with Np. Potentiodynamic 

polarisation revealed higher corrosion rates for most LSPwC samples, likely due to increased 

surface roughness which reduced corrosion resistance. Corrosion rate had a positive linear 

correlation with PI and Np with aluminium oxide formation and pitting as the dominant corrosion 

mechanisms. Improved corrosion resistance after LSPwC was observed in some samples with 

specific parameters. Notably, one sample had a corrosion rate four times lower than the unpeened 

one. The three-point bending induced tensile stresses on the peened surfaces, which led to the 

formation of multiple tangled cracks on the top surface of all specimens. The LSPwC samples 

were less susceptible to SCC and the best resistance was observed for Sample P3-SS1-Np50.38 

which had no visible cracks in the sample cross-section.   
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CHAPTER 1: INTRODUCTION 

1.1 Background 

The manufacturing industry is constantly facing challenges related to the quality of the final 

products and ways to improve their resistance to failure. In all sectors that use metal 

components, the components will eventually need to be replaced because of material 

deterioration from fatigue, corrosion or wear (Davis, 2000). The effects of corrosion are both 

direct because they affect the useful service life of the material and indirect, in that 

manufacturers incur corrosion costs, which they pass on to consumers (Davis, 2000). Demand 

has increased to reduce life cycle costs and improve safety by extending material components' 

fatigue life (Adachi et al., 2008). Technologies that increase resistance to these degradation 

processes are beneficial to the industry for extending the service life and reducing maintenance 

costs (Hombergsmeier et al., 2014).  

 

An emerging surface treatment technology is Laser Shock Peening (LSP), which can be used 

as an alternative to conventional Shot Peening (SP) to introduce residual compressive stresses 

to a metallic structure (Rankin et al., 2003; Sano et al., 2006; Adachi et al., 2008). This aims 

to improve the fatigue performance of metallic components (Ding and Ye, 2006). This research 

was aimed at the application of Laser Shock Peening without Coating (LSPwC) to aluminium 

alloy 7075-T651, which contains zinc as the primary alloying element. The 7xxx series is 

widely used in transportation applications such as aerospace, aviation, marine and automobile 

because of their good mechanical properties, low density and high strength-to-weight ratios 

(Imran and Khan, 2019). The high strength makes these alloys valuable in high-stress situations 

so that highly stressed parts, such as gears, fuselage and the upper outer wing panels are often 

made from AA7075 (Starke and Staley, 1996; Pedersen, et al., 2011; Pantelakis and Tserpes, 

2020; Khalid et al., 2023). The copper content of 1.2-2.0 wt% (The Aluminium Association, 

2018) in AA7075 unfortunately increases its susceptibility to corrosion (Singleton, 2003), so it 

is essential to develop and utilise superior surface treatment methods to counteract this. 
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LSP is used in many current aerospace, automotive, power generation, marine and biomedical 

applications (Wu et al., 2020). However, despite the great potential that LSP technology may 

offer, there are still few LSP commercial service providers globally. Therefore, it is essential 

to invest further in research and process development to expand the knowledge to make the 

process more understandable.  

1.2 Problem Statement 

All industries use metal components which can inevitably require replacement due to fatigue, 

corrosion or wear. LSP is a novel surface enhancement technology used to improve the fatigue 

performance of metal components. Despite the great potential that LSP technology offers, there 

is limited knowledge of its applicability for corrosion control in aluminium alloys. Thus, it is 

essential to investigate LSPwC to determine whether it can improve the corrosion resistance of 

aluminium alloys, specifically AA7075-T651, or at least not reduce the corrosion resistance. 

1.3 Research Objectives 

1.3.1 Aim 

To investigate the corrosion behaviour of Aluminium Alloy 7075-T651 that has been processed 

by Laser Shock Peening without Coating. 

1.3.2 Objectives 

• To analyse surface modifications induced on AA7075-T651 by LSPwC. 

• To assess the resistance of LSPwC-treated components to corrosion. 

1.4 Dissertation Outline 

This chapter introduces the project. Chapter Two contains the literature review on aluminium 

alloy 7075, LSP and corrosion. Chapter Three contains the experimental procedure. Chapter 

Four gives the results and analyses. Chapter Five discusses and compares the findings and 

Chapter Six gives the conclusions and recommendations for future work. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Introduction  

This chapter aims to lay the theoretical foundation for the fundamental aspects of this project. 

The microstructural characteristics of materials have a crucial effect on their susceptibility to 

corrosion. Thus, a comprehensive study of the 7xxx series of aluminium alloys used in this 

study is important. This includes understanding the base material behaviour to evaluate 

modifications resulting from LSP. The LSP technology is described to understand how it works 

and its effects on aluminium alloys.  

2.2 Aluminium Alloys 

Aluminium alloys are classified according to their mode of manufacture and can be separated 

into wrought or cast alloys (Vargel, 2004; Ghali, 2010; Polmear et al., 2017). Cast aluminium 

alloys have been melted, poured into a mould and allowed to cool. In contrast, wrought 

aluminium alloys are heated and then worked to shape them (Vargel, 2004; Ghali, 2010; 

Polmear et al., 2017;). About 75–80% of aluminium alloys are used as wrought products 

(Polmear et al., 2017). The scope of this MSc project is limited to wrought alloys, which can 

be either strain- or age-hardened. 

i. Strain-hardened alloys are also known as non-heat treatable alloys. All metals can be 

strain-hardened to some degree, although this term is reserved for alloys in the 1xxx, 

3xxx, 5xxx and 8xxx series which cannot be age-hardened (Vargel, 2004). The 

processing method involves a sequence of hot-forming and cold-forming steps with 

intermediate or final annealing (Vargel, 2004). 

ii. Age-hardened alloys, also known as heat treatable alloys, belong to the 2xxx, 6xxx and 

7xxx series and can achieve maximum mechanical properties through a three-step 

process (Vargel, 2004; Ghali, 2010). In the first step, the alloy is heated to a high 

temperature (which varies depending on the specific alloy) to dissolve the alloying 

element(s) in the aluminium solid solution (Vargel, 2004). The second step is rapid 

cooling to maintain the alloying elements in the supersaturated solid solution of the 

aluminium matrix (Vargel, 2004). Finally, the alloy undergoes natural ageing at ~20°C, 

or artificial ageing at elevated temperatures (100-200°C), leading to the formation of 
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hardening precipitates from the supersaturated solid solution (Vargel, 2004; Ghali, 

2010). The nature, size and volume fractions of these precipitates determine the 

resulting mechanical properties (Vargel, 2004). 

 

2.2.1 Designation of alloys and tempers 

There are several alloys within the wrought category which necessitates precise designation for 

identification of each alloy by their composition, manufacturing method and properties. The 

International Alloy Designation System (IADS) for wrought products gives each alloy a four-

digit number of which the first digit is assigned based on the significant alloying elements 

(Polmear et al., 2017; The Aluminium Association, 2018). The third and fourth digits are 

significant in the 1xxx series where they denote the minimum purity of the aluminium. In other 

series, the third and fourth digits serve only to identify the different aluminium alloys in the 

series (Polmear et al., 2017). The details of each alloy series are listed in Table 2.1. 

Table 2.1. Alloy designation according to IADS and the associated applications (Ghali, 2010; 

Polmear et al., 2017). 

Aluminium 

Alloy Series 

Major Alloying 

Element 
Application  

1xxx 
Unalloyed aluminium 

(> 99%) 
Electrical and chemical industries 

2xxx Copper Aircraft industry  

3xxx Manganese Architectural applications 

4xxx Silicon Welding rods and brazing sheet 

5xxx Magnesium 
Boat hulls, gangplanks and other products are 

exposed to marine environments 

6xxx 
Magnesium and 

silicon 
Architectural extrusions 

7xxx Zinc and magnesium 
Aircraft structural components and other high-

strength applications 

8xxx 

Miscellaneous alloys 

not covered by other 

groups 

Aerospace and electrical industry 
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The nomenclature is applied differently to heat- and non-heat treated alloys. Heat-treatable 

alloy tempers are denoted by the letter O or T, followed by numbers that match the heat 

treatment method used to make the alloy. This is listed in Table 2.2. 

 

Table 2.2. IADS Aluminium alloy temper designation (Ghali, 2010; Polmear et al., 2017). 

Suffix letter  Condition  

F  As fabricated, no thermal treatments or strain-hardening methods are 

used to shape the product 

O  Annealed, wrought alloys are annealed to obtain the softest temper and 

cast alloys are annealed to improve ductility and dimensional stability 

H  Cold-worked (strain-hardened) to increase strength 

T  Heat treatment applies to products that have increased strength because 

of thermal treatments, with or without supplementary strain-hardening 

 

2.2.2 The 7xxx series 

In the 7xxx series aluminium alloys, T6 heat treatment ensures superior strength and hardness 

(Kalyon and Özyürek, 2017). They can be divided into alloys with or without copper. The 

highest mechanical strength aluminium alloys in the T6 temper are created by adding copper 

to the Al-Zn-Mg system. (ASM International, 1990). The process of duplex ageing, specifically 

tempers T73 and T76, can generate products that possess the ability to withstand corrosion in 

aggressive environments (Vargel, 2004). Such products exhibit resistance to stress corrosion 

in the short-transverse direction. However, the duplex ageing process results in a reduction of 

approximately 20% in mechanical strength (Vargel, 2004). These alloys are available in 

various forms (sheet, plate, extruded sections) and are used extensively in the aerospace 

industry (ASM International, 1990).  

 

High resistance to general corrosion is common in heat treatable alloys from the 7xxx series 

that do not contain copper. Compared to the 2xxx series alloys, the 7xxx series alloys have 

greater resistance to general corrosion (ASM International, 1990; Vargel, 2004; Ghali, 2010). 

However, they are susceptible to pitting, stress corrosion cracking and exfoliation corrosion, 

as explained in Section 2.3. High copper containing 7xxx series alloys can be aged at higher 

ageing temperatures without excessive loss of strength (Ghali, 2010). The properties of 7xxx 
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series alloys, including their resistance to fatigue and corrosion, are determined by the 

microstructure that results from the manufacturing process (Rometsch et al., 2014). Since these 

alloys are precipitation-hardened, careful attention to the manufacturing steps is crucial to 

ensure desirable microstructural characteristics and optimal performance (Rometsch et al., 

2014). 

2.2.3 Aluminium Alloy 7075-T651 

The code AA7075-T651 refers to an aluminium alloy (7075) that has undergone solution heat 

treatment and artificial ageing (Ghali, 2010; Polmear et al., 2017). The temper condition is 

specified by the "651" following the "-T." This means that the aluminium alloy has undergone 

a solution heat treatment (T6 temper) and then has been artificially aged (T-51 temper). The 

"51" in T651 means that the aging has been conducted at a lower temperature than the standard 

T6 temper (Ghali, 2010). This is done to improve stress corrosion cracking resistance while 

maintaining a high level of strength.  

 

In the aerospace industry, the high-strength aluminium alloy AA7075 is frequently utilised for 

structural components. (ASM International, 1990; Kaylon and Özyürek, 2017; Polmear et al., 

2017). Its high strength-to-weight ratio is obtained by precipitation hardening. The alloying 

elements and impurities interact to produce the intermetallic strengthening precipitates. (Aliyah 

and Anawati, 2019). This alloy is composed of alloying elements Zn, Mg and Cu. The Cu- and 

Fe-rich phases of the alloy, such as Al7Cu2Fe and (Al,Cu)6(Fe,Cu), are the primary precipitates 

and their sizes range between 1–20 µm. The MgZn2 phase, which emerges as tiny particles a 

few nanometres across the nanograin boundaries, is the alloy's strengthening precipitate. 

(Aliyah and Anawati, 2019). The other precipitates, such as Al2CuMg and Mg2Si, are present 

in small quantities. (Aliyah and Anawati, 2019). The recommended chemical composition for 

AA7075 is given in Table 2.3 and the material properties of the alloy are shown in Table 2.4. 
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Table 2.3. Chemical composition of AA7075 (wt%) (The Aluminium Association, 2018). 

Reference Si Fe Cu  Mn Mg Zn  Ti Cr Other Al 

Aluminium 

Association 

Max. 

0.4 

Max. 

0.5 

1.2 

- 2 

Max. 

0.3 

2.1 - 

2.9 

5.1 - 

6.1 

Max. 

0.2 

0.18 - 

0.28 

Max. 

0.15 
Balance 

NK cutting 0.08 0.27 1.5 0.06 2.4 5.7 0.05 0.22 0.15 Balance 

 

Table 2.4. Material properties of AA7075-T651 (ASM Aerospace Specification Metals INC, 

2023) 

Material Property Value 

Modulus of Elasticity  71.7 GPa 

Vicker’s Hardness  175 HV 

Tensile Yield Strength  503 MPa 

Bulk Poisson's Ratio 0.33 

Elongation at Break  11 % 

 

The microstructure of AA7075 (Figure 2.1) (Chan et al., 2003)), has a deformed, fibrous grain 

structure due to rolling deformation, with coarse recrystallised grains. These recrystallised 

grains have irregular, elongated shapes and are flattened in the rolling direction (Pedersen et 

al., 2011; Jin et al., 2015). During homogenisation, dispersoids (small, finely distributed 

particles within a material matrix) develop in the alloy, inhibiting recrystallisation and are 

evenly distributed throughout the grains. Additionally, a high density of the hardening phase is 

found in the interior of the grain, as well as with grain boundary precipitates (Pedersen et al., 

2011; Jin et al., 2015). Precipitation-free zones, which are softer than the matrix and more 

prone to strain localisation during deformation, form close to the grain and sub-grain borders. 

(Gao et al., 1998; Pedersen et al., 2011; Kalyon and Özyürek, 2017; Aliyah and Anawati, 

2019). 
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Figure 2.1. Optical micrograph showing the microstructure of AA7075 (Chan et al., 2003). 

 

2.3 Corrosion 

Corrosion is the deterioration of metal by chemical or electrochemical reaction(s) with the 

environment (Fontana, 1986; Davis, 2000; Callister, 2007). Corrosion occurs in several forms 

and classification can be based on the following (Davis, 2000; Callister, 2007): 

• Nature of the corrodent: depending on the presence of moisture, corrosion can be 

categorised as wet or dry. 

• Mechanism of corrosion: Chemical or electrochemical reactions are involved and thus 

differentiate the forms of corrosion.  

• Corroded metal’s appearance: Corrosion can be localised, affecting only a small region, 

or uniform, affecting the metal throughout its surface at the same rate. 

 

According to Davis (2000), the morphology of attack differentiates the various forms of 

corrosion and failure analysis is carried out by using one's own eyes to visually observe or at 

higher magnification. Figure 2.2 shows some common forms of corrosion and their visual 

differences. 
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Figure 2.2. Common forms of corrosion (Davis, 2000). 

 

A further distinction can be made between macroscopic and microscopic localised corrosion 

(Davis, 2000). In the latter case, observation can only be achieved at higher magnification as 

the metal damage is insignificant. A significant amount of damage can occur before the attack 

is visibly noted. Macroscopic forms of corrosion which affect greater areas can be seen with 

the aid of a low-power magnifying lens or the naked eye (Davis, 2000). 

2.3.1 Corrosion of aluminium alloys 

Aluminium alloys are very reactive and form an oxide film (alumina) when exposed to the 

atmosphere. This film prevents further oxidation thus protecting the surface and quickly 

regenerates if damaged (ASM International, 2005). While stable in pH 4.5-8.5 aqueous 

solutions, the oxide layer dissolves in strong acids/alkalis, leading to corrosion. The initial thin 

oxide film thickens over time, influenced by temperature and humidity (Fontana, 1986). In 

aqueous solutions, aluminium hydroxide transforms into hydrated aluminium oxide, offering 

less protection than the air-formed film.  

 

Alloys in the T6 temper condition exhibit heightened susceptibility to pitting, stress corrosion 

cracking and exfoliation (Birbilis and Hinton, 2011). The susceptibility of the material to 

corrosion is closely linked to the type, amount and arrangement of intermetallic compounds. 

These particles have different reactivities than the matrix, which can cause galvanic coupling. 
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The main intermetallic compounds in AA7075-T6 are Al7Cu2Fe and (Al,Cu)6(Fe,Cu) (Gao et 

al., 1998; Andreatta et al., 2004), which are electrochemically less active than the matrix and 

can lead to the dissolution of surrounding areas. Strengthening particles primarily comprise 

MgZn2 and are electrochemically more active than the matrix, thus contributing to the 

intergranular corrosion of AA7075-T6 (Gao et al., 1998; Andreatta et al., 2004). 

2.3.1.1 Pitting corrosion 

Precipitates of alloying elements in 7xxx aluminium alloys initiate pitting, with severity 

influenced by copper content (ASM International, 2005; Birbilis and Hinton, 2011). Alloys 

containing lower copper exhibit reduced susceptibility to pitting corrosion. The protective 

oxide film (alumina) inhibits corrosion by resisting dissolution and acting as a good insulator. 

Pitting in aluminium occurs in the passive range and manifests as random pits (ASM 

International, 2005; Birbilis and Hinton, 2011). The breakdown of the oxide layer releases 

electrons from the exposed metal with ease, and the reaction creates small pits with localised 

chemistry that facilitate a swift attack. (ASM International, 2005; Birbilis and Hinton, 2011). 

This attack results in pit propagation (Figure 2.3) beyond the cavity where water (Equation 2.1) 

and H+ (Equation 2.2) reduction occurs (Vargel, 2004; Ghali, 2010), locally producing an 

alkaline pH (basic environment). 

 

 

2

3
𝑂2 + 3𝐻2𝑂 + 6𝑒− → 6𝑂𝐻−                                                 Equation 2.1  

 

6𝐻+ +  6𝑒− → 6𝑂𝐻−                                                Equation 2.2 
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Figure 2.3. Mechanism of pitting corrosion in aluminium alloys (Vargel, 2004). 

 

At the pit’s bottom, aluminium oxidation occurs (Equation 2.3) (Vargel, 2004) creating an 

electrical field that causes Cl- ions to be shifted towards the pit bottom forming aluminium 

chlorides.  

𝐴𝑙 → 𝐴𝑙3+ + 3𝑒−                   Equation 2.3 

The aluminium chlorides then suffer hydrolysis (Equation 2.4) (Vargel, 2004) forming 

aluminium hydroxides (Al(OH)3) plus an excess of H+ and Cl- ions.  

𝐴𝑙(𝑠) +  3𝑂𝐻− →  𝐴𝑙(𝑂𝐻)3 +  3𝑒−             Equation 2.4 

 

As a result, the pit’s bottom becomes more acidic, causing pit propagation. Since pitting is an 

autocatalytic process, once it starts, it modifies the surrounding environment to boost further 

pit growth. The Al(OH)3 precipitates as white deposits. The potential in a given solution above 

which pits will originate and spread, and below which they may form, is known as the pitting 

potential (Ghali, 2010). It is commonly referred to as the oxide film’s breakdown potential. 

This type of corrosion will occur in the pH range where the metal is passive. 

The corrosive attack becomes more uniform if the acidity or alkalinity rises above the 

passive range (Vargel, 2004; Ghali, 2010). Pitting corrosion is a major problem affecting the 

structural integrity of aircraft. Examples of degradation originating from pitting corrosion are 

listed in Table 2.5 (Hoeppner et al., 2000). 

 

 

 

Oxide 
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Table 2.5. Aircraft failures that occurred due to pitting corrosion (Hoeppner et al., 2000). 

Aircraft Location of failure Severity Place Year 

Bell Helicopter Fuselage, longeron Serious AR, USA 1997 

DC-6 
Engine, master 

connecting rod 
Fatal AK, USA 1996 

Piper PA-23 Engine, Cylinder Fatal AL, USA 1996 

Boeing 75 Rubber control 
Substantial damage to 

the plane 
WI, USA 1996 

Embraer 

120 
Propeller Blade 

Fatal and 

serious, loss of 

plane 

GA, 

USA 
1995 

Gulfstream 

GA-681 
Hydraulic Line 

Loss of plane, 

no injuries 

AZ, 

 USA 
1994 

L-1011 

Engine, 

compressor 

assembly disk 

Loss of plane, 

no injuries 

AK, 

USA 
1994 

Embraer 120 Propeller blade 
Damage to the plane, 

no injuries 
Canada 1994 

Embraer 120 Propeller blade 
Damage to the plane, 

no injuries 
Brazil 1994 

F/A-18 

Trailing edge 

Flap (TEF) 

Outboard Hinge 

Lug 

Loss of TEF Australia 1993 

Mooney 

Mooney 20 
Engine, interior Minor injuries 

TX, 

USA 
1993 

Aero 

Commander 

680 

Lower Spar 

Cap 
Fatal Sweden 1990 

 

2.3.1.2  Stress Corrosion Cracking (SCC) 

Stress corrosion cracking occurs by slow environmentally induced crack propagation (Davis, 

2000; Cramer et al., 2003; Jones, 2003). For SCC to prevail, three conditions should occur: a 

crack-promoting environment, stress and material susceptibility to SCC (Davis, 2000). Small 

tensile stresses that are lower than the macroscopic yield stress have the potential to cause SCC 

(Jones, 2003). They can be either residual or externally applied and cause crack opening, which 

gives the corrodent access to the crack tip (Dollah and Robinson, 2011). This can be prevented 

by inducing compressive residual stresses in the material (Jones, 2003). Stress corrosion 
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cracking mainly results from static loading, while corrosion fatigue occurs due to cyclic loading 

(Jones, 2003). 

Environments conducive to SCC are often aqueous, and sometimes condensed layers of 

moisture (Jones, 2003). Usually, the SCC of an alloy occurs due to the existence of particular 

chemical components within the environment. Altering factors such as temperature, degree of 

aeration and concentration of ionic species can transform an initially harmless environment 

into one that triggers SCC failure (Jones, 2003). The sequence of events involved in SCC is 

usually divided into three stages: 

i. Crack initiation,  

ii. Steady-state crack propagation, 

iii. Crack propagation and final failure. 

However, the difference between these stages is difficult to detect because of continuous 

transition and the division is therefore arbitrary (Jones, 2003). 

 

Pre-existing defects like porosity and hot tears (cracks formed in a hot metal during cooling) 

can lead to SCC (Raja and Shoji, 2011). Machining can introduce discontinuities and 

microstructural changes, triggering SCC. Oxide films are less protective near metallurgical 

inhomogeneities including grain boundaries and inclusions hence, pits are more prevalent in 

those areas. Other factors that can initiate SCC include crevice corrosion, de-alloying and 

intergranular corrosion (Raja and Shoji, 2011). Because oxide layers are not as protective in 

corrosion pits as they are in nearby places, corrosion pits are frequently linked to metallurgical 

inhomogeneities such as inclusions and grain boundaries. According to Raja and Shoji (2011), 

intergranular corrosion, de-alloying and crevice corrosion are additional variables that might 

cause SCC.  

Crack propagation can be transgranular or intergranular. While transgranular cracking does not 

prefer borders and spreads over low-index crystal planes, intergranular cracking, which is more 

prevalent, occurs along grain boundaries (Popov, 2015). The major cause of SCC in the 2xxx 

and 7xxx alloys is believed to be anodic dissolution that occurs along the grain boundaries 

because of the presence of precipitates (Cartner et al., 2008). When anodic particles are 

adjacent to a cathodic matrix, galvanic corrosion takes place, leading to the dissolution of 

anodic particles. The absorption of hydrogen into the aluminium alloy triggers hydrogen 

embrittlement, which can cause localised corrosion sites and cracks, leading to crack 
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propagation (Cartner et al., 2008; Al-Haidary et al., 2020). The stresses induced in the corroded 

parts come from different sources applied: residual, thermal or welding.  

 

Products of corrosion may act as a wedge, creating tensile strains laterally (Rao et al., 2016; 

Al-Haidary et al., 2020). The direction of the tensile stress in relation to the direction of rolling 

and grain flow plays a significant role in the SCC behaviour of heat-treated aluminium alloys. 

The three main directions of stress corrosion resistance for specimens are longitudinal, long 

transverse and short transverse. These directions are determined by the shape and morphology 

of the grains, which are influenced by composition and fabrication history (Rao et al., 2016; 

Al-Haidary et al., 2020). 

2.3.2 Corrosion testing and evaluation 

2.3.2.1 Immersion tests 

Immersion tests are governed by environmental conditions that must be simulated (Roberge, 

2000) and the degree of acceleration required. This is achieved by:  

• Increasing exposure to the critical conditions that cause corrosion damage,  

• Intensifying conditions such as salt concentration, temperature, or pressure to increase 

corrosion rates. 

 

Immersion tests can be divided into two categories (Roberge, 2000): 

• Simple immersion tests expose specimens to the corrosive environment for a known time 

and the weight loss of the material is measured.  

• Cyclic alternative immersion tests in which specimens are repeatedly immersed in a 

corrosive solution and dried for a prescribed duration.  
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2.3.2.2 Electrochemical corrosion tests 

Electrochemical polarisation tests are used to evaluate a material’s resistance to corrosion as 

well as the effect of changes in the corrosive environment (Ghali, 2010). The DC 

electrochemical techniques include potentiostatic, potentiodynamic, cyclic voltammetric and 

galvanostatic practices (Ghali, 2010). Polarisation methods used in corrosion testing involve 

controlling potential or current changes on the specimen under investigation whilst monitoring 

the resultant response in current or potential (Roberge, 2008). The experimental set-up 

includes: 

i. A potentiostat to maintain the working electrode's potential close to a preset value, 

ii. A current measuring device to monitor the current produced by the applied potential, 

iii. Polarisation cells with various configurations tailored to testing requirements. Features 

include: 

• The working electrode (test sample) with an auxiliary or counter electrode, 

• The reference electrode which is separated from the solution by a solution bridge or a 

capillary Luggin probe, 

• A temperature monitoring device, 

• The test cell is made from a corrosion resistant material, ensuring no contamination of 

the test solution (Roberge, 2008). 

 

Anodic polarisation accelerates electrode processes by shifting the potential positively, making 

the working electrode the anode and withdrawing electrons (Roberge, 2008). Cathodic 

polarisation accelerates processes by shifting the potential negatively, adding electrons and 

potentially causing electrodeposition. Potentiodynamic polarisation involves varying the 

electrode potential over a large range at a selected rate using current (Roberge, 2008). The 

corrosion potential (Ecorr) is where anodic and cathodic rates are equal. The potential-time curve 

or polarisation resistance technique determines Ecorr and corrosion rate. The Ecorr increases with 

time for passive samples and decreases with the onset of localised corrosion.  

However, interpreting Ecorr alone can lead to misinterpretation (ASM International, 1990). 

Polarisation tests, when used alongside other methods, establish criteria for anodic or cathodic 

protection and susceptibility to various corrosion forms, aiding in characterising aluminium 

alloys (Ghali, 2010). Potentiodynamic polarisation curves are a useful way to compare 

electrochemical behaviour between different materials and/or surface states. Figure 2.4a) 



35 

 

shows how to obtain corrosion potential and current using the Tafel method. Figure 2.4b) 

shows how the cathodic branch current drops with increasing potential until it achieves the 

corrosion current density. In near-neutral solutions, the cathodic process for aluminium is 

mainly the reduction of oxygen, which is followed by its adsorption in Equation 2.1 (AlHazaa 

and Sherif, 2015). Just after the corrosion potential, the current increases quickly as the applied 

potential in the anodic branch increases (AlHazaa and Sherif, 2015). This is because of the 

dissolution of aluminium (Al0) into aluminium cations (Al3+) according to Equation 2.1. The 

current then stays almost unchanged, with a large increase in the applied potential in the passive 

region. This is due to the formation of aluminium hydroxide, Al(OH)3, according to Equation 

2.4, which may arise early stages of the anodic reaction and then transform into aluminium 

oxide, Al2O3·3H2O, as per Equation 2.5 (AlHazaa and Sherif, 2015). 

2𝐴𝑙(𝑂𝐻)3 →  𝐴𝑙2𝑂3. 3𝐻2𝑂                                              Equation 2.5 

 

   

Figure 2.4. Polarisation curves:  a) An example of a Tafel diagram with theoretical Tafel lines 

extrapolated (PalmSens, 2023), b) The AA7075 alloy's potentiodynamic polarisation curve in 

a 3.0 wt% NaCl solution (AlHazaa and Sherif, 2015). 

 

2.3.2.3 Stress corrosion cracking tests 

The stress corrosion cracking (SCC) test methods follow two philosophies which underlie 

structural design (Dietzel et al., 2011): safe life approach and damage tolerance strategy. The 

safe life approach is an older philosophy which designs material for a limited-service life 

during which there is no significant damage or critical cracking. The damage tolerance 

approach evolved later and was designed for an adequate service life without significant 

a) b) 
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damage, whilst also allowing for operation beyond the actual life at which damage starts to 

occur. The damage is detected by routine inspection before it propagates to the extent that there 

is a decrease in the residual strength of the material below a safe level (Dietzel et al., 2011). 

SCC experiments can be carried out on statically loaded smooth samples or pre-cracked 

samples and samples under slowly straining conditions (Jones, 2003): 

 

2.3.2.3.1 Tests on statically loaded smooth samples  

These tests are conducted at various fixed stress levels and the time to failure of the sample in 

the environment is measured (Jones, 2003). Typically, the applied stress, σapplied, is plotted 

against the logarithm of the measured time to failure, tf. When the failure time approaches 

infinity, a threshold stress, σth, is determined. The time needed for crack formation, known as 

initiation time, tin, and the time of crack propagation, tcp, add up to the overall time to failure at 

a given stress. A typical plot is shown in Figure 2.5 (Jones, 2003).  

 

 

Figure 2.5. Schematic diagram of a typical time to failure vs initially applied stress for smooth 

sample SCC tests (Jones, 2003). 
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Experiments on statically loaded smooth specimens have the following aims (Jones, 2003): 

• determining the highest stress that can be applied to avoid SCC failure,  

• establishing frequency of inspection to verify the absence of SCC crack propagation,  

• evaluating the impact of metallurgical and environmental conditions on SCC. 

 

 

2.3.2.3.2 Tests on statically loaded pre-cracked samples 

Tests on statically loaded pre-cracked samples are carried out with either a fixed crack opening 

displacement or a constant applied load (Jones, 2003). For a given crack and loading geometry, 

the stress intensity factor, KI, quantifies the amplitude of the stress distribution at the crack tip 

and measures the rate of crack propagation.  

 

Figure 2.6. Schematic diagram of crack propagation rate as a function of crack tip stress-

intensity behaviour (Jones, 2003). 

 

Figure 2.6 shows three regions of crack propagation (Stages 1, 2, and 3) identifiable by stress-

intensity factor increase. No crack growth is observed below the threshold stress-intensity 

level, KISCC, which is the lowest stress level necessary for synergistic interaction with the 

environment. The fracture propagation rate grows quickly with the stress-intensity component 



38 

 

at low stress-intensity levels (Stage 1). The crack propagation rate approaches a constant 

velocity at intermediate stress-intensity levels (Stage 2), irrespective of the mechanical driving 

force. This plateau velocity (Vplateau) is the result of rate-limiting environmental activity such 

as the mass transport of environmental species up the crack to the crack tip. In Stage 3, the 

crack growth rate surpasses Vplateau as the stress-intensity level approaches the critical stress for 

mechanical fracture in inert conditions, KIC (Jones, 2003). 

 

2.3.2.3.3 Slow strain rate testing 

Material may be resistant to SCC under static loading, but highly susceptible under continuous 

slow plastic straining (Dietzel et al., 2011), thus testing SCC whilst slowly increasing the load 

is essential. These tests can be done on smooth or pre-cracked samples. Experiments can be 

done in a tensile machine, pulling a sample at a low crosshead speed, 10-5 to 10-9 m/s, that is 

exposed to a corrosive environment (Jones, 2003). The strain rate can be plotted against strain-

failure in a corrosive and an inert environment. Alternatively, these ratios can be plotted for 

ductility. The ratio of other tensile property measurements, such as reduction in area and 

ultimate tensile strength, could also be plotted. These tests are known as straining electrode 

tests, constant extension rates tests and slow strain rate tests (Jones, 2003; Dietzel et al., 2011).  

2.4 Laser Shock Peening 

Laser Shock Peening (LSP) is an innovative surface enhancement technology capable of 

imparting compressive surface residual stress, thereby improving the resistance of components 

to fatigue failure (Rankin et al., 2003; Sano et al., 2006; Adachi et al., 2008). Even though LSP 

and Shot Peening (SP) create residual stresses of similar magnitude, the compressive stresses 

extend far deeper from the surface for LSP, thereby offering improved resistance to the growth 

of near-surface, macroscopic cracks (Rankin et al., 2003). 

2.4.1 LSP process description 

Laser pulses are irradiated on the metal component and interact with the surface, generating 

ablation plasma (Ivetic et al., 2011; Sano et al., 2012). A transparent overlay (usually water) 

covers the metal surface confining the plasma and increasing the pressure to GPa ranges (Ding 

and Ye, 2006; Sano et al., 2006; Adachi et al., 2008; Sano et al., 2012). The plasma absorbs 
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subsequent laser energy and creates a heat-sustained shock wave, which intrudes into the 

material with a high intensity that exceeds the material’s yield strength (Sano et al., 2006). The 

surface is plastically strained to form compressive residual stress (Sano et al., 2006; Adachi et 

al., 2008). A schematic diagram of the LSP process is shown in Figure 2.7. 

 

 

Figure 2.7. The process of LSP: shock waves cause plastic deformation, inducing a 

compressive residual stress field on and below the surface (Stiekema, 2021). 

 

LSP will change the material on and below the surface. Rankin et al. (2003) observed varying 

residual stress, surface roughness and hardening after LSP treatment. In aluminium and its 

alloys, LSP may enhance the surface properties (Rankin et al., 2003), reducing the occurrence 

of surface lapping, folds and other undesirable features that occur with SP. The improved 

surface condition should cause improved resistance to crack initiation. Surface treatments like 

LSP are often applied to a component's specific, highly stressed locations (Rankin et al., 2003).  

2.4.2 Comparison of LSP with and without coatings 

Conventional LSP utilises a coating (sacrificial overlay) on the metal surface (Figure 2.8a) and 

an Nd:YAG laser (Sano et al., 2006). The coating enhances laser absorption (Sano et al., 2006) 

and prevents surface damage (Ivetic et al., 2011). This sacrificial overlay can be aluminium 

foil, copper, lead, vinyl tape, zinc or black paint (Gujba and Medraj, 2014).  Black paint is 

usually used as a coating before laser irradiation and the remaining paint is removed after the 

treatment. Figure 2.8b shows the newer process, Laser shock peening without coating – 

LSPwC, does not utilise a coating and employs a Q-switched Nd:YAG laser (Sano et al., 2006). 

To avoid surface damage in this set-up, a lower power laser with a small impact size is used 
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(Ivetic et al., 2011). In LSPwC, the surface residual stress becomes compressive by increasing 

the density of irradiating laser pulses (Sano et al., 2006).  

   

Figure 2.8. Different LSP techniques: a) LSP with black paint coating and b) LSPwC (Sano et 

al, 2006). 

2.4.3 LSP parameters 

Controlling LSP can be achieved by adjusting various parameters that affect the properties of 

the induced shock wave, its penetration depth and the performance of the resulting peened 

material. These parameters fall into three categories: laser system, control and interaction (Ding 

and Ye, 2006; Sano et al, 2006).  

2.4.3.1 Laser system parameters 

These parameters, determined by the laser system that is used to perform the LSP, are: 

i. Laser type, which can be classified according to the type of material used for light 

amplification. The most used are Nd:YAG and Nd:glass, but Diode-Pumped Solid-State 

Lasers (DPSSL), CO2 and Potassium Dihydrogen Phosphate (KDP) are also used (Ding 

and Ye, 2006; Gujba and Medraj, 2014). 

ii. Spot geometry, circular, square, elliptical and rectangular have been studied (Cao et al., 

2011; Kim et al., 2012). 

iii. Pulse length, or duration, is the time between the start and end of a pulse measured in 

nanoseconds (ns). 

iv. Pulse frequency is the number of laser pulses emitted per second. It is usually in the 10-

100 Hz range for Q-switched lasers. 

v. Laser wavelength is measured in micrometres (µm) and significantly influences the 

absorption of laser energy by the material's surface (Ding and Ye, 2006). Different laser 

  

a) b) 



41 

 

wavelengths of 1054 nm (infra-red), 532 nm (green) and 355 nm (ultraviolet) are used 

(Gujba and Medraj, 2014). Different wavelengths result in varied plasma generation, 

affecting the peak pressures developed during the process. Shorter wavelengths are 

absorbed more superficially, leading to more intense and localised plasma generation, 

potentially resulting in higher peak pressures. The choice of laser wavelength is crucial for 

optimising the LSP process, as it affects the depth of energy penetration, plasma formation 

and ultimately the characteristics of the shockwaves that induce compressive residual 

stresses in the material. 

  

2.4.3.2 Control parameters 

These are the parameters that can be changed to control the LSP process: 

i. Laser energy: This is the energy output of the laser that can be varied by using an 

attenuator. The output laser energy is measured in Joules (J). 

ii. Spot size (SS): Refers to the diameter or width of the laser spot on the treated surface, 

measured in millimetres (mm). It can be varied by either changing the focal distance of 

the laser beam from the sample or by moving the sample along the laser beam path. 

iii. Pulse density (Np): This is the number of spots in a unit area, measured in spots per 

square millimetre (spots/mm2). For a pulsed laser, it can be varied by changing the 

speed at which the laser scans over the sample, as well as the step dimension. From an 

industrial processing perspective, Np, also referred to as equivalent overlapping density 

is directly proportional to processing time (Glaser et al., 2014). 

iv. Ablative medium: This is an external coating applied to protect the surface from 

thermal damage. 

v. Peening pattern: This refers to the pattern in which the peening spots are applied, as 

shown in Figure 2.9. These could be a raster pattern, a helix pattern or applied 

randomly. It is typically controlled using CNC. 
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a) random pattern  b) raster pattern    c) helix pattern 

Figure 2.9. Laser shock peening patterns (Correa et al., 2015; Salimianrizi et al., 2016). 

2.4.3.3 Interaction Parameters 

The interaction parameters are a result of interactions of the control parameters. 

i. Power intensity (PI) indicates the intensity of the laser on the surface of the sample, 

measured in GW/cm2. It is also referred to as power density or irradiance and is 

calculated according to Equation 2.6.  

𝑃𝑜𝑤𝑒𝑟 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 =  
𝐿𝑎𝑠𝑒𝑟 𝑒𝑛𝑒𝑟𝑔𝑦

𝑃𝑢𝑙𝑠𝑒 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑥 𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑒𝑑 𝑠𝑝𝑜𝑡 𝑎𝑟𝑒𝑎
                               Equation 2.6 

 

ii. Coverage (Cv) indicates how much of the treated area is covered by spots. It is obtained 

utilising Equation 2.7 and is measured in ‘spots’. 

𝐶𝑣 = 𝑁𝑝 𝑥 
𝜋

4
𝑆𝑆2               Equation 2.7 

where Np = laser pulse density (spots/mm2) and SS = spot size (mm) (Glaser et al., 2014). 

iii. % overlap indicates a percentage of each spot that is covered by neighbouring spots 

obtained by Equation 2.8. 

% 𝑜𝑣𝑒𝑟𝑙𝑎𝑝 = 1 −  
𝑆𝑆

√𝑁𝑝
               Equation 2.8 

 

2.4.4 Effect of LSP on residual stress 

The residual stress (RS) profile (Figure 2.10) of a specimen’s thickness is defined by size 

parameters such as surface RS, penetration depth, maximum compressive RS and maximum 

tensile RS (Ding and Ye, 2006; Busse, 2017). These parameters offer insights into the 

distribution and characteristics of residual stresses within the material.  
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g  

Figure 2.10. Typical Residual Stress Profile through the thickness and describing its 

characteristics (Busse, 2017). 

 

Peyre et al. (1998) found that the size of the laser spot had an impact on the residual stress 

profile. They used LSP on medium carbon steel (55C1) at spot diameters of 1 mm and 6 mm. 

The larger spot size produced a residual stress profile much deeper beneath the treated surface 

than the smaller one. Ganesh et al., (2012) observed that larger spot sizes result in deeper 

compressive RS for spring steel. Additionally, larger spot sizes showed better coverage and 

uniformity due to overlapping of spots, compared to smaller spot sizes (Ganesh et al., 2012). In 

contrast, the work done by Trdan and Grum (2012) on an AA6082-T651 sample found an inverse 

relationship between spot size and compressive stresses. They observed higher compressive 

stresses when a spot size of 1.5 mm was used compared to the other two spot sizes of 2.0 mm and 

2.5 mm. A constant pulse density of 900 pulses/cm2 was adopted for all experiments.   

2.4.5 Effect of LSP on surface roughness 

Understanding a material's surface involves examining its roughness, which refers to the 

regular or irregular variations from the nominal surface that form its three-dimensional 

topography. The surface description includes roughness, waviness, lay and flaws (Bhushan, 

2001) as illustrated by Figure 2.11. 
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Figure 2.11. Definitions for surface profile (Tseng et al., 2016). 

 

Surface roughness refers to the height variations of a surface relative to a reference plane. It 

can be quantified by amplitude parameters Ra, Rq, Rt and Rz. Ra is the arithmetic mean of 

absolute values of vertical deviation from the mean line through the profile (Bhushan, 2001). 

The method of measurement of Ra is illustrated in Figure 2.12.  

 

Figure 2.12. Roughness value Ra measurement (Mitutoyo America Corporation, 2016). 

The value Rq is the square root of the arithmetic mean of the square of vertical deviation from 

a reference line (Bhushan, 2001). The Ra and Rq values are calculated by Equations 2.9 and 

2.10: 

𝑅𝑎 =
1

𝐿
∫ |𝑌(𝑥)|𝑑𝑥

𝐿

0
          Equation 2.9 

𝑅𝑞 =  √[
1

𝐿
] ∫ (𝑌(𝑥))21

0
𝑑𝑥      Equation 2.10 
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where L = sampling length and Y = ordinate of the curve of the profile (Lou et al., 1998; Tseng 

et al., 2016). 

 

The Rt value is the distance between the highest peak and the lowest valley and Rz is the 

distance between the averages of the five highest peaks and the five lowest valleys within the 

sampled length (Bhushan, 2001). The measurement of Rt and Rz is illustrated in Figure 2.13. 

 

 

Figure 2.13. Measurement profile for Rt and Rz (Mitutoyo America Corporation, 2016). 

 

Using LSP increases the surface roughness in the treated component (Glaser et al., 2014; 

Becker, 2017; Abeens et al., 2019; Sanchez, 2021; Attolico et al., 2022; Glaser et al., 2022). 

This results directly from shock waves generated by the component's surface's controlled 

plasma expansion, which causes local plastic deformation. Plastic deformation results from the 

plasma pressure rising over the material's dynamic yield strength, changing the near-surface 

characteristics (Attolico et al., 2022). From LSP carried out on AA6061-T6, Sano et al. (2012) 

observed that the surface lustre changed from metallic to dull greyish upon laser irradiation 

due to the surface's reaction with nascent-state oxygen from active plasma and the intense 

electric field of the laser pulse.   

 

Specimens exposed to higher pulse energies of LSP showed an increase in surface roughness 

(Abeens et al., 2019; Attolico et al., 2022) because the higher peak pressure-induced increases 

the depth and the magnitude of deformation (Attolico et al., 2022). Becker (2017) found that 

the surface processed by LSP had lower roughness compared to mechanical shot peening on 

AA7075-T6 and annealed AA7075. The surface roughness results are shown in Table 2.6. This 
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agreed with Glaser et al. (2022) who made the comparison on AA6056-T4 and found Ra = 1.86 

μm after LSPwC and Ra = 7.52 μm after SP. The surface topography is shown in Figure 2.14. 

Table 2.6. Surface roughness (Ra) in μm of Shot Peening and Laser Shock Peening (Becker, 

2017). 

 Pristine sample After Shot Peening After Laser Shock Peening 

Annealed AA7075 0.22 11.49 3.29 

AA7075-T6  0.22 8.53 2.28 

 

  

Figure 2.14. SEM-SE images of AA6056-T4 surfaces after a) LPwC and b) SP (Glaser et al., 

2022).  

Beneficial compressive residual stresses are the main cause of the life-enhancement potential 

of LSP treatment (Ding and Ye, 2006). However, surface degradation may counteract the 

advantageous compressive residual stress (Ding and Ye, 2006). The combined effects of 

ablation and deformation led to surface deterioration for LSPwC (Glaser et al., 2022). Both the 

amount of ablated material from the surface and the local deformation produced by each pulse 

increase with power intensity. Surface ablation and surface deformation from each pressure 

pulse work together to increase surface roughness as the number of pulses (Np) increases. More 

ablated material results from increasing Np, and this could produce surface homogeneity at 

noticeably high coverage (Glaser et al., 2022) 

a) b) 
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2.4.6 Effect of LSP on microstructure 

LSP induces significant effects on grain structure. Firstly, it modifies grain orientation by 

employing shock waves to cause plastic deformation, resulting in a more uniform distribution 

of grain orientations (Ivetic et al., 2011; Sathyajith and Kalainathan, 2012; Salimianrizi et al., 

2016; Liu et al., 2019; Luo et al., 2019). This results in enhanced mechanical properties based 

on the material's initial texture. Secondly, LSP enhances grain boundary strength by forming 

dislocation structures and grain boundaries with a higher dislocation density, thereby 

improving the material's strength near the surface. These alterations collectively contribute to 

the overall improvement of material characteristics by LSP treatment (Ivetic et al., 2011; 

Sathyajith and Kalainathan, 2012; Salimianrizi et al., 2016; Liu et al., Luo et al., 2019). 

 

The impact of LSP on grain structure can differ based on various factors, including the type of 

material being treated, laser parameters, energy density, number of laser shots and depth of 

treatment (Peyre et al., 1998; Ding and Ye, 2006; Yadav et al., 2017). Although LSP can 

provide several advantages in terms of enhanced mechanical properties and surface 

performance, the results will depend on the specific application and the material's reaction to 

the treatment. The LSP induces grain refinement (Figure 2.15) and increases dislocations, 

enhancing mechanical properties like hardness and strength. This improved grain structure 

plays a beneficial role in impeding crack propagation and deterring the occurrence of stress 

corrosion cracking (Zhang et al., 2010). However, Glaser et al. (2022) stated there was no grain 

refinement after LSP, although their micrographs showed a very refined layer down to 150 

microns below the surface. 
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Figure 2.15. Optical micrographs of a cross-section of AZ31B Mg alloy showing grain 

refinement after different LSP impacts (Zhang et al., 2010). 

 

2.4.7 Effect of LSP on microhardness 

Hardness is a measure of a material's resistance to localised plastic deformation, like dents or 

scratches (Callister, 2007). Quantitative techniques involve controlled application of load by a 

small indenter, with indentation depth or size determining hardness. The Vickers 

microhardness test, using a diamond pyramid indenter, is one such technique. The resulting 

impression is observed and measured under a microscope (Callister, 2007).  

 

Several investigations into the effect of LSP on microhardness showed an increase in the 

hardness of the material (Sathyajith and Kalainathan, 2012; Salimianrizi et al., 2016; Abeens 

et al., 2019; Liu et al., 2019; Mostafa et al., 2019).  The highest microhardness was found near 

the surface and gradually decreased with depth until it reached a value similar to the unchanged 

matrix. The increase in hardness of samples treated by LSP is attributed to strain-hardening 

that occurs during the LSP process. The intense shock waves generated caused significant 

plastic deformation at the material's surface, introducing dislocations in the crystal lattice (Ding 

and Ye, 2006).  The shock waves that propagate through the sample during LSP apply a load 

that is above the yield strength which plastically deforms it and causes an increase in the 

dislocation density. The increased dislocation density acts as a barrier to the movement of 



49 

 

dislocation loops, providing resistance to further plastic deformation and resulting in increased 

hardness (Zhang et al., 2010; Salimianrizi et al., 2016; Mostafa et al., 2019).  

Glaser et al. (2022) investigated the effect of LSP on AA6056-T4 by varying laser power 

intensity from 1 to 7 GW/cm2 and coverage from 1 to 20 spots/mm2 and found no significant 

change in the microhardness. Ding and Ye (2006) explained that for peak-aged aluminium 

alloys, such as 2024-T851, 7075-T651 and 7075-T73, the precipitation hardening was large 

enough to mask any shock-induced strain hardening (Ding and Ye, 2006).  

2.4.8 Effect of LSP on corrosion 

LSP increases surface roughness as discussed in Section 2.4.5. A rough surface has numerous 

bumps, crevices and irregularities that contribute to an increase in the total surface area (ASM 

International, 1990). This makes it more convoluted; each bump and crevice adds to the overall 

surface area of the material. High surface roughness intensifies corrosion by increasing the 

specific surface area exposed to a corrosive environment. The rough features act as high-stress 

concentrations and become sources of crack initiation (ASM International, 1990). Studies on 

laser peened AA6082-T651 (Trdan and Grum, 2012, 2015) and aluminium-silicon alloys 

(Trdan et al., 2011) showed more stable open circuit potentials, less pitting, after peening than 

untreated material (Trdan and Grum, 2012). This is despite LSPwC increasing surface 

roughness which in most cases promoted higher corrosion current densities (corrosion rates), 

with higher power density causing higher surface roughness (Trdan and Grum, 2012, 2015).  

 

Electrochemical processes that occur without any mechanical stimuli, pitting and intergranular 

corrosion, are affected by residual stresses in a complex manner. Peyre et al. (2009) found a 

decrease in cathodic currents in 10-3 M NaCl + 10-2 M Na2SO4 solution after LSP. Krawiec and 

Vignal (2011) showed LSP improved the electrochemical impedance (increase in the charge 

transfer and oxide film resistance) of sites containing the matrix of AA2050-T8 in 0.1 M NaCl 

solution. Amar et al. (2011) used the scanning vibrating electrode technique on laser peened 

AA2050-T8 and found that LSP prevented intergranular corrosion, increased pitting potential 

and lowered anodic potential. This was attributed to compressive residual stresses (Amar et al., 

2011; Krawiec et al., 2011). Changes in grain structure induced by LSP can impact corrosion 

resistance, with finer grain sizes and altered boundaries lowering susceptibility to corrosion 

(Trdan and Grum, 2012). 
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Figure 2.16 shows SEM images of specimen surfaces following electrochemical corrosion tests 

(Wang et al., 2017).  Scattered corrosion pits and corrosion cracks were visible on the untreated 

specimen surfaces (Figure 2.16a) & b)). In contrast, significant improvement was observed 

after LSP treatment (Figure 2.16c) & d)), suggesting that LSP effectively prevents the 

formation and growth of corrosion pits and micro-fractures (Wang et al., 2017). 

 

 

Figure 2.16. Surface morphology of AA7075 specimens’ surface after corrosion test: (a) and 

(b) untreated; and (c) and (d) LSP treated once with 7.17 GW/cm2 (Wang, 2017). 

 

Wang et al. (2017) investigated the abrasion and corrosion resistance of LSP-treated AA7075 

in artificial seawater (unspecified concentration), revealing decreased abrasion loss (46%), 

friction coefficient (0.42 – 0.35) and a 50% reduction in corrosion rate compared to untreated 

specimens. The positive effects of LSP on SCC resistance are attributed to the introduction of 

compressive residual stresses and work hardening.  
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Compressive residual stresses are beneficial for retarding stress corrosion cracking (Lu et al., 

2012; Brandenburg et al., 2013; Telang et al., 2015; Wang et al., 2015; Sundar et al., 2016; Yu 

et al., 2016; Yoo et al., 2023) and corrosion fatigue (Zupanc and Grum, 2010; Brandenburg et 

al., 2013; Abdulstaar et al., 2014; Wang et al., 2017; Luo et al., 2019). The compressive 

residual stresses created by LSP counteract any applied tensile stresses, reducing the effective 

tensile stress experienced by the material and making it more resistant to stress corrosion 

cracking (Lu et al., 2012; Brandenburg et al., 2013; Telang et al., 2015; Wang et al., 2015; 

Sundar et al., 2016; Yu et al., 2016; Yoo et al., 2023). Work hardening contributes to increased 

strength and resistance to crack initiation. Sano et al. (2006) studied the effect of LSP on SCC, 

showing the potential to reduce SCC in stainless steel austenite SUS304. Figure 2.17 shows 

the results of SCC tests performed on 3 mm thick SUS304 samples, with and without LSPwC. 

The LSP treatment completely prevented the formation and propagation of SCC cracks (Sano 

et al., 2006). Excessive hardness may lead to brittleness, diminishing ductility and making the 

material more susceptible to crack initiation and propagation (Raja and Shoji, 2011; Popov, 

2015).  

 

 

Figure 2.17. Optical images showing SUS304 a) with and b) without peening (Sano et al., 

2006). 
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2.5 Rationale of the project 

Aluminium alloys have favourable mechanical properties, although their susceptibility to 

localised corrosion necessitates effective protection to extend service life.  Previous studies 

have shown LSP's ability to introduce beneficial compressive residual stresses, thereby 

enhancing mechanical integrity and corrosion resistance. It is difficult to separate the 

contributions of beneficial compressive residual stresses and the detrimental effects of the 

induced surface roughness. Hence, it is important to find optimal peening conditions which 

improve corrosion resistance. Thus, this study was conducted to investigate the corrosion 

behaviour of aluminium alloy 7075-T651 at different peening parameters.
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CHAPTER 3: EXPERIMENTAL PROCEDURE 

3.1 Introduction 

This project was divided into two phases: surface characterisation and corrosion testing. During 

the first phase, the goal was to determine the effect of LSP on the surface properties of AA7075-

T651 at different peening parameters. In the second phase, the goal was to conduct corrosion tests 

using different methods on selected samples.  

3.2 Sample Preparation 

The samples for this study were CNC milled with selected constant machining parameters from a 

rolled plate of Aluminium Alloy 7075-T651, which was 15 mm thick and purchased from NK 

Cutting. This batch of samples was part of a previous study in the research group (van Staden, 

2018; Chundunsing, 2019). Figure 3.1 displays the sample geometry after milling. 

   

Figure 3.1. Geometry of milled AA7075-T651 samples: a) 14 mm thickness plates and b) 1.6 mm 

and 10 mm thickness plates. 

 

The Aluminium Association gives a guideline for the chemical composition of AA7075 (The 

Aluminium Association, 2018) and NK Cutting provided a datasheet (Appendix 1) with bulk 

compositions within those guidelines, Table 2.3. The material properties are shown in Table 2.4.  

 

a) b) 
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3.3 Laser Shock Peening 

3.3.1 LSP process 

Laser Shock Peening without Coating (LSPwC) experiments were carried out at the Council for 

Scientific and Industrial Research - National Laser Centre (CSIR NLC) using a Spectra-Physics 

Quanta-Ray PRO270 Q-switch pulsed Nd:YAG laser of wavelength 1064 nm. Access to the laser 

was granted through the Rental Pool Programme of the NLC.  

The following fixed laser parameters were utilised: 

• Pulse length   8.6 ns 

• Pulse frequency  20 Hz 

• Spot shape   circular. 

 

Figure 3.2 is a schematic diagram of an LSP system. To carry out the LSP (with or without 

coating), a CNC code was programmed to automate the process. The laser energy was regulated 

by the attenuator, while the sample’s positioning was controlled at the CNC XYZ stage. The laser 

spot size (SS) was adjusted by moving the sample along the z-direction. The laser spot coverage 

(Np measured in spots/mm2) was controlled by modifying the speed at which the sample moved 

across the laser by setting the speed of the x and y-direction motors in the CNC code (van Staden, 

2018). Peening was done in a raster pattern (Figure 2.9b)), where y indicates the scanning direction 

and x the stepping direction (Figure 3.6), which was aligned with the longitudinal rolling direction 

of the plate. No ablative coating was applied on the sample surface. 

 

Figure 3.2. Schematic diagram of the experimental LSP configuration (van Staden, 2018). 
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Figure 3.3a) and b) show the dimensions of the peened samples. The shaded centre represents the 

area treated by LSPwC. 

      

Figure 3.3.  Dimensions for a typical AA7075 sample processed by LSPwC with thickness of a) 14 

mm and b) 1.6 mm and 10 mm. 

 

3.3.2 Sample identification 

Laser shock peening without coating (LSPwC) was carried out at varying power intensities, spot 

sizes and coverages. The samples were named according to the convention in Figure 3.4 for easier 

identification of the laser parameters employed. 

 

 

 

 

 

 

Figure 3.4. Convention for naming samples processed by LSPwC. 

P#-SS#-Np# 

Coverage, Np (spots/mm2) Spot Size, SS (mm) 

Power Intensity, 

P (GW/cm2) 

Numerical value of the parameter whose 

representative letter it follows. 

a) b) 
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Laser parameters used to process AA7075-T651 specimens are listed in Table 3.1.  

Table 3.1. Sample information: 14x14 mm LSPwC area. 

Sample Name 

Power 

Intensity 

(GW/cm2) 

Spot Size 

(mm) 

Coverage 

(Spots/mm2) 

40 x 40 mm plate, 14 mm thickness 

P1-SS0.8-Np40 1 0.8 40 

P3-SS0.8-Np2.5 3 0.8 2.5 

P3-SS0.8-Np5 3 0.8 5 

P3-SS0.8-Np10 3 0.8 10 

P3-SS0.8-Np20 3 0.8 20 

P3-SS0.8-Np40 3 0.8 40 

P5-SS0.8-Np40 5 0.8 40 

P3-SS1.5-Np2.5 3 1.5 2.5 

P3-SS1.5-Np5 3 1.5 5 

P3-SS1.5-Np10 3 1.5 10 

28 x 28 mm plate, 10 mm thickness 

P3-SS1.5-Np5 3 1.5 5 

P1.5-SS1-Np11.25 1.5 1 11.25 

P3-SS1-Np11.25 3 1 11.25 

P4.5-SS1-Np11.25 4.5 1 11.25 

P6-SS1-Np11.25 6 1 11.25 

28 x 28 mm plate, 1.6 mm thickness 

P3-SS0.5-Np45 3 0.5 45 

P3-SS0.5-Np67.1 3 0.5 67.1 

P3-SS1-Np50.38 3 1 50.38 

P3-SS1.5-Np21.88 3 1.5 21.88 

 

3.4 Metallographic Sample Preparation 

3.4.1 Sample sectioning 

The samples were sectioned by electrical discharge machining using a Gold San CNC wire cutting 

EDM machine to cut out the LSPwC processed area and produce segments for analysis and 
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electrochemical corrosion tests. Figure 3.5 a) shows a sample after securing it tightly on the 

machine, Figure 3.5 b) is the EDM in operation and Figure 3.5 c) shows how three pieces were cut 

from the peened areas. For electrochemical tests, Segments 1 and 2 were utilised, while Segment 

3 was dedicated to surface and cross-sectional analysis. Whenever the need for sectioning arose in 

other tests, EDM was used. 

    

    

Figure 3.5. Photographs showing: a) sample placement, b) EDM cutting and c) segments obtained 

from the cutting. 

 

 

 

1 

2 3 

a) b) 

c) 

LSPwC 

treated area 

Unpeened 

area 
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3.4.2 Mounting 

The sectioned samples were too small to handle and needed support for grinding and polishing in 

preparation for microhardness testing and microscopy. Samples for microhardness testing were 

cold-mounted, while those for scanning electron microscopy (SEM) were hot-mounted. 

3.4.2.1 Cold Mounting  

Akasel Aka-Clear-2 acrylic powder and liquid were used for cold mounting. The samples were 

thoroughly cleaned using ethanol before mounting. Vacuum grease was applied inside the 

mounting cup to allow easy removal when the mount had cured. The mixture was prepared 

according to the ratio of 2 volumes of powder to 1 volume of liquid and cured for approximately 

10 minutes at room temperature.  

3.4.2.2 Hot mounting 

The samples which were prepared for scanning electron microscopy (SEM) were mounted in 

Struers PolyFast resin using an Opal 410 hot mounting press. This was done at 180°C for 6 minutes 

(3 minutes of heating and then water cooled for 3 minutes) under a constant pressure of 250 bar. 

3.4.3 Grinding and polishing 

Grinding and polishing were done to produce a mirror-like surface finish on the sample cross-

sections for microscopy. The specimens were subjected to successive grinding steps with SiC 

papers of grit sizes 320, 500, 1000 and 1200. Water was used during grinding to cool the surface 

being ground and remove debris. Once the surface had been ground sufficiently, the samples were 

polished using the MD-Largo disk and 9 µm LECO diamond suspension. This was followed by 

MD-mol with 3 µm solution then MD-Chem with LECO Alpha Alumina powder solution. 

Between each preparation stage, water was used to remove contaminants to avoid cross-

contamination from earlier polishing steps. After the samples were rinsed, they were cleaned with 

ethanol and dried with a hair dryer. The process was repeated where scratches were observed on 

the surface of the samples. 
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3.4.4 Etching 

Etching was done by swabbing Keller’s reagent on a freshly polished specimen. This solution was 

made by mixing 2 ml HF (48%), 3 ml HCl (concentrated), 5 ml HNO3 (concentrated) and 190 ml 

distilled water. Each sample was immersed for 20 seconds and washed in a stream of warm water. 

The specimen changed colour to dark grey. A blow dryer was used to dry the specimen. 

3.5 Microscopy 

3.5.1 Optical and stereo microscopy 

Images were taken of each etched sample on a Motic BA310Met microscope. Low magnification 

images of the peened sample surfaces were taken using a Nikon SMZ1500 stereo microscope.  

3.5.2 Scanning electron microscopy 

A ZEISS Sigma high resolution FE-SEM was used to study the samples' surface and cross-section 

at high magnifications to observe any surface damage and/or changes that occurred. The samples 

were examined in secondary electron (SE) mode which captures the topography and backscattered 

electron (BSE) mode to distinguish the different phases by their different contrasts due to different 

average atomic numbers.  The composition of individual phases and overall analyses of large areas 

of the samples were analysed by energy dispersive X-ray spectroscopy (EDX). At least five 

measurements were taken for each composition; the average and standard deviation were reported. 

3.6 Surface Roughness  

Surface roughness measurements were performed to determine the effect of LSPwC on the surface 

of the samples. A Huatec SRT-6210 surface roughness tester was used with the variables listed in 

Table 3.2. The selection of parameters was obtained from the supplied manual and ISO 4288 (ISO 

4288, 1996).  

 



60 

 

Table 3.2. Variables of the SRT-6210 surface roughness tester. 

Property Specification 

Measuring range 
Ra, Rq: 0.005-16.00 µm 

Rz, Rt: 0.020-160.0 µm 

Material of probe pin Diamond 

Cut-off length 0.25 mm, 0.8 mm, 2.5 mm 

 

The experiments were conducted in accordance with the ISO 4287 standard (ISO 4287, 1997). 

Measurements were done in both the laser scanning and stepping directions as shown in Figure 

3.6 a). Each specimen was divided into five equidistant segments along the length and 

measurements were taken per parameter (Figure 3.6 b)) and the average of these was presented.  

               

Figure 3.6. Method for surface roughness measurements: a) Peened area showing directions in 

which surface roughness profile was taken and b) pattern followed to obtain five measurements in 

each direction. 

 

 

b) a) 
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3.7 Microhardness Tests 

Cross-sections of the specimen were prepared by cold mounting then grinding and polishing 

according to Section 3.4. The microhardness measurements were taken according to ASTM E92 

(ASTM E92, 2017) using an Innovatest Falcon 500 hardness testing machine. This machine had a 

Vickers hardness indenter and two optical microscope objective lenses of magnifications 10x and 

50x. The objective lenses were used for sample positioning and viewing the indentation so that its 

size could be measured. A load of 100 gf was applied to each sample for 10 s dwelling time. The 

resulting square indentation was measured to determine the hardness of the material. The spacing 

between each indention was guided by the minimum recommended spacing for Vickers tests as 

given by ASTM 384 (ASTM E384, 2022), at least 2.5 times the indentation diagonal between 

indentations and the edge of the specimen, Figure 3.7 a). Adhering to these standards, indentations 

were made at different depths (0.05, 0.15, 0.25, 0.35, 0.45, 0.60, 0.80, 1.00, 1.50, 2.00, 2.50, 3.00, 

3.50 mm) from the peened surface, the pattern followed is given in Figure 3.7 b). At each depth, 

five indentations were made 0.5 mm apart along the cross-section and the average microhardness 

measurement (at each depth) and standard deviation were recorded. 
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Figure 3.7. Vickers hardness measurements: a) micrograph of typical indentation b) minimum 

recommended spacing for Vickers indentations (ASTM E384, 2022) and b) indentation pattern 

adopted for the sample cross-section. 

 

a) b) 

c) 
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3.8 Corrosion Testing  

Corrosion tests were carried out in chloride solutions due to the susceptibility of aluminium to 

corrosion in the presence of chloride ions. To simulate marine environments, 3.5 wt% NaCl 

solutions were used. Various salt concentrations discovered in different oceans are listed in 

Appendix 2. A fresh NaCl solution was prepared for each experiment. 

3.8.1 Potentiodynamic polarisation tests 

The samples were sectioned using EDM to present the peened surface for corrosion testing. The 

area exposed to corrosion was 28.3 mm2 and rubber was used for masking the unexposed surface. 

A conventional three-electrode electrochemical cell connected to an AutoLab® 

potentiostat/galvanostat was used for the electrochemical test. A graphite rod was the counter 

electrode, Ag/AgCl saturated in 3 M KCl was the reference electrode and the test sample was the 

working electrode as shown in Figure 3.8a). The cross-section of the cell is shown in Figure 3.8b). 

All tests were carried out in 3.5 wt% NaCl solution at room temperature. 
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Figure 3.8. Corrosion cell a) photograph b) cross-section.  

 

The samples were exposed to the corrosive environment and open circuit potential (OCP) was 

measured for one hour to determine the reactivity of the alloys in solution at zero applied current. 

Potentiodynamic polarisation scans were done after the OCP measurements at 1 mV/s scan rate 

from -0.5 V to 1 V. The tests were performed in duplicate by testing two identical samples. After 

each polarisation scan, the solution was replaced with a freshly prepared one. 

Test sample 

Graphite rod 

Ag/AgCl 

electrode 

a) 

b) 
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The corrosion potential and current were obtained from the polarisation experimental data. The 

corrosion current density and corrosion rates were determined using Equations 3.1-3.3 by ASTM 

standards G59-97 and G102-89 (ASTM G59, 2014; ASTM G102, 2015). 

 

𝑖𝑐𝑜𝑟𝑟 =
𝐼𝑐𝑜𝑟𝑟

𝐴
                   Equation 3.1 

 

𝑖𝑐𝑜𝑟𝑟 = 106 𝐵

𝑅𝑝
                             Equation 3.2 

 

𝐶𝑅 = 𝑘
𝑖𝑐𝑜𝑟𝑟

𝜌
𝐸𝑊                  Equation 3.3 

 

where:  

icorr = Corrosion current density (µA/cm2) 

Icorr = Corrosion current (µA) 

A = Exposed sample area (cm2) 

Rp = Polarisation resistance (ohms) 

Ecorr = Corrosion potential (V) 

B = Stern-Geary constant (V) 

CR = Corrosion rate (mm/y) 

K = 3.27 x 10-3 (mm g/µA cm y) 

ρ = Density (g/cm3) 

EW = Equivalent weight (g). 

After the electrochemical tests, the samples were removed, rinsed with deionised water and dried. 

Thereafter, SEM-EDX was used to determine the corrosion products and surface morphology. 
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3.8.2 Full immersion corrosion tests 

Immersion corrosion tests were carried out on 28x28 mm samples that were 10 mm thick. The 

unpeened Sample 0 and Sample P3-SS1.5-Np5, which was peened at a laser power intensity of 3 

GW/cm2, spot size of 1.5 mm and coverage of 5 spots/mm2, were corroded using ASTM G31 in 

3.5 wt% NaCl solutions. These samples were available in sufficient numbers to allow for tests in 

duplicates. The samples were weighed and suspended in a plexiglass container holding the 

solution. The total exposure time was 30 days with samples removed from the testing environment 

at 3, 7, 14, 21 and 30 days for analysis. After immersion, the specimens were cleaned with a nylon 

brush, rinsed with deionised water and blow-dried. Upon inspection under a microscope, it was 

noted that there was still some corrosion product, so the samples were immersed in nitric acid for 

10 minutes (Kerrer & Kelly, 2001) for further cleaning then blow-dried and reweighed. The tests 

were performed in duplicate and the standard deviation was calculated (ASTM G31-72, 1999). 

The average corrosion rate, in millimetres per year (mm/y), was calculated using Equation 3.4. 

𝐶𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 =  
𝐾 ×𝑊

𝐴 ×𝑇 ×𝐷
                Equation 3.4 

where:  

K = 8.76 x 104  

W = mass loss in g to the nearest 1mg 

A = area in cm2 to the nearest 0.01 

T = time of exposure in hours to the nearest 0.01 h 

D = density in g/cm3. 

 

The surfaces were studied using optical microscopy and SEM-EDX. 

3.8.3 Stress corrosion cracking tests 

Samples of four different LSPwC parameter combinations were chosen for stress corrosion 

cracking (SCC) testing. The dimensions of the samples were 28x28 mm and 1.6 mm thickness, 

with a peened area of 14x14 mm using a laser power intensity of 3 GW/cm2. Laser spot size and 

coverage were varied as shown in Table 3.3. An unpeened Sample 0 of the same size was included 

for comparison. 
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Table 3.3. Samples used for SCC testing. 

Sample Name 
Spot Size 

(mm) 

Coverage 

(spots/mm2) 

P3-SS0.5-Np67.1 0.5 67.1 

P3-SS0.5-Np45 0.5 45 

P3-SS1-Np50.38 1 50.38 

P3-SS1.5-Np21.88 1.5 21.88 

 

The three-point bending method was chosen because it allows for easy identification of the point 

of the highest level of stress and enables the movement of samples while still under stress. This 

technique also allows for visual inspection at low magnification and can accommodate testing 

many samples simultaneously and for extended periods (Al-Haidary et al., 2020). In three-point 

loaded specimens, the sample is subjected to both tensile and compression stresses where the 

tensile stress is on the upper surface and the compression stress is on the lower surface. The 

maximum bending stress occurs at the centre of the specimen and decreases linearly to zero at the 

outer supports and the expected results should be at the tensile surface at the maximum stress (Al-

Haidary et al., 2020). 

The samples were prepared following the ASTM G39 (G39 - 99, 2016) standard. The sample 

holder was designed to hold five samples simultaneously and the specifications used for making it 

are shown in Figure 3.9a) (more detail is given in Appendix 3). A diagram of a typical sample 

under stress is shown in Figure 3.9b) and all five samples are shown in Figure 3.9 c). Samples 

were isolated at the points of contact using layers of PTFE tape to prevent any metallic contact, 

which can cause cathodic or crevice corrosion. The samples under static load were immersed in 

3.5 wt% NaCl solution kept at 25C and were removed from the solution after 40 days. 
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Figure 3.9. Sample holder for SCC: a) design specifications, b) schematic diagram of typical test 

sample under three-point bending and c) photograph of loaded samples. 

 

Determination of the magnitude of stress subjected to each sample was done using Equation 3.5.  

𝜎 =  
6𝐸𝑡𝑦

𝐻2⁄                           Equation  3.5 

where:  

σ = maximum tensile stress 

E = Young’s modulus of elasticity of AA7075 (Table 2.4) 

t = thickness of specimen 

y = maximum deflection  

H = distance between outer supports.            

b) c) 

a) 
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CHAPTER 4: RESULTS 

4.1 Introduction 

This chapter contains the findings from experiments on Laser Shock Peening without Coating 

(LSPwC) of AA7075-T651, focusing on surface characteristics and corrosion behaviour. 

Analytical techniques used included scanning electron microscopy (SEM), contact profilometry, 

Vickers microhardness testing and electrochemical investigations. The SEM results revealed 

topographical changes, while surface roughness tests showed the alterations induced by LSPwC. 

Vickers microhardness results indicated depth-dependent hardness. Potentiodynamic polarisation 

gave the metal’s Ecorr, icorr and corrosion rate. Longer-term corrosion performance was evaluated 

by tests, showing surface alterations, weight loss and corrosion rate after 30 days. Stress corrosion 

tests in a 3.5 wt% NaCl solution for 40 days assessed resistance to environmentally assisted 

cracking. 

4.2 Analysis of AA7075-T651 as the Control Sample 

The control sample (Sample 0) was the unpeened AA7075-T651 which was analysed to compare 

with the samples modified with LSPwC. The SEM-SE image (Figure 4.1a) shows the topography 

of the surface which was smooth (from the polishing) apart from a few particles indicated by the 

red arrows. Figure 4.1b) indicates the composition difference of the surface. Across the bulk of the 

metal, there were different precipitates of varying sizes and shapes. The white particles were 

elongated and aligned in the rolling direction. There were also some dark spots distributed over 

the whole sample.  
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Figure 4.1. SEM images of the unpeened Sample 0: a) SEM-SE showing topography and b) SEM-

BSE showing composition with red arrows indicating particles on the surface. 

The composition of AA7075-T651 was obtained from the EDX analyses of the surface, Table 4.1. 

These results matched the specifications provided by the manufacturer ‘NK Cutting’ (Chapter 3) 

and agreed with the specifications given by the Aluminium Association (The Aluminium 

Association, 2018). The light precipitates comprised Cu and Fe which varied as indicated by the 

high standard deviation. An EDX spectrum for one of the light precipitates is shown in Figure 4.2. 

 

Table 4.1. EDX results of the unpeened Sample 0. 

 Al Zn Mg Cu Cr O Fe 

Overall 

surface 

wt% 

89.1 

± 

1.2 

6.3 

± 

0.3 

2.6 

± 

0.1 

1.4 

± 

0.1 

0.2 

± 

0.0 

0.4 

± 

0.1 

- 

at.% 

93.4 

± 

0.9 

2.8 

± 

0.2 

2.7 

± 

0.1 

0.6 

± 

0.1 

0.2 

± 

0.0 

0.3 

± 

0.1 

- 

White 

precipitates 

wt% 

68.4 

± 

3.5 

4.2 

± 

0.4 

1.2 

± 

0.5 

7.0 

± 

1.1 

- - 

19.2 

± 

4.1 

at.% 

79.6 

± 

2.6 

3.9 

± 

0.3 

1.7 

± 

0.7 

5.3 

± 

0.7 

- - 

9.5 

± 

4.2 

a) b) 
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Figure 4.2. a) SEM-BSE image of Sample 0 cross-section showing light precipitates and b) EDX 

spectrum of the precipitates. 

 

The microstructure of Sample 0 is shown in Figure 4.3 showing pancake-shaped grains elongated 

in the rolling direction. 

a) 

b) 
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Figure 4.3. Optical images showing the microstructure of AA7075-T651 at different orientations: 

a) top surface in the transverse direction (to original rolling), b) cross-section in the longitudinal 

direction at lower and c) higher magnification. 

4.3 Surface Morphology After LSPwC 

The surface lustre changed from shiny metallic to dull light grey after LSPwC as shown in Figure 

4.4 for the surface of sample P3-SS1.5-Np21.88. The peened surface had many irregularities 

compared with the smooth unpeened surface.  

a) b) 

c) 
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Figure 4.4. Stereo microscope image of the surface of P3-SS1.5-Np20 after LSPwC. 

 

The SEM-BSE image in Figure 4.5 shows the surface of P1.5-SS1-Np11.25 treated with PI = 1.5 

GW/cm2, SS = 1 mm and Np= 11.25 spots/mm2 which had signs of melting and solidification. 

 

Figure 4.5. SEM-BSE image of the surface of P1.5-SS1-Np11.25 showing the peened-unpeened 

interface after LSPwC, with some solidified droplets. 

LSPwC area 

Unpeened 

area 

LSPwC area 

Unpeened 

area 
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4.3.1 Varying Np at constant PI and SS 

The surface of the low coverage of 2.5 spots per mm2
  showed sequential laser spots, Figure 4.6a). 

There was little overlap of the laser spots which can be seen almost in full as indicated by the 

dotted red circles. There were some areas which retained a smooth finish which were left out in 

the peening pattern indicated by the dotted red arrows. At higher magnification (Figure 4.6b), the 

splash-like pattern of molten metal was more visible with a centre and splatter on the outer regions. 

The centre exhibited minimal metal flow, although the metal did ablate. In Figure 4.6c) and d), the 

solidified droplets are clearer with a high density of pores.  

 

   

   

Figure 4.6. SEM-SE images of P3-SS0.8-Np2.5 surface at different magnifications, showing laser 

spots (dotted red circle and arrows), solidified ablated particles (red arrows) and pores (orange 

arrows). 

a) b) 

c) d) Larger pores 

Smaller 

pores 

Solidified particles 
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For a higher Np of 20 spots per mm2, the surface morphology is shown in Figure 4.7. The laser 

scanning path formed ridges as indicated in Figure 4.7a) (one such scanning path is indicated by 

the two parallel red dotted lines) and are due to the edges of laser spots. There were greater spot 

overlaps, hence individual laser spots were not distinguishable, even at higher magnification as 

shown in Figure 4.7b). At higher magnification (Figure 4.7c) and Figure 4.7d), pores and voids 

were indistinguishable on the roughened surface. The higher coverage induced more damage and 

a greater modification from melting and solidification.  

 

 

  

 Figure 4.7. SEM-SE images of P3-SS0.8-Np20 surface at increasing magnifications a) – d), 

showing peening paths (red lines), ablated products and few pores. 

a) 

d) c) 

b) 



76 

 

4.3.2 Varying PI at constant SS and Np 

The SEM-SE images for the surfaces of samples peened with PI values of 1, 3 and 5 GW/cm2, an 

SS of 0.8 mm and Np of 40 spots/mm2 are shown in Figure 4.8 (which are images of the non-

corroded areas of the corroded samples). As PI increased, the spots appeared more defined and 

this effect was more pronounced as PI changed from 1 GW/cm2 (Figure 4.8a) to 3 GW/cm2 (Figure 

4.8b) to 5 GW/cm2 (Figure 4.8c).  

 

 

 

Figure 4.8. SEM-SE images of peened surfaces showing topographic differences at varying PI 

(GW/cm2): a) PI=1 b) PI=3 c) PI=5 and constant SS=0.8 mm and Np=40 spots/mm2 (white 

particles in a) and b) are corrosion products). 

 

c) 

a) b) 
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The SEM-BSE images for the samples peened with PI values of 1.5, 3, 4.5 and 6 GW/cm2, an SS 

of 1 mm and Np of 11.25 spots/mm2 are shown in Figure 4.9. At the lowest PI (Figure 4.9a)), there 

were many irregular features and as PI increased, the solidified “mounts” became the most 

prominent feature and larger.  

 

  

Figure 4.9. SEM-BSE images of PI of a) 1.5 b) 3 c) 4.5 d) 6 GW/cm2 surfaces showing surface 

irregularities at varying PI. 

 

a) b) 

c) d) 
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4.3.3 Varying SS at constant PI and Np 

At constant PI of 3 GW/cm2 and Np of 2.5 spots/mm2, two spot sizes (SS), 0.8 mm and 1.5 mm 

were used. At the lower SS (Figure 4.10a) there was a smaller overlap of the spots compared to 

the surface of 1.5 mm shown in Figure 4.11a). At higher magnification, there were multiple pores 

and solidified droplets at SS = 0.8 mm which are indicated by red arrows in Figure 4.10b). At SS 

= 1.5 mm there were fewer pores which were not as pronounced (Figure 4.11b). 

 

   

Figure 4.10. SEM-SE images of P3-SS0.8-Np2.5 surface at: a) lower and b) higher magnification 

showing pores (red arrows). 

  

Figure 4.11. SEM-SE images of P3-SS1.5-Np2.5 surface at: a) lower and b) higher magnification, 

showing pores (red arrows). 

b) 

a) b) 

a) 
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 The SEM-SE image in Figure 4.12 shows the surface topography of P3-SS0.8-Np10 which was 

rougher than the unpeened sample (Figure 4.1). In Figure 4.12b, the roughened surface showed 

evidence of melting and subsequent solidification by the solidified “mounts” and pores. Figure 

4.13 shows the SEM-BSE image of P3-SS1.5-Np10's surface after peening showing solidified 

droplets.  

 

  

Figure 4.12. SEM-SE micrographs of P3-SS0.8-Np10 surface at: a) lower and b) higher 

magnification showing “mounts” and flatter areas from LSPwC. 

  

Figure 4.13. SEM-SE micrographs of P3-SS1.5-Np10 surface at: a) lower and b) higher 

magnification showing solidified droplets from LSPwC. 

a) 

a) 

b) 

b) 
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4.4 Cross-sections after LSPwC  

4.4.1 Cross-section of P3-SS0.8-Np10  

This sample underwent LSPwC at a power intensity of 3 GW/cm2, a spot size of 0.8 mm and a 

coverage of 10 spots/mm2. Figure 4.14 shows a cross-section of the melted surface of the LSPwC 

treated metal, which was uneven. In Figure 4.14b) the pores in the melted parts are more visible, 

especially in the protrusion circled in red. There were also micro-cracks within 30 µm from the 

surface than within the substrate.  

 

  

Figure 4.14. SEM-BSE images of P3-SS0.8-Np10 cross-section at: a) lower and b) higher 

magnification, showing depressions (red arrows), pores (blue arrow and circle) and cracks 

(yellow arrows). 

 

The EDX results for P3-SS0.8-Np10 are listed in Table 4.2. The LSPwC area had high O content 

and the standard deviation of Al and O indicated the variation of compositions at the various points. 

At ⁓30 µm depth, analysis was done on the dark spot, likely a hole (blue arrow in Figure 4.14b)) 

and high O was detected. Further down the cross-section, there was no correlation between depth 

and O content, although there was a small amount of oxygen at 61 µm depth. 

 

 

a) b) 
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Table 4.2. EDX results of P3-SS0.8-Np10. 

 Al Zn Mg Cu Si O 

LSPwC region  

wt% 

80.1 

± 

2.7 

5.7 

± 

0.6 

2.4 

± 

0.2 

0.5 

± 

0.1 

2.0 

± 

1.0 

9.3 

± 

2.6 

at.% 

77.4 

± 

4.1 

2.4 

± 

0.3 

2.6 

± 

0.2 

0.2 

± 

0.1 

1.8 

± 

0.9 

15.6 

± 

3.9 

Cross-section 

Depth (µm)  Al Zn Mg Cu Si O 

30 
wt% 38.9 1.6 18.3 3.3 - 38.0 

at.% 37.7 0.5 14.4 2.1 - 45.4 

44 
wt% 91.5 6.0 2.5 0.0 - 0.0 

at.% 94.8 2.4 2.7 0.0 - 0.0 

61 
wt% 89.0 6.7 2.4 1.7 - 0.2 

at.% 93.2 2.9 2.8 0.7 - 0.4 

74 
wt% 89.5 6.5 2.5 1.5 - 0.0 

at.% 93.8 2.7 2.8 0.7 - 0.0 

 

4.4.2 Cross-section of P3-SS1.5-Np10 

The melted surface of the LSPwC treated metal is shown in the cross-section in Figure 4.15. There 

were “mounts” and micro-cracks within 30 µm below the “hollows”. 
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Figure 4.15. SEM-BSE image of P3-SS1.5-Np10 cross-section, showing hollows and mounts from 

LSPwC. 

The EDX results for P3-SS1.5-Np10 are listed in Table 4.3.  The LSPwC area had high O content. 

Analysis of the cross-section found higher O content closest to the surface, ⁓25 µm depth, and not 

below.   

Table 4.3. EDX results of P3-SS1.5-Np10 cross-section. 

Description Al Zn Mg Cu O 

LSPwC region wt% 80.5±0.8 5.7±0.1 2.6± 0.3 2.7±0.1 8.5±0.1 

at.% 84.0±1.3 3.6±0.0 3.0±0.2 0.6±0.0 8.8±0.2 

Cross-section 

Depth (µm)  Al Zn Mg Cu O 

25 
wt% 89.4 5.7 1.8 1.6 1.5 

at.% 93.1 3.3 1.8 0.8 1.1 

56 
wt% 89.7 6.2 2.3 1.8 0.0 

at.% 94.8 2.3 2.3 0.7 0.0 

65 
wt% 92.7 5.2 2.2 0.0 0.0 

at.% 96.2 1.8 2.0 0.0 0.0 

 

cracks 
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4.5 Surface Roughness 

Higher roughness was observed for all samples after LSPwC (Figure 4.17). Most samples showed 

higher surface roughness in the stepping direction than in the scanning direction. The largest 

difference in roughness was found in P1-SS0.8-Np40 and the smallest was in P3-SS0.8-Np40. The 

roughness was lower in the stepping direction than in the scanning direction (stepping and 

scanning directions illustrated in Figure 3.6) for P3-SS0.8-Np2.5 and P3-SS1.5-Np2.5. Sample P5-

SS0.8-Np40 had the roughest surface. 

 

 

Figure 4.16. Surface roughness a) Ra (mean vertical deviation) b) Rz (distance between the 

averages of the five highest peaks and lowest valleys) for unpeened and peened samples in the 

scanning and stepping directions. 
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 Figure 4.17. Surface roughness a) Rq (square root of the mean of the square of vertical deviation), 

b) Rt (distance between the highest peak and lowest valley) for unpeened and peened samples in 

the scanning and stepping directions. 

 

a) 

b) 
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4.6 Microhardness 

Most indentations looked like Figure 3.7a) but occasionally there was barrelling Figure 4.18a) and 

a combination of pin cushioning and barrelling Figure 4.18b). 

 

  

Figure 4.18. Optical microscope image showing Vickers indentation with a) barrelling and b) a 

combination of barrelling and pin cushioning. 

 

The Vickers microhardness results are shown in Figure 4.19 of peened and unpeened samples as 

a function of surface depth. Peened samples had higher microhardness than the unpeened ones. 

The highest microhardness was closest to the peened surface and decreased with increasing depth. 

Down to 1.5 mm, the results fell into two groups of higher and lower microhardness. Beyond a 

depth of 1.5 mm, the microhardness was similar to that of the unpeened sample with overlapping 

standard deviations. 

 

Variation of microhardness with power intensity is shown in Figure 4.20 down to 1.5 mm depth 

since this is where the values were above the unpeened sample. The greatest effect of LSPwC was 

down to 0.25 mm from the peened surface where the highest microhardness was recorded. The 

highest microhardness was at 3 GW/cm2 followed by 1 GW/cm2 and 5 GW/cm2 which were very 

similar.  

a) b) 
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  Figure 4.19. Microhardness results of samples at different depths from the peened surface. 

 

Figure 4.20. Variation of microhardness with laser power intensity. 
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The variation of microhardness with spot coverage at 3 GW/cm2 is shown in Figure 4.21 for a spot 

size of 0.8 mm and Figure 4.22 for 1.5 mm. Higher microhardness occurred for higher spot 

coverage. In Figure 4.21, the specimen with Np40 was the hardest followed by Np20 then Np10 

and Np5; the lowest hardness was found in Np2.5. Although the hardness decreased with depth, for 

Np20 the decline was steadiest. In Figure 4.22, the sample with Np10 had significantly higher 

microhardness than Np5 and Np2.5 and the standard deviations of the other samples overlapped. 

 

 Figure 4.21. Variation of microhardness with spot coverage (Np) at PI = 3 GW/cm2, SS = 0.8 mm. 
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Figure 4.22. Variation of microhardness with spot coverage (Np) at PI = 3 GW/cm2, SS = 1.5 mm. 

4.7 Electrochemical Corrosion 

4.7.1  Open circuit potential (OCP) 

The variation of OCP with time for the peened and unpeened samples in 3.5 wt% NaCl is shown 

in Figure 4.23. All peened samples stabilised at higher OCP values (more positive) than the 

unpeened sample, Sample 0. The Sample 0 OCP graph was generally stable at the lowest OCP 

values from -0.80 to -0.82. The P3-SS0.8-Np20 sample stabilised at the highest OCP value and 

started at a low OCP of -0.771 V and gradually increased to -0.739 V in the first 850 s. There was 

a sharp disturbance at 864 s which immediately stabilised to -0.730 V and remained stable to the 

end of the experiment.  

The P3-SS0.8-Np5 sample had the most stable OCP throughout the exposure period with its highest 

values similar to P3-SS0.8-Np20 after 1000 s. The P3-SS1.5-Np2.5 plot was stable, with the third 

highest OCP. The P3-SS1.5-Np5 sample was fourth in magnitude and was stable throughout. The 

P3-SS1.5-Np10 sample had a steady increase in the first 350 s and remained stable, with OCP 

values similar to P1-SS0.8-Np40 which had stable OCP throughout. The P3-SS0.8-Np2.5 OCP 
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steadily increased in the first 552 s and stabilised. The P3-SS0.8- Np10 plot was erratic in the first 

1400 s and then became stable. The P3-SS0.8-Np40 OCP was stable from -0.80 to -0.81 V in the 

first 900 s then sharply shifted to -0.772 V and stabilised in that range. The OCP of P5-SS0.8-

Np2.5 increased with a gentle slope in 600 s originally lower than Sample 0, then stabilised above 

it. 

 

Figure 4.23. Variation of OCP measurements with time in 3.5 wt% NaCl. 

4.7.2 Potentiodynamic polarisation  

The duplicate potentiodynamic polarisation tests gave similar polarisation curves, Appendix 4. For 

clarity, a single graph is provided for each sample in Figure 4.24 to Figure 4.28. These figures 

show the potentiodynamic polarisation curves for peened specimens at various parameters 

compared to unpeened Sample 0. The polarisation curves showed a similar trend where the current 

decreased with increasing potential in the cathodic branch until it reached the corrosion current 

density (corresponding to corrosion potential Ecorr). With the increase of the applied potential in 

the anodic branch, the current rapidly increased just after the corrosion potential. The current then 

stayed almost unchanged, with a large increase in the applied potential in the passive region. At 
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elevated potential values, Sample 0 and some peened samples; P1-SS0.8-Np40, P3-SS0.8-Np2.5, 

P3-SS0.8-Np10, P5-SS0.8-Np40, P3-SS1.5-Np5 (Figure 4.24, Figure 4.25b), Figure 4.27a), Figure 

4.28a)) exhibited a distinctive transition from a passive to transpassive region, marked by a surge 

in current density. Subsequently, these samples returned to a lower current density, forming 

additional passive regions. 

 

Figure 4.24. Potentiodynamic polarisation curves of a) P1-SS0.8-Np40 and b) P3-SS0.8-Np2.5 

compared to Sample 0. 

 

a) 

a) 

b) 

b) 

Ecorr Ecorr 

Ecorr Ecorr 
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Figure 4.25. Potentiodynamic polarisation curves of a) P3-SS0.8-Np5 and b) P3-SS0.8-Np10 

compared to Sample 0. 

  

Figure 4.26. Potentiodynamic polarisation curves of a) P3-SS0.8-Np20 and b) P3-SS0.8-Np40 

compared to Sample 0. 

  

 

Figure 4.27. Potentiodynamic polarisation curves of a) P5-SS0.8-Np40 and b) P3-SS1.5-Np2.5 

compared to Sample 0.  

a) 

a) 

b) 

b) 

Ecorr Ecorr 

Ecorr Ecorr 
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Figure 4.28. Potentiodynamic polarisation curves of a) P3-SS1.5-Np5 and b) P3-SS1.5-Np10 

compared to Sample 0. 

 

Table 4.4 lists the corrosion parameters obtained from OCP and the potentiodynamic polarisation 

curves. The OCP values recorded after 1 h for all samples were in the range of -0.735 V to -0.815 

V. The Ecorr values were similar within a narrow range of -0.682 V to –0.760 V. Most peened 

samples had higher icorr and corrosion rates than the unpeened sample. However, four samples: P1-

SS0.8-Np40, P3-SS0.8-Np10, P3-SS1.5-Np2.5 and P3-SS1.5-Np5 had lower corrosion rates than 

Sample 0. The lowest corrosion rate was found in P3-SS1.5-Np2.5 which was four times lower 

than Sample 0. The corrosion rates calculated in Table 4.4 are also presented in a bar graph, Figure 

4.29. 

 

 

 

 

 

 

a) b) 

Ecorr Ecorr 
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Table 4.4. Corrosion parameters were obtained for each pair of samples. 

Sample OCP 3600s (V) Ecorr (V) icorr (µA/cm2) 

Corrosion 

Rate x10-2 

(mm/y) 

Sample 0 -0.815 ± 0.005 -0.747 ± 0.005 1.80 ± 0.13 2.01 ± 0.14 

P1-SS0.8-Np40 -0.761 ± 0.002 -0.746 ± 0.002 0.78 ± 0.04 0.87 ± 0.04 

P3-SS0.8-Np2.5 -0.779 ± 0.011 -0.739 ± 0.005 3.23 ± 0.05 3.60 ± 0.05 

P3-SS0.8-Np5 -0.737 ± 0.007 -0.712 ± 0.003 3.69 ± 0.15 4.28 ± 0.17 

P3-SS0.8-Np10 -0.778 ± 0.010 -0.760 ± 0.005 1.12 ± 0.33 1.25 ± 0.37 

P3-SS0.8-Np20 -0.735 ± 0.019 -0.718 ± 0.002 2.28 ± 0.06 2.54 ± 0.06 

P3-SS0.8-Np40 -0.782 ± 0.008 -0.722 ± 0.007 3.57 ± 0.20 3.98 ± 0.22 

P5-SS0.8-Np40 -0.795 ± 0.021 -0.705 ± 0.010 4.88 ± 0.11 5.44 ± 0.13 

P3-SS1.5-Np2.5 -0.750 ± 0.019 -0.733 ± 0.014 0.43 ± 0.04 0.48 ± 0.04 

P3-SS1.5-Np5 -0.758 ± 0.006 -0.682 ± 0.006 1.15 ± 0.06 1.28 ± 0.07 

P3-SS1.5-Np10 -0.759 ± 0.000 -0.720 ± 0.004 1.89 ± 0.06 2.10 ± 0.07 

 

 

Figure 4.29. Corrosion rates of specimens after potentiodynamic polarisation tests in 3.5 wt% 

NaCl. 
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4.7.3 Corrosion products after potentiodynamic polarisation tests 

4.7.3.1 Sample 0 

The surface of Sample 0 after potentiodynamic polarisation is shown in Figure 4.30 showing 

clusters of corrosion products. The EDX results listed in Table 4.5 show high O content, indicating 

the formation of oxides. The Al and O in the corrosion products varied (light and dark) with high 

standard deviations.  

 

  

Figure 4.30. SEM-BSE images of Sample 0 surface after potentiodynamic polarisation corrosion 

test showing corrosion products at: a) lower and b) higher magnification with lighter parts circled. 

 

 

 

 

 

 

 

a) b) 
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Table 4.5. EDX results of corrosion products on Sample 0. 

  O Na Mg Al Si Cl Cr Fe Cu Zn 

Overall  

area  

wt% 

23.7 

± 

1.7 

0.7 

± 

0.3 

1.9 

± 

0.1 

66.6 

± 

1.5 

0.3 

± 

0.3 

0.1 

± 

0.1 

0.1 

± 

0.1 

0.2 

± 

0.1 

1.2 

± 

0.1 

5.2 

± 

0.3 

at.% 

35.2 

± 

2.1 

0.7 

± 

0.4 

1.9 

± 

0.1 

59.2 

± 

2.0 

0.3 

± 

0.3 

0.1 

± 

0.1 

0.1 

± 

0.1 

0.1 

± 

0.1 

0.5 

± 

0.1 

1.9 

± 

0.1 

Clear area  

wt% 

9.0 

± 

1.2 

0.8 

± 

0.1 

2.4 

± 

0.0 

80.4 

± 

1.3 

0.3 

± 

0.4 

- - 

0.1 

± 

0.1 

1.3 

± 

0.1 

5.7 

± 

0.0 

at.% 

14.2 

± 

1.8 

0.9 

± 

0.1 

2.6 

± 

0.0 

79.1 

± 

1.9 

0.3 

± 

0.4 

- - 

0.1 

± 

0.1 

0.5 

± 

0.0 

2.3 

± 

0.0 

Corrosion  

products 

  

wt% 

54.8 

± 

10.2 

0.4 

± 

0.3 

0.8 

± 

0.4 

37.1 

± 

7.7 

0.7 

± 

0.6 

0.9 

± 

0.7 

- 

0.2 

± 

0.2 

1.2 

± 

0.8 

3.9 

± 

1.7 

at.% 

67.9 

± 

8.6 

0.4 

± 

0.3 

0.7 

± 

0.3 

28.3 

± 

7.3 

0.5 

± 

0.4 

0.5 

± 

0.4 

- 

0.1 

± 

0.1 

0.4 

± 

0.3 

1.2 

± 

0.6 

Lighter area 

(circled in 

Figure 

4.30b)) 

wt% 

31.3 

± 

4.1 

0.5 

± 

0.1 

0.7 

± 

0.7 

50.1 

± 

1.7 

1.5 

± 

0.7 

0.3 

± 

0.0 

0.4 

± 

0.0 

7.3 

± 

7.3 

3.9 

± 

1.2 

4.0 

± 

1.2 

at.% 

46.5 

± 

3.4 

0.5 

± 

0.1 

0.6 

± 

0.6 

44.6 

± 

1.1 

1.2 

± 

0.5 

0.2 

± 

0.0 

0.2 

± 

0.0 

3.3 

± 

3.3 

1.5 

± 

0.5 

1.4 

± 

0.4 

 

4.7.3.2 P1-SS0.8-Np40 

Corrosion products on the surface of P1-SS0.8-Np40 are shown in Figure 4.31. The EDX results 

listed in Table 4.6 show high O content, indicating the formation of oxides. High standard 

deviations were obtained for both Al and O. Low amounts of C were detected likely due to the 

rubber used for masking the sample. 
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Figure 4.31. SEM-BSE images of P1-SS0.8-Np40 surface after potentiodynamic polarisation 

corrosion showing corrosion products at: a) lower and b) higher magnification. 

 

Table 4.6. EDX results of corrosion products on P1-SS0.8-Np40. 

 
O C Na Mg Al Si Cl Cr Fe Cu Zn 

Overall area  
wt% 

33.2 

± 

5.7 

2.1 

± 

0.3 

1.0 

± 

0.2 

1.6 

± 

0.2 

55.0 

± 

5.7 

0.9 

± 

0.1 

0.6 

± 

0.4 

0.1 

± 

0.1 

0.2 

± 

0.1 

1.2 

± 

0.2 

4.1 

± 

0.4 

at.% 

46.5 

± 

6.5 

1.8 

± 

0.2 

1.0 

± 

0.2 

1.5 

± 

0.2 

46.1 

± 

6.4 

0.7 

± 

0.1 

0.4 

± 

0.3 

0.1 

± 

0.0 

0.1 

± 

0.1 

0.4 

± 

0.1 

1.4 

± 

0.2 

Clear area  
wt% 

33.1 

± 

13.0 

0.6 

± 

0.5 

0.9 

± 

1.0 

1.6 

± 

0.3 

56.2 

± 

13.3 

1.1 

± 

1.1 

0.4 

± 

0.4 

0.1 

± 

0.1 

0.2 

± 

0.2 

1.5 

± 

0.4 

4.3 

± 

0.9 

at.% 

44.9 

± 

14.4 

0.4 

± 

0.4 

0.8 

± 

0.9 

1.5 

± 

0.4 

49.0 

± 

14.7 

0.9 

± 

0.9 

0.3 

± 

0.2 

0.1 

± 

0.0 

0.1 

± 

0.1 

0.5 

± 

0.1 

1.5 

± 

0.4 

Corrosion products 
wt% 

54.7 

± 

8.2 

2.7 

± 

0.4 

0.9 

± 

1.0 

1.0 

± 

0.3 

33.8 

± 

7.2 

1.5 

± 

1.1 

1.6 

± 

0.8 

0.1 

± 

0.1 - 

1.0 

± 

0.6 

2.7 

± 

0.4 

at.% 

67.9 

± 

7.4 

2.5 

± 

0.6 

0.8 

± 

0.9 

0.8 

± 

0.3 

24.8 

± 

6.6 

1.1 

± 

0.8 

0.9 

± 

0.5 

0.1 

± 

0.0 - 

0.3 

± 

0.2 

0.8 

± 

0.2 

 

a) b) 
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4.7.3.3 P3-SS0.8-Np2.5 

Corrosion products on the surface of P3-SS0.8-Np2.5 are shown in Figure 4.32. The EDX results 

listed in Table 4.7 show high O content indicating the formation of oxides. High standard 

deviations were obtained for Al and O. 

 

   

Figure 4.32. SEM-BSE images of P3-SS0.8-Np2.5 surface after potentiodynamic polarisation 

corrosion showing corrosion products at: a) lower and b) higher magnification. 

 

 

 

 

 

 

 

 

 

a) b) 
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Table 4.7. EDX results of corrosion products on P3-SS0.8-Np2.5. 

  

O Na Mg Al Si Cl Fe Cu Zn 

Overall area  
wt% 

21.6 

± 

1.7 

0.8 

± 

0.1 

2.0 

± 

0.1 

68.3 

± 

1.7 

0.2 

± 

0.1 

0.2 

± 

0.1 

0.4 

± 

0.1 

1.2 

± 

0.1 

5.3 

± 

0.3 

at.% 

32.8 

± 

2.3 

0.9 

± 

0.1 

2.0 

± 

0.1 

61.4 

± 

2.2 

0.1 

± 

0.1 

0.1 

± 

0.1 

0.2 

± 

0.0 

0.5 

± 

0.0 

2.0 

± 

0.1 

Clear area  
wt% 

9.6 

± 

2.2 

0.4 

± 

0.3 

2.3 

± 

0.2 

81.1 

± 

1.6 - - - 

1.2 

± 

0.1 

5.4 

± 

0.6 

at.% 

15.3 

± 

3.3 

0.5 

± 

0.4 

2.5 

± 

0.2 

79.0 

± 

2.9 - - - 

0.5 

± 

0.0 

2.2 

± 

0.3 

Corrosion products 
wt% 

48.5 

± 

13.7 

0.3 

± 

0.2 

1.3 

± 

0.1 

43.3 

± 

11.0 

0.4 

± 

0.3 

0.7 

± 

0.1 

0.4 

± 

0.1 

1.9 

± 

0.8 

3.2 

± 

1.6 

at.% 

61.7 

± 

13.1 

0.3 

± 

0.2 

1.1 

± 

0.2 

34.4 

± 

11.7 

0.3 

± 

0.3 

0.4 

± 

0.1 

0.1 

± 

0.1 

0.6 

± 

0.3 

1.1 

± 

0.6 

 

4.7.3.4 P3-SS0.8-Np5 

Corrosion products on the surface of P3-SS0.8-Np5 are shown in Figure 4.33. The EDX results 

listed in Table 4.8 show high O content, indicating the formation of oxides. High standard 

deviations were obtained for both Al and O. 
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Figure 4.33. SEM-BSE images of P3-SS0.8-Np5 surface after potentiodynamic polarisation 

corrosion showing corrosion products at: a) lower and b) higher magnification. 

 

Table 4.8. EDX results of corrosion products on P3-SS0.8-Np5. 

 
O Na Mg Al Si Cl Fe Cu Zn 

Overall area  
wt% 

26.8 

± 

3.8 

1.3 

± 

0.2 

1.6 

± 

0.1 

61.3 

± 

3.6 

0.2 

± 

0.1 

0.7 

± 

0.2 

0.7 

± 

0.4 

1.7 

± 

0.1 

5.7 

± 

0.3 

at.% 

39.6 

± 

4.6 

1.3 

± 

0.2 

1.6 

± 

0.2 

52.2 

± 

4.4 

0.2 

± 

0.1 

0.4 

± 

0.1 

0.5 

± 

0.0 

2.1 

± 

0.1 

5.1 

± 

0.1 

Clear area  
wt% 

12.9 

± 

7.2 

1.3 

± 

0.3 

1.6 

± 

0.2 

70.9 

± 

5.4 - - 

1.9 

± 

0.3 

2.8 

± 

2.2 

8.6 

± 

4.6 

at.% 

14.7 

± 

9.9 

1.2 

± 

0.2 

1.8 

± 

0.1 

70.3 

± 

8.3 - - 

1.2 

± 

1.0 

3.7 

± 

2.2 

7.1 

± 

0.1 

Corrosion products 
wt% 

64.6 

± 

3.7 

2.5 

± 

0.5 

0.8 

± 

0.3 

25.7 

± 

4.7 

1.0 

± 

0.5 

1.2 

± 

0.9 

2.2 

± 

3.6 

0.2 

± 

0.2 

1.8 

± 

0.8 

at.% 

76.9 

± 

2.8 

2.2 

± 

0.4 

0.6 

± 

0.2 

17.5 

± 

3.3 

0.7 

± 

0.3 

0.7 

± 

0.5 

0.8 

± 

1.3 

0.1 

± 

0.1 

0.5 

± 

0.3 

 

a) b) 
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4.7.3.5 P3-SS0.8-Np10 

Corrosion products on the surface of P3-SS0.8-Np10 are shown in Figure 4.34. The EDX results 

listed in Table 4.9 show high O content, indicating the formation of oxides. High standard 

deviations were obtained for both Al and O. 

 

  

Figure 4.34. SEM-BSE images of P3-SS0.8-Np10 surface after potentiodynamic polarisation 

corrosion showing corrosion products at: a) lower and b) higher magnification. 

 

 

 

 

 

 

 

 

 

a) b) 
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Table 4.9 EDX results of corrosion products on P3-SS0.8-Np10. 

 

O Na Mg Al Si Cl Cr Fe Cu Zn 

Overall area 
wt% 

30.3 

± 

3.2 

0.8 

± 

0.2 

1.6 

± 

0.1 

59.7 

± 

2.7 

0.4 

± 

0.1 

0.4 

± 

0.2 

0.2 

± 

0.1 

0.5 

± 

0.1 

1.4 

± 

0.2 

4.7 

± 

0.4 

at.% 

43.5 

± 

3.8 

0.8 

± 

0.2 

1.6 

± 

0.1 

51.1 

± 

3.4 

0.3 

± 

0.1 

0.3 

± 

0.1 

0.1 

± 

0.0 

0.2 

± 

0.0 

0.5 

± 

0.1 

1.6 

± 

0.2 

Clear area 
wt% 

25.3 

± 

4.7 

0.7 

± 

0.0 

1.9 

± 

0.1 

65.8 

± 

3.1 - 

0.1 

± 

0.0 

0.2 

± 

0.1 - 

1.1 

± 

0.3 

4.9 

± 

1.4 

at.% 

37.2 

± 

5.5 

0.7 

± 

0.0 

1.8 

± 

0.0 

57.9 

± 

4.9 - 

0.1 

± 

0.0 

0.1 

± 

0.0 - 

0.4 

± 

0.1 

1.8 

± 

0.6 

Corrosion products 
wt% 

53.7 

± 

3.4 

0.9 

± 

0.1 

1.0 

± 

0.3 

38.2 

± 

2.8 

1.2 

± 

0.2 

0.7 

± 

0.1 - - 

0.6 

± 

0.2 

3.7 

± 

0.3 

at.% 

67.2 

± 

2.9 

0.8 

± 

0.1 

0.8 

± 

0.2 

28.6 

± 

2.5 

0.9 

± 

0.2 

0.4 

± 

0.0 - - 

0.2 

± 

0.1 

1.1 

± 

0.1 

 

 

4.7.3.6 P3-SS0.8-Np20 

Corrosion products on the surface of P3-SS0.8-Np20 are shown in Figure 4.35. The EDX results 

listed in Table 4.10 show high O content, attributed to the formation of oxides. High standard 

deviations were obtained for Al and O. 
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Figure 4.35. SEM-BSE images of P3-SS0.8-Np20 surface after potentiodynamic polarisation 

corrosion showing corrosion products at: a) lower and b) higher magnification. 

  

a) b) 
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Table 4.10. EDX results of corrosion products on P3-SS0.8-Np20. 

 

O Na Mg Al Si Cl Ca Cr Cu Zn 

Overall area  
wt% 

24.3 

± 

3.2 

0.6 

± 

0.4 

1.9 

± 

0.1 

65.9 

± 

3.3 

0.2 

± 

0.2 

0.3 

± 

0.1 

0.1 

± 

0.2 

0.1 

± 

0.1 

1.4 

± 

0.1 

5.2 

± 

0.3 

at.% 

35.9 

± 

4.1 

0.7 

± 

0.4 

1.8 

± 

0.1 

58.7 

± 

4.1 

0.2 

± 

0.2 

0.1 

± 

0.1 

0.1 

± 

0.1 

0.1 

± 

0.0 

0.5 

± 

0.0 

1.9 

± 

0.1 

Clear area  
wt% 

11.4 

± 

0.3 

0.4 

± 

0.4 

1.8 

± 

0.3 

81.8 

± 

4.8 - 

0.2 

± 

0.2 

0.3 

± 

0.3 

0.1 

± 

0.1 

0.8 

± 

0.8 

3.2 

± 

3.2 

at.% 

18.9 

± 

0.1 

0.5 

± 

0.5 

2.0 

± 

0.3 

76.6 

± 

2.3 - 

0.1 

± 

0.1 

0.2 

± 

0.2 

0.1 

± 

0.1 

0.3 

± 

0.3 

1.3 

± 

1.3 

Corrosion  

products 

wt% 

61.2 

± 

5.2 

1.6 

± 

0.3 

0.9 

± 

0.1 

30.6 

± 

12.7 

1.6 

± 

0.7 

0.9 

± 

0.2 

0.1 

± 

0.1 - 

0.5 

± 

0.5 

2.6 

± 

0.6 

at.% 

65.7 

± 

6.2 

1.5 

± 

0.2 

0.7 

± 

0.1 

29.0 

± 

10.8 

1.2 

± 

0.5 

0.6 

± 

0.1 

0.3 

± 

0.2 - 

0.2 

± 

0.2 

0.8 

± 

0.2 

 

 

4.7.3.7 P3-SS0.8-Np40 

Corrosion products on the surface of P3-SS0.8-Np40 are shown in Figure 4.36. The EDX results 

listed in Table 4.11 show high O content, indicating oxide formation, with high standard deviations 

obtained for Al and O. 
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Figure 4.36. SEM-BSE images of P3-SS0.8-Np40 surface after potentiodynamic polarisation 

corrosion showing corrosion products at: a) lower and b) higher magnification. 

 

Table 4.11. EDX results of corrosion products on P3-SS0.8-Np40. 

 
O Na Mg Al S Cl Cr Fe Cu Zn 

Overall area  
wt% 

21.8 

± 

1.1 

0.5 

± 

0.4 

1.9 

± 

0.1 

68.7 

± 

0.1 - - 

0.1 

± 

0.1 

0.3 

± 

0.1 

1.2 

± 

0.1 

5.5 

± 

0.2 

at.% 

33.1 

± 

1.4 

0.3 

± 

0.4 

1.9 

± 

0.1 

61.9 

± 

1.5 - - 

0.1 

± 

0.0 

0.1 

± 

0.1 

0.5 

± 

0.0 

2.1 

± 

0.1 

Clear area  
wt% 

15.0 

± 

2.5 

0.1 

± 

0.2 

2.0 

± 

0.2 

73.8 

± 

2.0 

0.1 

± 

0.2 

0.1 

± 

0.2 

0.1 

± 

0.2 

0.3 

± 

0.5 

1.5 

± 

0.3 

7.0 

± 

1.4 

at.% 

23.6 

± 

3.6 

0.1 

± 

0.3 

2.1 

± 

0.2 

70.4 

± 

3.1 

0.1 

± 

0.2 

0.1 

± 

0.1 

0.1 

± 

0.1 

0.1 

± 

0.2 

0.6 

± 

0.2 

2.8 

± 

0.6 

Corrosion products 
wt% 

40.0 

± 

11.0 

0.6 

± 

0.5 

1.6 

± 

0.3 

51.5 

± 

10.1 

0.3 

± 

0.3 

0.3 

± 

0.2 

0.1 

± 

0.1 

0.2 

± 

0.4 

1.1 

± 

0.8 

4.3 

± 

2.3 

at.% 

51.0 

± 

10.9 

0.5 

± 

0.5 

1.5 

± 

0.3 

44.5 

± 

10.3 

0.2 

± 

0.2 

0.2 

± 

0.1 

0.1 

± 

0.0 

0.1 

± 

0.2 

0.4 

± 

0.3 

1.5 

± 

0.8 

 

 

a) b) 
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4.7.3.8 P5-SS0.8-Np40 

Corrosion products on the surface of P5-SS0.8-Np40 are shown in Figure 4.37. The EDX results 

listed in Table 4.12 show high O content, indicating the formation of oxides. The standard 

deviations of Al and O were very high, showing variable composition of the oxides. The light 

feature circled in Figure 4.37b) had high C content which could be from the rubber used for 

masking the sample (only one example was found, so there are no standard deviations). 

 

    

Figure 4.37. SEM-BSE images of P5-SS0.8-Np40 surface after potentiodynamic polarisation 

corrosion at: a) lower and b) higher magnification showing corrosion products and light contrast 

feature (circled). 

  

a) b) 
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Table 4.12. EDX results of corrosion products on P5-SS0.8-Np40. 

 
O Na Mg Al Si Cl Cr Fe Cu Zn 

Overall  

area 

wt% 

33.5 

± 

8.5 

0.9 

± 

0.2 

1.6 

± 

0.3 

56.7 

± 

8.1 

0.2 

± 

0.2 

0.2 

± 

0.1 

0.1 

± 

0.1 

0.3 

± 

0.2 

1.5 

± 

0.1 

5.0 

± 

0.5 

at.% 

46.7 

± 

9.7 

0.9 

± 

0.2 

1.5 

± 

0.3 

48.2 

± 

9.3 

0.2 

± 

0.2 

0.1 

± 

0.1 

0.1 

± 

0.0 

0.1 

± 

0.1 

0.5 

± 

0.0 

1.7 

± 

0.3 

Corrosion 

products 

wt% 

49.0 

± 

8.2 

0.6 

± 

0.2 

0.9 

± 

0.4 

43.2 

± 

7.5 

0.7 

± 

0.4 

0.7 

± 

0.4 

0.2 

± 

0.4 

0.7 

± 

1.6 

0.5 

± 

0.4 

3.5 

± 

1.5 

at.% 

62.7 

± 

7.7 

0.5 

± 

0.2 

0.8 

± 

0.3 

33.4 

± 

7.2 

0.5 

± 

0.3 

0.4 

± 

0.2 

0.1 

± 

0.2 

0.3 

± 

0.6 

0.2 

± 

0.1 

1.1 

± 

0.5 

Clear  

area 

wt% 

23.8 

± 

4.9 

0.7 

± 

0.1 

1.7 

± 

0.2 

65.9 

± 

5.1 

0.1 

± 

0.2 

0.4 

± 

0.6 

0.3 

± 

0.1 

0.5 

± 

0.6 

1.3 

± 

0.3 

5.3 

± 

0.6 

at.% 

35.5 

± 

6.3 

0.7 

± 

0.1 

1.7 

± 

0.2 

58.9 

± 

6.2 

0.1 

± 

0.1 

0.3 

± 

0.4 

0.1 

± 

0.0 

0.2 

± 

0.3 

0.5 

± 

0.1 

2.0 

± 

0.2 

 O Na Mg Al Si Cl S C Zn 

Light 

feature 

(Figure 

4.37) 

wt% 18.4 0.3 0.5 20.0 0.2 0.3 0.4 58.5 1.4 

at.% 16.8 0.2 0.3 10.8 0.1 0.2 0.2 71.1 0.3 

 

4.7.3.9 P3-SS1.5-Np2.5 

Corrosion products on the surface of P3-SS1.5-Np2.5 are shown in Figure 4.38. The EDX results 

listed in Table 4.13 show high O content, indicating oxide formation, with high standard deviations 

for Al and O. 
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Figure 4.38. SEM-BSE images of P3-SS1.5-Np2.5 surface after potentiodynamic polarisation 

corrosion showing corrosion products at: a) lower and b) higher magnification. 

 

Table 4.13. EDX results of corrosion products on P3-SS1.5-Np2.5. 

 
O Na Mg Al Cl Cr Fe Cu Zn 

Overall 

area 

wt% 26.7 

± 

1.5 

0.7 

± 

0.1 

1.8 

± 

0.1 

64.3 

± 

1.4 

0.3 

± 

0.1 

0.2 

± 

0.1 

- 1.2 

± 

0.1 

4.8 

± 

0.2 

at.% 39.1 

± 

1.8 

0.7 

± 

0.1 

1.7 

± 

0.1 

56.0 

± 

1.7 

0.2 

± 

0.1 

0.1 

± 

0.1 

- 0.5 

± 

0.0 

1.7 

± 

0.1 

Clear 

area   

wt% 5.7 

± 

1.9 

0.7 

± 

0.1 

1.7 

± 

0.2 

78.8 

± 

1.8 

0.6 

± 

0.0 

0.2 

± 

0.2 

0.5 

± 

0.0 

2.0 

± 

0.4 

9.8 

± 

2.4 

at.% 9.5 

± 

2.3 

0.9 

± 

0.2 

2.1 

± 

0.3 

81.4 

± 

6.6 

0.5 

± 

0.0 

0.1 

± 

0.1 

0.2 

± 

0.0 

0.9 

± 

0.2 

4.4 

± 

1.3 

Corrosion 

products 

 

wt% 65.8 

± 

2.6 

0.7 

± 

0.6 

0.5 

± 

0.3 

27.2 

± 

7.6 

2.5 

± 

2.5 

0.2 

± 

0.3 

0.9 

± 

1.1 

1.2 

± 

2.5 

1.0 

± 

0.8 

at.% 78.1 

± 

2.6 

0.6 

± 

0.5 

0.4 

± 

0.2 

18.5 

± 

5.4 

1.3 

± 

1.4 

0.1 

± 

0.1 

0.3 

± 

0.4 

0.4 

± 

0.7 

0.3 

± 

0.2 

 

a) b) 
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4.7.3.10 P3-SS1.5-Np5 

Corrosion products on the surface of P3-SS1.5-Np5 are shown in Figure 4.39. The EDX results 

listed in Table 4.14 show high O content, indicating the formation of oxides. High standard 

deviations were obtained for Al and O. 

 

    

Figure 4.39. SEM-BSE images of P3-SS1.5-Np5 surface after potentiodynamic polarisation 

corrosion test showing corrosion products at: a) lower and b) higher magnification. 

 

 

 

 

 

 

 

 

 

a) b) 
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Table 4.14. EDX results of corrosion products on P3-SS1.5-Np5. 

 

O Na Mg Al Si S Cl Cu Zn 

Overall area  
wt% 

29.4 

± 

3.6 

0.6 

± 

0.1 

1.7 

± 

0.1 

61.3 

± 

3.7 

0.6 

± 

0.1 

0.3 

± 

0.0 

0.4 

± 

0.0 

1.2 

± 

0.1 

4.5 

± 

0.2 

at.% 

41.9 

± 

4.2 

0.6 

± 

0.1 

1.6 

± 

0.1 

53.0 

± 

4.3 

0.5 

± 

0.1 

0.2 

± 

0.0 

0.2 

± 

0.0 

0.4 

± 

0.0 

1.6 

± 

0.1 

Clear area  
wt% 

8.9 

± 

2.0 

0.9 

± 

0.0 

2.3 

± 

0.0 

75.1 

± 

0.6 

0.3 

± 

0.0 

0.4 

± 

0.0 

0.3 

± 

0.0 

2.2 

± 

0.0 

9.6 

± 

0.2 

at.% 

17.8 

± 

3.3 

1.1 

± 

0.0 

2.2 

± 

0.0 

72.9 

± 

2.5 

0.4 

± 

0.0 

0.3 

± 

0.0 

0.2 

± 

0.0 

1.0 

± 

0.0 

4.1 

± 

0.0 

Corrosion products 
wt% 

47.8 

± 

7.7 

0.7 

± 

0.3 

1.2 

± 

0.3 

40.9 

± 

6.6 

1.3 

± 

0.4 

1.1 

± 

0.5 

1.0 

± 

0.6 

1.0 

± 

0.6 

5.0 

± 

2.4 

at.% 

61.8 

± 

7.3 

0.6 

± 

0.3 

1.0 

± 

0.3 

32.6 

± 

6.8 

0.8 

± 

0.3 

0.7 

± 

0.3 

0.6 

± 

0.4 

0.3 

± 

0.2 

1.6 

± 

0.9 

 

4.7.3.11 P3-SS1.5-Np10 

Corrosion products on the surface of P3-SS1.5-Np10 are shown in Figure 4.40. The EDX results 

listed in Table 4.15 show high O content, indicating the formation of oxides. High standard 

deviations were obtained for Al and O. The light feature (Figure 4.40b)) circled in red had high Fe 

which was undetected in the other circled in orange. 
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Figure 4.40. SEM-BSE images of P3-SS1.5-Np10 surface after potentiodynamic polarisation 

corrosion at: a) lower and b) higher magnification showing corrosion products, including lighter 

particles (circles). 

  

a) b) 
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Table 4.15. EDX results of corrosion products on P3-SS1.5-Np10. 

 

O Na Mg Al Si Cl K Fe Cu Zn 

Overall area   
 wt% 

25.7 

± 

0.4 

1.0 

± 

0.3 

1.8 

± 

0.0 

63.2 

± 

1.2 

0.4 

± 

0.0 

0.8 

± 

0.3 

0.4 

± 

0.0 

1.1 

± 

0.5 

1.0 

± 

0.1 

4.6 

± 

0.1 

at.% 

37.3 

± 

0.4 

1.0 

± 

0.3 

1.7 

± 

0.1 

56.3 

± 

0.8 

0.4 

± 

0.0 

0.5 

± 

0.2 

0.2 

± 

0.0 

0.5 

± 

0.2 

0.4 

± 

0.0 

1.7 

± 

0.0 

Clear area   
wt% 

6.8 

± 

0.3 

0.7 

± 

0.1 

1.8 

± 

0.4 

79.3 

± 

0.5 

0.7 

± 

0.3 

0.1 

± 

0.0 - - 

1.7 

± 

0.1 

8.9 

± 

0.2 

at.% 

11.6 

± 

0.2 

0.8 

± 

0.3 

2.0 

± 

0.4 

80.6 

± 

0.6 

0.5 

± 

0.2 

0.1 

± 

0.1 - - 

0.7 

± 

0.2 

3.7 

± 

0.3 

Corrosion products  
wt% 

42.6 

± 

6.3 

2.1 

± 

0.1 

0.9 

± 

0.0 

41.8 

± 

1.8 

1.9 

± 

0.0 

2.8 

± 

0.1 

1.2 

± 

0.4 

3.2 

± 

0.0 

0.8 

± 

0.0 

2.7 

± 

1.0 

at.% 

56.0 

± 

5.7 

1.9 

± 

0.2 

0.8 

± 

0.0 

35.0 

± 

3.2 

1.4 

± 

0.0 

1.7 

± 

0.0 

0.7 

± 

0.2 

1.3 

± 

0.0 

0.3 

± 

0.0 

0.9 

± 

0.4 

 

 O Na Mg Al Si Cl K Fe Ca Zn Mn 

Light 

feature 1 

(circled in 

Figure 

4.40b)) 

wt% 20.5 7.4 0.6 18.4 - 29.8 22.4 - - 0.9 

 

 

- 

at.% 34.2 8.6 0.7 18.2  22.5 15.4 - - 0.4 

 

- 

Light 

feature 2 

(circled in 

Figure 

4.40b)) 

wt% 14.9 - - 2.6 0.5 - 0.3 79.3 0.3 1.1 

 

 

1.0 

at.% 36.8 - - 3.8 0.7 - 0.3 56.7 0.3 0.7 

 

 

0.7 

 

 

 



112 

 

4.7.4 Corroded surface morphology after cleaning 

The SEM images of corroded unpeened and peened specimens after cleaning with HNO3 are 

shown in Figure 4.41 to Figure 4.51. The unpeened specimen (Sample 0, Figure 4.41) had severe 

pitting, with areas where the pits combined and increased the extent of corrosion and there were 

also cracks. In some peened specimens, the size of pits was small with fewer cracks. The lowest 

pitting was observed on P1-SS0.8-Np40 (Figure 4.42), P3-SS1.5-Np2.5 (Figure 4.49) and P3-

SS1.5-Np5 (Figure 4.50). There was more pitting on the surfaces of P3-SS0.8-Np20 (Figure 4.46), 

P5-SS0.8-Np40 (Figure 4.48) and P3-SS1.5-Np10 (Figure 4.51), which had more square shaped 

pits.  

 

  

Figure 4.41. SEM-SE images of Sample 0 surface after potentiodynamic polarisation corrosion 

at: a) lower and b) higher magnification showing pits and cracks. 

 

 

a) b) 
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Figure 4.42. SEM-BSE images of P1-SS0.8-Np40 surface after potentiodynamic polarisation 

corrosion at: a) lower and b) higher magnification showing pits, larger hole (orange arrow), 

cracks (red arrows) and lighter particles. 

 

  

Figure 4.43. SEM-SE images of P3-SS0.8-Np2.5 surface after potentiodynamic polarisation 

corrosion at: a) lower magnification showing pits and light features and b) higher magnification 

showing square pits. 

a) 

a) 

b) 

b) 
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Figure 4.44. SEM-SE images of P3-SS0.8-Np5 surface after potentiodynamic polarisation 

corrosion at: a) lower and b) higher magnification showing some square pits. 

 

  

Figure 4.45. SEM-SE images of P3-SS0.8-Np10 surface after potentiodynamic polarisation 

corrosion at: a) lower and b) higher magnification showing pits. 

 

a) 

a) 

b) 

b) 
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Figure 4.46. SEM-SE images of P3-SS0.8-Np20 surface after potentiodynamic polarisation 

corrosion at: a) lower and b) higher magnification showing many square pits. 

 

   

Figure 4.47. SEM-SE images of P3-SS0.8-Np40 surface after potentiodynamic polarisation 

corrosion at: a) lower and b) higher magnification showing square pits and light particles. 

 

a) 

a) 

b) 

b) 
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Figure 4.48. SEM-SE images of P5-SS0.8-Np40 surface after potentiodynamic polarisation 

corrosion test at: a) lower and b) higher magnification showing irregular pits. 

 

   

Figure 4.49. SEM-SE images of P3-SS1.5-Np2.5 surface after potentiodynamic polarisation 

corrosion test at: a) lower and b) higher magnification showing few pits and unaffected area with 

light particles. 

a) 

a) 

b) 

b) 
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Figure 4.50. SEM-BSE images of P3-SS1.5-Np5 surface after potentiodynamic polarisation 

corrosion test at: a) lower and b) higher magnification showing few pits. 

 

  

Figure 4.51. SEM-SE images of P3-SS1.5-Np10 surface after potentiodynamic polarisation 

corrosion test at: a) lower and b) higher magnification showing many square pits. 

4.8 Full Immersion Corrosion Tests - Weight loss for Sample 0 and P3-SS1.5-Np5 

After 30-day immersion in 3.5 wt% NaCl solution, Sample 0 had a layer of corrosion products on 

the surface with a few areas relatively free of the product (circled in red) shown in Figure 4.52a). 

There were several cracks in the product layer which were more visible in Figure 4.52b). The EDX 

a) 

a) 

b) 

b) 
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results of Sample 0 surface after immersion are listed in Table 4.16. Corrosion products included 

aluminium oxide as indicated by the high content of O. Low Cl and Na amounts were also detected. 

 

   

Figure 4.52. SEM-BSE images of Sample 0 surface after 30-day immersion at: a) lower and b) 

higher magnification, showing areas with less corrosion product (red ovals) and cracks on the 

corrosion product (red arrows). 

 

Table 4.16. EDX results of corroded Sample 0 after 30 days in 3.5 wt% NaCl solution. 

 O Na Mg Al Si Cl Ca Cr Cu Zn 

wt% 

33.4 

± 

2.6 
 

1.1 

± 

0.1 
 

1.4 

± 

0.2 
 

52.7 

± 

3.7 
 

2.9 

± 

0.4 
 

0.2 

± 

0.1 
 

0.5 

± 

0.1 
 

0.4 

± 

0.0 
 

2.9 

± 

0.6 
 

4.5 

± 

0.1 
 

at.% 

47.4 

± 

3.2 
 

1.1 

± 

0.1 
 

1.3 

± 

0.2 
 

44.6 

± 

3.7 
 

2.4 

± 

0.3 
 

0.1 

± 

0.1 
 

0.3 

± 

0.1 
 

0.2 

± 

0.0 
 

1.0 

± 

0.2 
 

1.6 

± 

0.1 
 

 

 

The surface of P3-SS1.5-Np5 had corrosion products settled on the “hollows” caused by LSPwC 

(Figure 4.53). There were several cracks on the product layer which were more visible in Figure 

4.53b) with lighter particles.  The EDX results of the P3-SS1.5-Np5 surface post-immersion (Table 

a) b) 
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4.17) revealed the presence of aluminium oxide as signified by elevated O levels, alongside 

minimal Cl and Na. 

 

   

Figure 4.53. SEM-BSE images of the corroded surface of P3-SS1.5-Np5 after 30-day immersion 

at: a) lower and b) higher magnification, showing corrosion products and light particles. 

 

Table 4.17. EDX results of corroded P3-SS1.5-Np5 after 30 days in 3.5 wt% NaCl solution. 

 O Na Mg Al Si S Cl Ca Cr Fe Cu Zn 

wt% 

 

  

40.1 

± 

3.8 
 

0.5 

± 

0.2 
 

1.0 

± 

0.2 
 

45.0 

± 

3.3 
 

2.6 

± 

0.2 
 

0.5 

± 

0.1 
 

0.9 

± 

0.5 
 

0.2 

± 

0.1 
 

0.4 

± 

0.0 
 

0.7 

± 

0.1 
 

4.1 

± 

0.2 
 

4.0 

± 

0.7 
 

at.% 

 

  

55.2 

± 

3.7 
 

0.5 

± 

0.2 
 

0.9 

± 

0.2 
 

37.3 

± 

3.5 
 

2.0 

± 

0.2 
 

0.3 

± 

0.1 
 

0.5 

± 

0.3 
 

0.1 

± 

0.1 
 

0.2 

± 

0.0 
 

0.3 

± 

0.0 
 

1.4 

± 

0.1 
 

1.3 

± 

0.3 
 

 

The weight losses (∆W = difference between initial and final weights) of Sample 0 and P3-SS1.5-

Np5 were calculated using Equation 3.4 and are presented in Figure 4.54 as a function of immersion 

time in 3.5 wt% NaCl solution. The value of ∆W for the test specimens increased with increasing 

immersion time. Sample 0 had more weight loss than P3-SS1.5-Np5 throughout. The difference in 

∆W for the peened and unpeened samples widened as time progressed. 

a) b) 
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Figure 4.54. Variation of weight loss as a function of immersion time for Sample 0 and P3-SS1.5-

Np5 immersed in 3.5 wt% NaCl solution (standard deviations for the LSPwC samples were too 

small to show). 

The corrosion rates for unpeened Sample 0 and P3-SS1.5-Np5 are plotted against time as shown 

in Figure 4.55. For both specimens, the corrosion rate was highest in the beginning (especially in 

Sample 0) and gradually decreased as immersion time increased.  

 

Figure 4.55. Variation of the corrosion rate as a function of immersion time for Sample 0 and P3-

SS1.5-Np5 immersed in 3.5 wt% NaCl solution. 
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Figure 4.56 to Figure 4.64 show surface morphologies of Sample 0 and P3-SS1.5-Np5 after 

different immersion times and after cleaning. After three days, there were more small and shallow 

pits on Sample 0 (Figure 4.56) than on the peened sample (Figure 4.57). For P3-SS1.5-Np5, smooth 

patches were observed on the corroded areas but much of the area still had the rough LSPwC layer. 

Hemispherical pits were observed and with increased time, the pits became wider and apparently 

deeper.  

  

Figure 4.56. SEM-BSE images of Sample 0 surface after 3-day immersion at: (a) lower and (b) 

higher magnification showing corrosion pits (red arrows) and rolling lines. 

 

  

Figure 4.57. SEM-BSE images of P3-SS1.5-Np5 surface at: (a) lower and (b) higher magnification 

showing corrosion pits (red arrows) after 3-day immersion. 

a) b) 

a) b) 
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Figure 4.58. SEM-BSE images of Sample 0 surface at: (a) lower and (b) higher magnification 

showing hemispherical corrosion pits with white particles after 7-day immersion. 

 

  

Figure 4.59. SEM-BSE images of P3-SS1.5-Np5 surface at: (a) lower and (b) higher magnification 

showing hemispherical corrosion pits with white particles after 7-day immersion. 

 

a) 

a) 

b) 

b) 
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Figure 4.60. SEM-BSE images of Sample 0 surface at: (a) lower and (b) higher magnification 

showing hemispherical corrosion pits merging after 14-day immersion. 

 

  

Figure 4.61. SEM-BSE images of P3-SS1.5-Np5 surface at: (a) lower and (b) higher magnification 

showing hemispherical corrosion pits merging after 14-day immersion. 

 

a) b) 

a) b) 
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Figure 4.62. SEM-BSE images of P3-SS1.5-Np5 surface at: (a) lower and (b) higher magnification 

showing hemispherical corrosion pits after 21-day immersion. 

 

  

Figure 4.63. SEM-BSE images of Sample 0 surface at: (a) lower and (b) higher magnification 

showing corrosion pits after 30-day immersion. 

 

a) 

a) 

b) 

b) 
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Figure 4.64. SEM-BSE images of P3-SS1.5-Np5 surface at: (a) lower and (b) higher magnification 

showing hemispherical corrosion pits after 30-day immersion. 

4.9 Stress Corrosion Cracking (SCC) 

Within the first day of testing, small white crystals started appearing on the surface of the 

specimens tested under three-point bending in 3.5wt% NaCl solution for 40 days. Further 

observations on each specimen are given below. 

 

4.9.1 Sample 0 

SEM images in Figure 4.65 show the surface of Sample 0 after SCC testing, revealing multiple 

cracks of varying lengths with branching. The cracks in Figure 4.65a) were initiated at different 

places, with some starting at pits (circled in Figure 4.65b)) and others branching from pre-existing 

cracks. Corrosion products were detected within the crack, indicated by arrows in Figure 4.65c) 

and some areas had significant corrosion (Figure 4.65d)).  

a) b) 
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Figure 4.65. SEM-BSE images of Sample 0 after 40 days of SCC, showing surface cracks indicated 

by red arrows, pits circled in red and corrosion products inside the crack (orange arrows).   

 

Figure 4.66 shows a cross-section of Sample 0 after SCC testing. The crack started off as a single 

crack and branched into two at ~23 µm depth, with one branch extending to a maximum depth of 

50 µm and ended in several near-horizontal cracks. 

a) 

c) 

b) 

d) 
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Figure 4.66. SEM-BSE image of a cross-section of Sample 0 showing cracks after SCC. 

4.9.2 P3-SS0.5-Np45 

The surface of P3-SS0.5-Np45 after the SCC test (Figure 4.67) had cracks that propagated in the 

rolling direction and were parallel to each other (Figure 4.67a)). In Figure 4.67b), the major cracks, 

indicated by the red arrows, are surrounded by shallow clusters of cracks (example circled in red). 

     

Figure 4.67. SEM-BSE images of P3-SS0.5-Np45 surface after 40 days of SCC, at: a) lower and 

b) higher magnifications, showing arrows pointing to cracks and crack clusters circled in red. 

5
0
 µ

m
 

2
3
 µ

m
 

a) b) 



128 

 

The cross-section of P3-SS0.5-Np45 (Figure 4.68) shows that the major crack initiated from a pit 

and propagated into the substrate at an angle. At a depth of ~40 µm, a minor horizontal crack 

branched from the initial crack. At ~52 µm, the crack deviated to the left and continued to ~68 µm 

before branching into two narrower cracks which were ~17 µm long. A shallower crack was 

present and is indicated by the orange arrow. 

 

Figure 4.68. SEM-BSE image of a cross-section of P3-SS0.5-Np45 showing the depth of the major 

crack caused by SCC and orange arrows indicating the shallow one. 

 

4.9.3 P3-SS1-Np50.38 

The surface of P3-SS1-Np50.38 showed few major cracks, Figure 4.69a), together with clusters of 

minor pits. At higher magnification, some corrosion product was found lodged inside the crack 

even after cleaning. There was also some pitting indicated by the blue arrows and minor cracks 

branching into clusters in Figure 4.69b). 

1
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Figure 4.69. SEM-BSE images of P3-SS1-Np50.38 surface after SCC, at: a) lower and b) higher 

magnification, showing major cracks (red arrows), minor cracks circled in red, corrosion product 

(orange arrow) and pits (blue arrows). 

 

The cross-section of P3-SS1-Np50.38 (Figure 4.70) showed pits ~7 µm deep similar to those 

caused by LSPwC.  There were horizontal cracks similar to those observed after LSPwC in Figure 

4.14 and Figure 4.15.  

 

Figure 4.70. SEM-BSE image of a cross-section of P3-SS1-Np50.38 showing shallow pits (red 

arrows) and horizontal cracks (orange arrows). 

a) 
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4.9.4 P3-SS0.5-Np67.1 

The surface of P3-SS0.5-Np67.1 had few cracks as shown in Figure 4.71a). Figure 4.71b shows a 

prominent crack surrounded by clusters of shallow cracks which appeared to branch from 

corrosion pits.  

   

Figure 4.71. SEM-BSE images of P3-SS0.5-Np67.1 surface after 40 days of SCC at: a) lower and 

b) higher magnifications, showing major (red arrows) and minor cracks (orange arrows). 

The cross-section of P3-SS0.5-Np67.1 shown in Figure 4.72 shows pits (indicated by red arrows) 

with one which formed a crack (indicated by the orange arrow). 

 

Figure 4.72. SEM-BSE image of a cross-section of P3-SS0.5-Np67.1 after SCC showing pits 

indicated by red arrows and a crack (orange arrow).  

a) b) 
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4.9.5 P3-SS1.5-Np21.88 

The surface of P3-SS1.5-Np21.88 showed few major cracks, Figure 4.73a). A higher magnification 

image of a major crack surrounded by shallow cracks is shown in Figure 4.73b). 

   

Figure 4.73. SEM-BSE images of P3-SS1.5-Np21.88 surface after 40 days of SCC at: a) lower and 

b) higher magnifications showing red arrows pointing to the major crack. 

The cross-section, Figure 4.74, showed shallow pits in P3-SS1.5-Np21.88. One pit which was 

deeper than the others at ~10 µm depth, had started to develop two cracks and the longer one had 

propagated to 6.7 µm. 

 

Figure 4.74. SEM-BSE image of a cross-section of P3-SS1.5-Np21.88 showing the depth of cracks 

caused by SCC with orange arrows pointing to pits. 

a) b) 
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CHAPTER 5: DISCUSSION 

5.1 Effect of LSPwC on surface morphology 

The observed changes in surface morphology following Laser Shock Peening without Coating 

(LSPwC) were the alteration of the surface lustre from a shiny metallic appearance to a dull light 

grey, Figure 4.4. The peened surface had irregularities in the form of “mounts and hollows”, 

craters, pores and solidified droplets, in contrast to the smoother unpeened surface. SEM images 

(Figures 4.5 – 4.13) revealed signs of melting and solidification. Gerland et al. (1992); Sano et al. 

(2006); Ding and Ye (2006) observed that the absence of a protective coating on the metal surface 

during LSPwC can cause severe surface melting and vaporisation, which led to the formation of 

resolidified droplets and craters, creating a rough surface. The cross-section showed “hollows” 

caused by the ablative interaction of the surface and laser. Mawaad et al. (2012) reported that 

LSPwC induces melting of the top surface layer, leading to microcrack formation to relieve stress 

during cooling. This effect was observed in the cracks on the sample cross-sections (Figures 4.14 

and 4.15). However, this apparent thermal effect in this work was only observed a few micrometres 

from the top surface.  

5.1.1 Surface features when varying coverage (Np)  

At a lower Np of 2.5 spots/mm², sequential laser spots with minimal overlap created a surface with 

smooth parts within the roughened LSPwC area, as shown in Figure 4.6. However, at a higher Np 

of 20 spots/mm² (Figure 4.7), the overlapping laser spots formed ridges and individual spots 

became indistinguishable, resulting in a roughened surface with more pronounced damage due to 

increased melting and solidification. The repeated melting and cooling at higher spot overlap 

reduced craters and pores by allowing molten metal to flow into spaces between defects, thus 

mitigating surface irregularities. 
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5.1.2 Surface features when varying power intensity (PI) 

Power intensity (PI) variations also influenced surface features. Increased PI values (Figure 4.8 

and Figure 4.9) led to more defined laser spots, with solidified "mounts" becoming a dominant 

feature. As PI increased, “hollows” became wider and deeper due to enhanced surface ablation. 

Mostafa et al. (2019) and Glaser et al. (2014) found that with increased PI, there was higher 

ablative interaction and thermal impact which caused the “hollows”/pits to become wider and 

deeper. 

5.1.3 Surface features when varying spot size (SS) 

Smaller spot size (SS) of 0.8 mm (Figure 4.10) resulted in lower spot overlap, more pronounced 

pores and solidified droplets. A larger SS of 1.5 mm (Figure 4.11) showed fewer pores and less 

pronounced surface irregularities. The topography of the roughened surface showed melting and 

solidification, with SEM-BSE images (Figures 4.10 & 4.11) showing solidified droplets.  

5.1.4 Oxide formation  

The LSPwC area showed an increased oxygen content, indicating oxide formation from the 

reaction with water (used as confinement medium) during peening. This agrees with Sano et al. 

(2006), who attributed oxide layer formation to the reaction of the confinement water layer by 

active plasma and the intense electric field of the focused laser pulse.  

5.2 Effect of LSPwC on surface roughness 

All tested samples had increased roughness after Laser Shock Peening without Coating (LSPwC), 

a result of the induced plastic deformation and surface ablation. The roughness values were higher 

in the stepping direction where the stylus would pass through the ridges which gave higher peaks. 

Similarly, Glaser et al. (2014) found the surface roughness of AA6056-T4 to be consistently higher 

in the stepping than scanning direction at different LSP parameters. The relationship between 

surface roughness and the LSPwC parameters is explored below. 
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5.2.1 Effect of varying power intensity on surface roughness 

Laser power intensity was varied at constant coverage (Np = 40 spots/mm2) and spot size (SS 0.8 

mm). A strong correlation was observed across all four surface roughness metrics, indicating that 

as power intensity increased, surface roughness also increased (Figure 5.1 and Figure 5.2.). The 

unpeened sample roughness is indicated by the first point at zero power intensity. Mostafa et al. 

(2019) found that with increased PI, there was higher ablative interaction and thermal impact 

which caused the hollows/pits to become wider and deeper. High peaks and low valleys translate 

to higher roughness values. Other studies (Glaser et al., 2014; Abeens et al., 2019; Attolico et al., 

2022; Glaser et al., 2022) also found a positive linear relationship between surface roughness and 

laser power intensity. 

 

The surface roughness comparison varying PI at constant coverage (Np = 40 spots/mm2) and spot 

size (SS 0.8 mm) in Figure 5.3 revealed a notable similarity between Ra and Rq, as well as between 

Rz and Rt. This convergence in values can be ascribed to the inherent statistical characteristics of 

these surface roughness parameters. Specifically, Ra and Rq signify the average roughness, while 

Rz and Rt correspond to the peak-to-valley height. 
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Figure 5.1. Relationship of power intensity (PI) and surface roughness: a) Ra (mean vertical 

deviation), b) Rq (square root of the mean of the square of vertical deviation). 
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Figure 5.2. Relationship of power intensity (PI) and surface roughness: a) Rz (distance between 

the averages of the five highest peaks and lowest valleys), b) Rt (distance between the highest peak 

and lowest valley). 
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Figure 5.3. Comparison of surface roughness metrics at varying power intensity. 

 

5.2.2 Effect of varying coverage on surface roughness 

The variation of surface roughness with coverage (Np) at power intensity = 3 GW/cm2, spot size = 

0.8 mm is shown in Figure 5.4 and Figure 5.5. The unpeened sample roughness is indicated by the 

first point at zero coverage. The roughness increased as Np increased although it was not a strong 

linear relationship. Figure 5.6 and Figure 5.7 show a stronger relationship between surface 

roughness and Np at a constant power intensity of 3 GW/cm2 and a spot size of 1.5 mm. As Np 

increased, the surface roughness increased. Each pressure pulse's surface deformation and surface 

ablation combine to cause increased surface roughness from the LPwC process. Consequently, an 

increase in the number of laser pulses per mm2 leads to a rougher surface (Sathyajith and 

Kalainathan, 2012; Glaser et al., 2014, 2022). The surface roughness comparison in Figure 5.8 and 

Figure 5.9 revealed a similarity between Ra and Rq, as well as between Rz and Rt.  
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Figure 5.4. Surface roughness: a) Ra (mean vertical deviation), b) Rz (distance between the 

averages of the five highest peaks and lowest valleys relationship with coverage at PI = 3 GW/cm2, 

SS = 0.8 mm. 
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Figure 5.5. Surface roughness: a) Rq (square root of the mean of the square of vertical deviation), 

b) Rt (distance between the highest peak and lowest valley) relationship with coverage at PI = 3 

GW/cm2, SS = 0.8 mm.  
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Figure 5.6. Surface roughness: a) Ra (mean vertical deviation), b) Rz (distance between the 

averages of the five highest peaks and lowest valleys) relationship with coverage at PI = 3 

GW/cm2, SS = 1.5 mm. 
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Figure 5.7. Surface roughness: a) Rq (square root of the mean of the square of vertical deviation), 

b) Rt (distance between the highest peak and lowest valley) relationship with coverage at PI = 3 

GW/cm2, SS = 1.5 mm. 
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Figure 5.8. Comparison of surface roughness metrics varying coverage at PI = 3 GW/cm2, SS = 

0.8 mm.  

  

Figure 5.9. Comparison of surface roughness metrics varying coverage at PI = 3 GW/cm2, SS = 

1.5 mm.  

0.0

2.0

4.0

6.0

8.0

10.0

12.0

-10 0 10 20 30 40 50

S
u

rf
a
ce

 r
o
u

g
h

n
es

s 
(µ

m
)

Np (spots/mm2)

Ra

Rz

Rt

Rq

Sample 0-Ra

Sample 0-Rz

Sample 0-Rq

Sample 0-Rt

0.0

2.0

4.0

6.0

8.0

10.0

-1 1 3 5 7 9 11

S
u

rf
a
ce

 r
o
u

g
h

n
es

s 
(µ

m
)

Np (spots/mm2)

Ra

Rz

Rt

Rq

Sample 0-Ra

Sample 0-Rz

Sample 0-Rt

Sample 0-Rq



143 

 

5.2.3 Effect of varying spot size (SS) on surface roughness 

In Figure 5.10, a comparison between SS0.8 and SS1.5 revealed a similarity in the mean roughness 

metrics (Ra and Rq) and the peak-to-valley height metrics (Rz and Rt). The relationship between 

surface roughness and spot size is shown in Figure 5.11 and Figure 5.12 for the different coverages 

at constant PI = 3 GW/cm2. For specimens peened at Np2.5, the larger spot size (1.5 mm) had 

higher roughness values than SS0.8, even though the error bars were overlapping. At Np5, the 

roughness values were significantly higher for SS0.8 than SS1.5. At Np10, roughness values were 

slightly higher for SS0.8 than SS1.5.  

 

Figure 5.10. Comparison of surface roughness metrics at SS = 0.8 mm & SS = 1.5 mm.  
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Figure 5.11. Surface roughness: a) Ra (mean vertical deviation), b) Rq (square root of the mean of 

the square of vertical deviation) comparison at SS = 0.8 mm & SS = 1.5 mm.  
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Figure 5.12. Surface roughness: a) Rz (distance between the averages of the five highest peaks and 

lowest valleys), b) Rt (distance between the highest peak and lowest valley) comparison at SS = 

0.8 mm & SS = 1.5 mm.      
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5.3 Effect of LSPwC on microhardness 

All tested samples showed increased hardness after LSPwC (Figure 4.19). This was attributed to 

strain hardening induced by LSPwC (Zhang et al., 2010; Salimianrizi et al., 2016; Mostafa et al., 

2019). The observed decrease in hardness with increasing depth into the material was attributed to 

diminishing shock wave intensity away from the surface. This led to a reduced level of dislocation 

density and strain hardening at increased depth (Zhang et al., 2010; Salimianrizi et al., 2016; 

Mostafa et al., 2019). Consequently, beyond 1.5 mm from the peened surface, microhardness 

values were similar to those before LSPwC. These results agree with Sathyajith and Kalainathan, 

2012; Salimianrizi et al., 2016; Abeens et al., 2019; Liu et al., 2019 and Mostafa et al., 2019 where 

LSP increased hardness, with the greatest values near the surface, gradually decreasing with depth 

to a value similar to the unchanged matrix.  

 

Figure 5.13 shows how peak hardness varied with the different LSPwC parameters investigated. 

In Figure 5.13a), hardness showed a positive correlation with increasing Np for both spot sizes of 

0.8 mm and 1.5 mm. With a spot size of 0.8 mm (blue), there was a more gradual increase in 

hardness, whereas, with a spot size of 1.5 mm (orange), the increase was steeper, particularly 

noticeable from Np5 to Np10, showing a greater effect for the larger spot size. There was no 

discernible correlation between PI and hardness (Figure 5.13b). The highest hardness was noted 

in P3, followed by P5 and finally, P1, although some standard deviations overlapped. However, 

there were only three data points; therefore, it can be suggested that with more data points, a 

relationship might have been better identified. Mostafa et al. (2019) discovered that laser peening 

with concurrent increases in the number of laser shots per unit area (Np) and laser intensity (PI) 

increased metal hardness. 

 

Unlike Ding and Ye (2006), who thought that precipitation hardening might mask the strain 

hardening, this was not seen in the current work as positive relationships were seen (Figure 5.13a)). 

Conversely, Ding and Ye (2006) thought that the beneficial surface compression could be offset 

by the surface damage, which would give more scatter in the data, and this was observed in Figure 

5.13 b). 
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Figure 5.13. Relationship of the peak hardness for: a) Np at constant P3-SS0.8 (blue), P3-SS1.5 

(orange) and b) PI at constant SS0.8-Np40 with Sample 0 in red. 
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5.4 Potentiodynamic polarisation behaviour after LSPwC 

5.4.1 Open circuit potential (OCP) 

The application of LSPwC led to a shift toward less negative OCP values compared to the 

unpeened sample. These changes were minimal, measuring below 80 mV, in agreement with Trdan 

and Grum (2012, 2015) on LSPwC of AA6082 and Sanchez (2021) on LSP and LSPwC of 

AA7075-T651. Lourenco et al. (2019) and Yang et al. (2019) identified that a shift to higher 

potential values indicated passive behaviour and oxide layer growth. This does not mean OCP can 

solely represent corrosion resistance but rather reflects the corrosion tendency of material in an 

electrolyte (Yang et al., 2019). A more negative OCP implies easier electron loss and promoted 

oxidation reactions (Lameche-Djeghaba et al., 2014; Arunachalam et al., 2018; Lourenço et al., 

2019; Yang et al., 2019).  

5.4.2 Potentiodynamic polarisation curves 

Examining the corrosion parameters obtained from polarisation curves (Table 4.4), the Ecorr values 

were similar within a narrow range of -0.682 V to -0.760 V. Most laser-peened samples displayed 

higher icorr and corrosion rates compared to the unpeened sample. This confirms the disadvantage 

of LSP which induces compressive residual stresses, but inadvertently increases surface roughness, 

thus deteriorating corrosion resistance (Sanchez et al., 2021; Hu et al., 2022). The unevenness of 

rough surfaces undermined the uniformity of the passivation film making it easy to break. 

Microcracks caused by LSPwC may have also contributed to this worsened corrosion resistance 

(Hu et al., 2022) where the observed “hollows” caused by surface ablation from LSPwC provide 

sites for the accumulation of corrosive substances, heightening the potential for corrosion. 

However, improved corrosion resistance after LSPwC was seen in four samples (P1-SS0.8-Np40, 

P3-SS0.8-Np10, P3-SS1.5-Np2.5 and P3-SS1.5-Np5) which showed lower corrosion rates than the 

unpeened Sample 0. Notably, P3-SS1.5-Np2.5 had a corrosion rate four times lower than Sample 

0. The combination of these LSP parameters yielded the lowest surface roughness values (Figure 

4.17) and enhanced hardness (Figure 4.19), despite it being among the samples with the lowest 

hardness values post-peening. This outcome was attributed to the synergistic effects of introduced 

compressive stresses, microstructure modification, work hardening and the formation of a 
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protective oxide layer after LSPwC. Other studies also found improved corrosion after laser shock 

peening on different alloys and at different LSP conditions (Krawiec et al., 2011; Lu et al., 2012; 

Trdan and Grum, 2012, 2015; Wang et al., 2017; Yang et al., 2019; Luo et al., 2022).  

5.4.3 Effect of LSP parameters on corrosion parameters 

5.4.3.1 Varying power intensity (PI) 

As power intensity increased from 1 to 3 GW/cm2, Ecorr increased as shown in Figure 5.14a), 

although there were overlapping error bars indicating similar values at PI = 3 and 5 GW/cm2. In 

contrast, the OCP values decreased as PI increased. Theoretically, higher Ecorr values correspond 

to lower icorr and corrosion rates (ASM International, 1990a). However, this trend was not observed 

on Ecorr obtained from the polarisation curves but rather on the one-hour OCP values. There was a 

strong linear correlation of power intensity with icorr (Figure 5.15a) and corrosion rate (Figure 

5.15b) without overlapping error bars. As power intensity increased, icorr increased and corrosion 

rate also increased. This implies that the higher extent of surface ablation negatively impacted 

corrosion resistance. 

 

Figure 5.14. Relationships between laser power intensity for: OCP and Ecorr. 
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Figure 5.15. Relationships between laser power intensity for: a) icorr and b) corrosion rate. 
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Figure 5.16. Relationship of spot coverage with: a) Ecorr, OCP and b) icorr at PI = 3 GW/cm2, SS 

= 0.8 mm. 
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Figure 5.17. Relationship of spot coverage with corrosion rate at PI = 3 GW/cm2, SS = 0.8 mm. 

 

At PI = 3 GW/cm2 and SS = 1.5 mm, no correlation could be deduced for OCP and Ecorr with spot 

coverage (Figure 5.18). The Ecorr was initially low at Np2.5 then increased at Np5 and decreased at 

Np10. The OCP remained constant as Np increased.  There was a strong linear relationship between 

coverage and icorr and corrosion rate (Figure 5.19). As coverage increased, icorr increased and the 

corrosion rate increased.  

  

Figure 5.18. Relationship of spot coverage with Ecorr and OCP at PI = 3 GW/cm2, SS = 0.8 mm.  
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Figure 5.19. Relationship of spot coverage with: a) icorr and b) corrosion rate at PI = 3 GW/cm2, 

SS = 0.8 mm.  
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5.4.3.3 Varying spot size 

A comparison was made between two spot sizes, 0.8 mm and 1.5 mm, at a constant power intensity 

of 3 GW/cm2. Figure 5.20 shows how Ecorr and OCP varied with spot size at three different 

coverages. At Np = 2.5 spots/mm2, Ecorr for both spot sizes were similar, with overlapping error 

bars. At Np = 5 and 10 spots/mm2, the Ecorr for 0.8 mm was more negative than for 1.5 mm. Figure 

5.21a) and Figure 5.21b) show how icorr and corrosion rate varied with spot size. At Np = 2.5 and 

5 spots/mm2, the icorr and corrosion rate was higher for 0.8 mm than for 1.5 mm spot size. At Np = 

10 spots/mm2, icorr and corrosion rate were lower for 0.8 mm than for 1.5 mm spot size.    

 

Figure 5.20. Effect of varying spot size on: a) Ecorr, b) OCP. 
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Figure 5.21. Effect of varying spot size on: a) icorr, b) corrosion rate. 
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5.4.4 Surface analysis after potentiodynamic polarisation 

The EDX analysis revealed that the predominant corrosion products were aluminium and oxygen. 

This agrees with work by other scholars in which the corrosion products were found to be 

aluminium oxides, mainly Al2O3 and Al(OH)3 (Ghali, 2010; Vargel, 2004), despite the absence of 

hydrogen (H) detection (which being light, would not be identified) in the EDX results. This 

reaction likely occurred according to Equation 2.4. Little to no Cl and Na were detected, probably 

because these soluble ions were washed away during cleaning. Following potentiodynamic 

polarisation, some square-shaped pits were observed on the surfaces indicative of localised 

corrosion caused by the salt solution (Figure 4.43-Figure 4.51). Specimens with higher icorr and 

corrosion rates showed more pitting. Corrosion pits develop when chloride ions replace oxygen on 

the aluminium alloy surface, breaking down the protective film (Vargel, 2004). As corrosion 

advances, the chlorine complex around the pits increases, causing the pits to grow in both size and 

depth (Luo et al., 2022). 

5.5 Immersion weight loss tests 

A layer of aluminium oxide was formed on the surfaces with cracks (Figure 4.52) caused by the 

propagation of Cl- ions through the passive layer (ASM International, 1990b). The susceptibility 

of the samples to corrosion was shown by weight loss over time in the NaCl solution. The weight 

loss (∆W) (Figure 4.54) for Sample 0 and P3-SS1.5-Np5 specimens increased with increasing 

immersion time. This was due to the continuous dissolution under the aggressive action of the 

chloride ions (ASM International, 1990b). The unpeened Sample 0 had higher weight loss than the 

P3-SS1.5-Np5 peened sample throughout the exposure period (30 days). The difference between 

∆W of Sample 0 and P3-SS1.5-Np5 widened as exposure time increased as shown in Figure 5.22a). 

The peened sample demonstrated superior corrosion resistance compared to Sample 0, affirming 

the positive impact of LSPwC over an extended period. Improved corrosion resistance had been 

observed on P3-SS1.5-Np5 using potentiodynamic polarisation tests which were more accelerated 

than immersion tests.  After immersion of both Sample 0 and P3-SS1.5-Np5 specimens, the 

corrosion rate was highest after three days (Figure 4.55) and gradually decreased as immersion 

time increased. The difference in corrosion rate was highest (0.16 mm/y) after three days in NaCl 
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then decreased and remained fairly constant (between 0.11 mm/y and 0.10 mm/y) up to 30 days 

(Figure 5.22b). Figures 4.56-4.64 show the surface morphologies of Sample 0 and P3-SS1.5-Np5 

after removing the corrosion products. Hemispherical pits were observed in both samples and they 

became apparently deeper and wider as time progressed. LSPwC samples had smaller pits than the 

unpeened sample. 

 

Figure 5.22. Difference of: a) weight loss and b) corrosion rate between Sample 0 and P3-SS1.5-

Np5 over time immersed in NaCl.  

a) 

b) 
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5.6 Stress corrosion cracking (SCC) 

Multiple cracks were observed in the top surface with some branching out from other cracks. In 

three-point bending tests, the specimen experiences a combination of tensile and bending stresses 

(Raja and Shoji, 2011; Al-Haidary et al., 2020), which leads to deviations in a crack's central line 

which forms multiple tangled cracks (Raja and Shoji, 2011). The SEM images of the top surface 

also showed cracks that originated from pits (Figure 4.65, Figure 4.67, Figure 4.69, Figure 4.71 

and Figure 4.73). Cartner et al. (2008) observed a similar phenomenon where salt crystals 

accumulated on the stressed specimen and probably disrupted the protective anodised surface layer 

and then formed pits. Corrosion products were observed inside some cracks (Figure 4.65c) and 

Figure 4.69b)). Hu et al. (2022) found that deep pits can accumulate corrosive substances, which 

exacerbate corrosion.  

The extent of susceptibility to SCC was easier to compare on the specimens’ cross-sections. Where 

cracks were visible in the cross-section, the deepest crack was observed at the centre where the 

highest stress was applied. The sample P3-SS0.5-Np45 exhibited the highest susceptibility to SCC, 

having the largest observed crack in the cross-section (Figure 5.23). In contrast, the other three 

peened samples, P3-SS1.5-Np21.88, P3-SS0.5-Np67.1 and P3-SS1-Np50.38, demonstrated 

improved performance compared to Sample 0. Sample P3-SS1-Np50.38 did not have any visible 

cracks in the cross-section (only pits and horizontal cracks caused by LSPwC were found (Figure 

4.70)). This improvement in SCC resistance was attributed to the compressive residual stresses 

which counteracted the tensile stress. LSP improved grain structure which plays a beneficial role 

in impeding crack propagation and deterring the occurrence of stress corrosion cracking (Zhang et 

al., 2010). The work hardening effect of LSPwC also helped to strengthen the specimens. 
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Figure 5.23. Maximum crack depth of specimens after SCC tests. 

 

5.7 Summary 

The LSPwC caused an increase in surface roughness and microhardness. Most peened samples 

had higher corrosion rates than the unpeened sample. This was likely due to the increased surface 

roughness which decreased corrosion resistance. Improved corrosion resistance after LSPwC was 

seen in P1-SS0.8-Np40, P3-SS0.8-Np10, P3-SS1.5-Np2.5 and P3-SS1.5-Np5 which had lower 

corrosion rates than the unpeened Sample 0. The best corrosion resistance was found in P3-SS1.5-

Np2.5 which had a corrosion rate four times lower than Sample 0. The LSPwC samples were less 

susceptible to SCC due to the work hardening effect of the peening process with the best sample 

being Sample P3-SS1-Np50.38 which had no visible cracks in the sample cross-section. Further 

research should be conducted with a wider range of spot sizes to better understand the impact on 

surface roughness, microhardness and corrosion. Moreover, optimisation of LSPwC parameters is 

needed to enhance compressive residual stresses and work hardening at lower power intensity 
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while minimising negative effects on surface roughness. Electrochemical Impedance Spectroscopy 

could be done to provide a more comprehensive understanding of electrochemical characterisation. 

Lastly, exploring the effects of LSPwC on different materials can determine if the benefits 

observed in this study can be extended to other metals and alloys. 
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

Aluminium alloy 7075-T651 underwent surface treatment by Laser Shock Peening without 

Coating (LSPwC). The LSPwC parameters varied power intensity (1-5 GW/cm2), coverage (2.5-

67 spots/mm2) and spot size (0.5-1.5 mm). Surface modifications were evaluated by stereo 

microscopy, scanning electron microscopy (SEM) and contact profilometry. Surface roughness 

was quantified using four metrics: Ra, Rq, Rz and Rt. Vickers microhardness tests were conducted 

at different depths to determine the hardness variation with depth. Potentiodynamic polarisation 

analysis provided insights into the metal's corrosion behaviour, yielding Ecorr, icorr and corrosion 

rate. Longer-term corrosion performance was evaluated by tests monitoring surface alterations, 

weight loss and corrosion rate over 30 days immersed in NaCl solution. Stress corrosion tests were 

performed by three-point bending in 3.5 wt% NaCl solution for 40 days to assess the metal's 

resistance to environmentally assisted cracking. Corrosion products were analysed by SEM-EDX. 

6.1.1 Effect of LSPwC on surface roughness 

All tested samples had increased roughness after Laser Shock Peening without Coating (LSPwC), 

due to the induced plastic deformation and surface ablation. The roughness was higher in the 

stepping direction where the stylus would pass through the ridges which gave higher peaks.  

It was concluded that: 

a) Increasing laser power intensity (PI) increased surface roughness (Ra, Rz, Rt, Rq), at constant 

coverage (Np = 40 spots/mm2) and spot size (SS = 0.8 mm). This was because higher PI 

increased ablative interaction and thermal impact which caused the “hollows”/pits to become 

wider and deeper. 

b) As coverage (Np) increased, the surface roughness increased. A stronger linear relationship 

between surface roughness and Np was observed at a constant power intensity of 3 GW/cm2 

and spot size of 1.5 mm. 

c) No clear relationship between surface roughness and laser spot size was found in this study.  
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6.1.2 Effect of LSPwC on hardness 

All peened samples showed increased hardness due to strain hardening induced by LSPwC.  

The following conclusions were made: 

a) There was a positive correlation between hardness and coverage (Np) for both spot sizes of 0.8 

mm and 1.5 mm. With a spot size of 0.8 mm, there was a more gradual increase in hardness, 

whereas with a spot size of 1.5 mm, the increase was higher. 

b) There was no correlation between laser power intensity (PI) and hardness. The highest 

hardness was for P3, followed by P5 and finally, P1 at constant coverage (Np = 40 spots/mm2) 

and spot size (SS 0.8 mm). 

The LSPwC increased metal hardness until 1.5 mm. Beyond that, microhardness values were 

similar to pre-LSPwC due to diminished shockwave intensity away from the surface.  

6.1.3 Effect of LSPwC on corrosion 

6.1.3.1 Potentiodynamic polarisation 

The LSPwC both improved and worsened AA7075-T651’s corrosion resistance depending on the 

peening parameters.  Most laser-peened parameters used in this study had higher icorr and corrosion 

rates than the unpeened sample. This was likely due to the increased surface roughness which 

decreased corrosion resistance. However, improved corrosion resistance after LSPwC was seen in 

four samples (P1-SS0.8-Np40, P3-SS0.8-Np10, P3-SS1.5-Np2.5 and P3-SS1.5-Np5 (power 

intensity-spot size-coverage) which had lower corrosion rates than the unpeened Sample 0. 

Notably, P3-SS1.5-Np2.5 had a corrosion rate four times lower than Sample 0. The combination 

of these LSP parameters yielded the lowest surface roughness values and enhanced hardness post-

peening. This was attributed to the synergistic effects of introduced compressive stresses, 

microstructure modification, work hardening and the formation of a protective oxide layer after 

LSPwC. Thus: 

a) As power intensity increased, icorr increased and corrosion rate also increased. Thus, a 

higher extent of surface ablation negatively impacted corrosion resistance. 

b) There was a strong, direct linear relationship between coverage and icorr and corrosion rate. 
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The EDX analysis revealed that the main predominant corrosion products were aluminium oxides. 

Pitting was the dominant corrosion mechanism. Specimens with higher icorr and corrosion rates 

showed more pitting.  

6.1.3.2 Immersion weight loss tests 

The P3-SS1.5-Np5 peened sample demonstrated superior corrosion resistance than the unpeened 

Sample 0, demonstrating the positive impact of LSPwC over an extended period. Additionally, the 

difference in corrosion rates between Sample 0 and P3-SS1.5-Np5 was highest after three days 

(0.16) in NaCl and gradually decreased (until 0.10) as immersion time increased.   

6.1.3.3 Stress corrosion cracking (SCC) 

The three-point bending induced tensile and bending stresses, which led to the formation of 

multiple tangled cracks on the top surface of all specimens. Salt crystals which accumulated on 

the stressed specimen disrupted the protective anodised surface layer. LSPwC samples were less 

susceptible to SCC due to the work hardening effect of the peening process. The best SCC 

resistance was observed for Sample P3-SS1-Np50.38 which had no visible cracks in the sample 

cross-section. 

6.1.4 Overall Findings 

Laser Shock Peening without Coating increased the surface roughness of AA7075. All peened 

specimens showed increased hardness due to strain hardening. Most peened samples had higher 

corrosion rates than the unpeened sample, likely because of the increased surface roughness which 

decreased corrosion resistance. LSPwC samples were less susceptible to SCC due to the work 

hardening effect of the peening process. Improved corrosion resistance after LSPwC was observed 

in specific samples which had lower corrosion rates than the unpeened Sample 0. The best 

corrosion resistance was found in P3-SS1.5-Np2.5 which had a corrosion rate four times lower 

than Sample 0. The LSPwC samples were less susceptible to SCC due to the work hardening effect 

of the peening process with the best sample being Sample P3-SS1-Np50.38 which had no visible 

cracks in the sample cross-section.  
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6.2 Recommendations For Future Work 

Suggestions for future work based on the conclusions of this study are: 

1. Conduct further research with a wider range of spot sizes to understand the effect of spot size 

on surface roughness, microhardness and corrosion.  

2. Optimise LSPwC parameters to enhance compressive residual stresses and work hardening at 

lower power intensity (<3 GW/cm2) and minimise the negative effects of surface roughness. 

3. Electrochemical Impedance Spectroscopy (EIS) is recommended after potentiodynamic 

polarisation for more comprehensive electrochemical characterisation, to give information on 

impedance changes, surface film integrity post-peening, real-time monitoring of LSP-induced 

modifications and verification of corrosion mechanisms affected by the peening process.  

4. Explore the effects of LSPwC on different types of materials to determine if the observed 

benefits can be extended to other metals and alloys. 
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 APPENDICES 

Appendix 1: AA7075-T651 Data Sheet 
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Appendix 2: Salt concentrations in selected oceans and seas  

Table A2.1. Salt concentrations in selected oceans and seas (Arriscorreta and Hoeppner, 2012). 

Ocean Salt concentration (%NaCl) 

Atlantic Ocean 3.54 

Pacific Ocean 3.49 

Mediterranean Sea 3.7 – 3.9 

Red Sea Up to 4.1 
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Appendix 3: SCC Sample Holder Specifications 
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Appendix 4: Potentiodynamic Polarisation Curves for the Second Test 

 

Figure A4.0.1. Potentiodynamic polarisation curves of a) Sample 0 and b) P1-SS0.8-Np40 after 

duplicate tests. 

 

 

Figure A4.0.2. Potentiodynamic polarisation curves of a) P3-SS0.8-Np2.5 and b) P3-SS0.8-Np5 

after duplicate tests. 
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Figure A4.0.3. Potentiodynamic polarisation curves of a) P3-SS0.8-Np10 and b) P3-SS0.8-Np20 

after duplicate tests. 

 

 

Figure A4.0.4. Potentiodynamic polarisation curves of a) P3-SS0.8-Np40 and b) P5-SS0.8-Np40 

after duplicate tests. 
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Figure A4.0.5. Potentiodynamic polarisation curves of a) P3-SS1.5-Np2.5 and b) P3-SS1.5-Np5 

after duplicate tests. 

 

 

Figure A4.0.6. Potentiodynamic polarisation curves of a) P3-SS1.5-Np10 after duplicate tests. 
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Figure A5.1. Best poster award from the ICLPRP. 
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Figure A5.2. Certificate of attendance at the 14th ALC workshop 2023. 
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Figure A5.3. Poster presented at the 8th International Conference on Laser Peening and Related 

Phenomena. 
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