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Abstract  

The primary objective of this study is to investigate the application of a relatively new 

surface modification technique, known as ultrasonic pulsed waterjet (UPWJ) peening, on 

titanium alloys. Commercially pure titanium (CP-Ti) and Ti-6Al-4V alloy were selected in 

wrought and, in the case of Ti-6Al-4V alloy, additively manufactured forms due to their 

widespread applications in aerospace and biomedical industries. The research was focused 

on analysing UPWJ processing parameters, including traverse speed (ranging from 200 to 

1000 mm/s) and stand-off distance (ranging from 25.4 to 44.4 mm). An assessment of 

surface integrity after UPWJ was conducted, engaging alterations in surface roughness, 

topography, residual stress, and hardness. The findings revealed that there exists an optimal 

operational window that minimizes surface roughness and erosion, while maximizing the 

imparted compressive residual stress and scratch hardness. In this context, utilizing higher 

traverse speeds (i.e., 800-1000 mm/s) and a stand-off distance (i.e., 44.4 mm) proved to be 

beneficial. Comprehensive characterization of surface microstructure, utilizing several 

characterization techniques such as SEM, CSLM, XRD, and EDS, provided valuable 

insight into the waterjet mechanism in developing plastic deformation, material removal, 

and the evolved damage.  

In summary, UPWJ peening demonstrated significant potential as an effective surface 

strengthening treatment. This research lays the foundation for advancements in surface 

modification techniques for titanium alloys, with promising implications in aerospace and 

biomedical applications. Further optimization of peening parameters is imperative to 

enhance fatigue strength and wear resistance following UPWJ peening. 
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Chapter 1: Introduction 

1.1 Research Objectives  

Titanium alloys, produced in both wrought and additive manufacturing (AM) 

forms, are widely used in major industries, such as aerospace and biomedical, due to their 

high strength-to-weight ratio and corrosion resistance. However, the surface properties of 

titanium components play a critical role in determining their response to fatigue, wear, and 

corrosion in diverse engineering applications. For example, AM titanium parts tend to 

exhibit high surface roughness that has shown detrimental influence on their fatigue life 

[1], [2]. Surface integrity involves metallurgical states (e.g., microstructure), topography 

(e.g., roughness, erosion), and mechanical properties (e.g., residual stress, hardness). 

Applying an appropriate surface modification to the surface integrity of titanium alloys can 

directly influence their performance, including factors such as fatigue strength and 

operational lifespan. Surface treatment processes are thus commonly used as post-

processing methods to modify these characteristics, including thermal, mechanical, and 

chemical treatments [3]. Through the utilization of mechanical surface techniques, such as 

shot peening (SP) and laser shock peening (LSP), it has been demonstrated that it is 

conceivable to enhance the fatigue strength of titanium parts. In this instance, the 

strengthening mechanism is to introduce advantageous compressive residual stresses into 

the metallic surfaces of the component, which in turn increases the materialôs resistance to 

fatigue crack initiation and propagation. Nonetheless, each of these techniques has its own 

limitations, including dust pollution, contamination through shot embedding, and surface 

melting risks [4], [5]. Consequently, alternative peening methods are being developed and 

implemented to overcome the shortcomings of the aforementioned techniques. 

Recent advancement in the field of peening technologies not only prioritizes 

enhancing efficiency and reducing costs, but also takes into account the environmental 

impact during the processing stage [6]. In other words, new methods should avoid 

generating hazardous substances in order to align with pollution prevention objectives. 

These requirements are addressed by a new innovative method, called waterjet peening 

(WJP) [7]. Over the years, waterjets have been used for a variety of applications, 

including machining, cutting, surface preparation, cleaning, and coating removal. WJP is a 
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novel application of waterjet technology that has grown in popularity over the last two 

decades. In terms of the potential advantages of WJP, first, it should be mentioned that 

water is a low-cost medium for peening and the process can therefore be more affordable 

than SP and LSP. Secondly, WJP is considered environmentally benign since it eliminates 

the need for harmful chemicals or hazardous substances, therefore reducing the risk of 

material contamination [8]. Thirdly, less surface damages and lower risk of inducing 

microcracks or deformations are expected when using high-pressure waterjet to impact the 

surface, compared to other mechanical surface modification methods. And lastly, more 

uniform coverage can be achieved over complex shapes and surfaces due to the ability to 

control the waterjet's direction and focus.  

An innovative version of WJP, known as ultrasonic pulsed waterjet (UPWJ) 

peening, is presently under development. By combining ultrasonic technology with a high 

pressure waterjet, this approach shows promising potential in generating desirable surface 

morphologies with the requisite surface roughness, while also imparting the necessary 

work hardening and compressive residual stress without compromising the mechanical 

properties of the substrate. UWPJ peening is also more precise than WJP and can be 

controlled more accurately, leading to improved component performance and longer 

service life [9]. In this method, however, an appropriate selection of processing parameters 

such as jet pressure, frequency, standoff distance, and traverse speed, is considered 

challenging in order to obtain the optimum surface condition. It is widely known that 

rougher surfaces tend to promote fatigue crack initiation, which may negate the benefits of 

compressive residual stress. Hence, the primary objective of this research is to examine the 

utilization of UPWJ as a surface treatment technique for titanium alloys in both wrought 

and AM states. The investigation will encompass a comprehensive exploration of diverse 

parameter configurations. Subsequently, the study seeks to establish an optimal selection 

of UPWJ peening parameters, enabling the attainment of enhanced surface characteristics 

while ensuring the absence of any detrimental effects. The over-arching objective of the 

research is divided into the following sub-tasks: 

- Applying UPWJ peening on wrought titanium alloys with the purpose of optimizing 

processing parameters, mainly traverse speed, and stand-off distance, in relation to 



3 

 

the post-peening characteristics (i.e., residual stress magnitude and distribution, 

surface roughness, etc.). 

- Conducting microstructural characterization analysis before and after UPWJ to 

evaluate and understand the effectiveness of the process in generating plastic 

deformation, work hardening, and grain refinement in the surface and subsurface 

layer.  

- Analyzing pre-peening and post-peening surface roughness, topography, and 

residual stress, wear resistance, and scratch hardness, followed by selecting the 

optimum UPWJ peening condition for titanium alloys based on the obtained data. 

This information can then be applied to determine optimal process conditions for a 

given application.  

- Evaluating fatigue strength through fatigue flexural testing for the optimum UPWJ 

conditions, and use this information to more fully understand the potential 

impact(s) and efficacies of the process.  

- Applying SP on titanium alloys with the purpose of comparing to UPWJ peened 

counterparts. 

- Printing highly dense AM titanium parts and employing the optimal UPWJ peening 

condition on them, with the aim of validating this method as an effective post-

processing method in AM industry.  

 

1.2 Thesis Outline  

This thesis is structured into eight chapters, where each chapter is designed to 

contribute towards the attainment of the main research objective. It should be mentioned 

that this thesis is prepared in paper-based format. The individual contributions of the thesis 

author and associated research collaborators are provided at the start of each of the research 

chapters (Chapters 3 to 7). The specific chapter outlines are as follows: 

Chapter 1: An overview of the entire thesis structure and the contents of each individual 

chapter is provided, along with a discussion of the research objectives and original 

contributions made in this study. 
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Chapter 2: A thorough literature review relevant to the research topic is presented. The 

first section of this chapter focuses on titanium alloys, especially their classification, 

characteristics, and applications. The second section provides background information on 

mechanical surface modification techniques conventionally used for titanium alloys, 

including their benefits and drawbacks. Lastly, research gaps in the field are identified, 

followed by a proposed scientific approach to address these gaps. 

Chapter 3: A published journal paper addressing the influence of ñtraverse speedò and 

ñstand-off distanceò in UPWJ peening of Grade 2, commercially pure titanium (CP-Ti) 

alloy is provided in this chapter. This study investigates various metallurgical and 

mechanical properties, including microstructural evolution, phase formation, surface 

roughness, in-depth residual stress measurements, surface indentation hardness, and 

surface scratch hardness. Furthermore, the obtained data were compared to CP-Ti shot 

peened counterparts.  

Chapter 4: A published journal paper, with a focus on the application of UPWJ peening 

on Ti-6Al-4V alloy, is presented in this chapter. The study examines a range of traverse 

speeds, aiming to identify the optimal UPWJ peening condition based on surface 

characteristics (e.g. surface microstructure, oxide layer formation, surface roughness, and 

morphology) and generation of compressive residual stress (surface, and in-depth residual 

stress profile). A further aim is to more fully understand the mechanisms of residual stress 

development through UPWJ peening. 

Chapter 5: The application of UPWJ peening on AM Ti-6Al-4V parts produced using 

laser powder bed fusion (L-PBF) method is assessed. In this study, L-PBF Ti-6Al-4V 

specimens were prepared using an optimum set of UPWJ peening parameters, which were 

obtained from the work presented in Chapter 4. The results on the AM components were 

compared to UPWJ peened wrought Ti-6Al-4V counterparts. The main focus of this study 

is to determine the appropriateness of UPWJ as a beneficial post-processing method, 

through surface analysis, such as microstructural characterization, surface roughness, 

topography, residual stress generation, as well as scratch hardness. In addition to that, 

contributions of two of the common machining methods, namely grinding and milling, are 
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also evaluated when applying them on L-PBF (and wrought) Ti-6Al-4V parts, prior to 

UPWJ peening process. 

Chapter 6: This chapter focuses on the mechanical surface response of wrought Ti-6Al-

4V alloy once it has been subjected to UPWJ peening. The evaluation includes a study of 

indentation hardness, scratch hardness, and reciprocating wear testing. Microstructural and 

chemical analysis of the wear tracks are also incorporated for further understanding of the 

materialôs response.  

Chapter 7: An evaluation on the fatigue behaviour of wrought Ti-6Al-Al alloy is presented 

in this chapter, both before and after UPWJ peening, and obtained through flexural fatigue 

testing. An optimal peening condition, obtained from the work presented in Chapter 4, was 

utilized to evaluate fatigue response under three-point bending fatigue testing. 

Fractography is included to give insight into the fracture mechanisms involved.  

Chapter 8: The major conclusions drawn from the research, along with insightful 

recommendations for future work are given in Chapter 8.  
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Chapter 2: Background 

2.1 Titanium and Its Alloys 

2.1.1 History and Production  

Titanium (Ti) is the fourth most abundant structural metal on earth, coming after 

aluminum (Al), iron (Fe), and magnesium (Mn), with a concentration of about 0.6% in the 

earth's crust [10]. Ilmenite (FeTiO3) and rutile (TiO2) are the most important mineral 

sources of titanium [10]. The discovery of titanium metal dates back to 1791, when it was 

found by William Gregor in the magnetic sand ilmenite [10], [11]. Four years later, a 

German chemist named Klaproth discovered the same element in rutile from Hungary and 

named it titanium after the Titans from Greek mythology [10]. Various attempts were made 

to separate titanium metal from ore using the intermittent step titanium tetrachloride 

(TiCl4), which was finally achieved by Matthew Albert Hunter in 1910. In 1932, Wilhelm 

Justin Kroll produced major amounts of titanium by combining TiCl4 with calcium, and he 

is regarded as the father of the titanium industry [12]. Despite the metal's tendency to react 

with oxygen (O) and nitrogen (N), there is now an essentially endless supply of ore that 

can be used as feedstock for titanium production [13]. 

 Large scale production of titanium started in 1950ôs in the USA, followed by the 

UK, France, Japan, etc. The process involves reducing Mg and TiCl4 in the presence of an 

inert gas, resulting in a porous and spongy form known as "titanium sponge" [10]. Once 

producing sponge, it is time to melt it. This step engages titanium alloy and production of 

ingots. Here, the production of defect free ingots is vital, yet expensive. Melting titanium 

takes place in either a vacuum arc remelt (VAR) furnace or in a cold hearth melting (CHM) 

furnace. Upon completion of the final melting process, monitoring of ingot solidification 

is necessary to maintain homogeneity. Thereafter, conditioning of the exterior is usually 

applied to produce smooth ingot surfaces. At this point, hot working processes such as 

forging and rolling shape the titanium into desired forms such as billets, plates, sheets, bars, 

and casting electrodes [10]. 

While titanium alloys offer exceptional performance, their high production costs 

have been considered an influential factor in limiting their utilization over other alloys in 

various applications. One approach is the development of near-net shape processes to 
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minimize material waste. In addition to casting and powder metallurgy, as two of the 

conventional near net shape processes, AM of titanium alloys has been widely examined 

for both academic and commercial purposes. In this approach, an AM part is printed in a 

layer-by-layer manner via computer aided design (CAD) modeling [14]. In fact, the 

feedstock material in the form of powder or wire is utilized to produce a dense part using 

an energy source of laser, electron beam, or electric arc [15]. This enables the production 

of light-weight, complex geometries, and tailor-made titanium components, serving 

industries such as aerospace, medical devices, and dental implants, while reducing 

production time and cost.  

As defined in the American society for testing and materials standard (ASTM) 

F2792, commonly used categories for printing titanium alloys are directed energy 

deposition (DED) and powder bed fusion (PBF). DED involves the localized melting of 

metal powders, in this case Ti powder, using a high-energy heat source, such as a laser or 

electron beam. The high-energy beam then melts the powder, creating a molten pool on the 

substrate. The process continues layer-by-layer, and as the material solidifies, it forms the 

desired 3D shape. In the PBF process, a thin layer of Ti-metal powder is uniformly spread 

on a build platform. A high-energy heat source (i.e., laser or electron beam) is then used to 

selectively melt the powder particles, fusing them together to create the desired shape for 

that specific layer. Once a layer is completed, the build platform is lowered, and a new 

layer of powder is applied on top. This process is repeated layer-by-layer until the entire 

3D component is fabricated. More details on the AM of titanium alloys will be given in the 

following chapters.  

 

2.1.2 Why Select Titanium Alloys? 

Table 2-1 provides an overview of some of the fundamental properties of elemental 

titanium. Compared to other metallic systems, such as aluminum alloys or steels, titanium 

and its alloys exhibit a distinctive combination of physical and mechanical properties. The 

main characteristics that make titanium appealing for a variety of applications are its high 

strength, low density (nearly half the weight of nickel, steel, and copper alloys), and 

therefore high specific strength ratio, and corrosion resistance. A comparison of specific 
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strength ratio for different materials is presented in Figure 2-1 [16]. Up to the temperature 

of 400-500 ÁC, titanium alloys have a greater specific strength than most of the other 

metallic materials, like aluminium and steel alloys. This is the major incentive for its 

selection in aerospace engines and airframe structures [13].  

 

Table 2-1.Titanium important characteristics [10]. 

Melting Temperature (ÁC)  1670 

Atomic Number  22 

Allotropic Transformation (ÁC) ɓ    882     Ŭ 

Crystal Structure BCC (ɓ)        HCP (Ŭ) 

Room Temperature E (GPa) 115 

Yield Stress Level (MPa) 1000 

Density (g/cm3) 4.5 

 

The other attractive property of titanium, for example when compared to stainless 

steels, is excellent corrosion resistance. The exceptional corrosion resistance of titanium 

can be attributed to its high reactivity with oxygen, which leads to the formation of an 

adherent, durable, and stable oxide layer on the surface when exposed to air. As a result, 

titanium has proven to be a reliable choice for use in hostile environments [10]. Titanium 

alloys have desirable elevated temperature qualities for use in hot gas turbine and 

automobile engine components, where superior creep resistance alloys can be used for 

application temperatures up to 600 ÁC [13]. Ti alloys retain a significant portion of their 

strength at high temperatures, which exceed the operational limits of aluminum alloys [16]. 

Lower thermal conductivity and thermal expansion of Ti alloys than steel or nickel alloys 

are also advantageous in applications where thermal gradients might be involved. 

Moreover, because of its position in the periodic table, the physical and electronic 

properties of the titanium atom make it suitable for alloying with other elements to produce 

a wide range of alloys [11].  
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Figure 2-1. A comparison of specific strength vs. temperature for different materials [16]. 

 

2.1.3 Titanium Alloys Classification  

Titanium exists in two different allotropic forms, referred to as alpha (Ŭ) and beta 

(ɓ). Pure titanium with a ɓ phase possesses a body-centered cubic (BCC) crystal structure 

at high temperatures, above 882 Ñ 2 ÁC. However, when the temperature reaches 882  Ñ 2 

ÁC upon cooling, pure titanium undergoes an allotropic phase transformation in which its 

crystal structure transforms to hexagonal close-packed (HCP), resulting in Ŭ phase [10]. 

The HCP unit cell of the Ŭ phase and the BCC unit cell of the ɓ phase are schematically 

shown in Figure 2-2. The transformation from the BCC ɓ phase to the HCP Ŭ phase can 

take place martensitically or via a diffusion-controlled nucleation and growth process.  In 

terms of individual properties of the two phases, Ŭ-Ti has higher resistance to plastic 

deformation, lower ductility, anisotropic physical and mechanical properties, and higher 

creep resistance [12]. It is important to note that the exact alpha to beta transformation 

temperature (or ɓ-transus) is significantly influenced by the presence of alloying elements, 

both substitutional and interstitial. These alloying elements are categorized into two 

groups, namely Ŭ-stabilizers, and ɓ-stabilizers, based on their effect on the ɓ-transus. The 

Ŭ-stabilizer elements, such as Al, O, N, and C, raise the ɓ-transus temperature, while the ɓ-

stabilizers, including Mo, V, Nb, Ta, Fe, W, Cr, Si, Co, Mn, and H, lower it. On the other 
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hand, there are also a few neutral elements like Zr that have minimal impact on the ɓ-

transus temperature [10], [12]. The effect of alloying elements on phase diagram of 

titanium alloys is shown schematically in Figure 2-3.  

 

 

Figure 2-2. (a) Unit cell of alpha phase, (b) unit cell of beta phase [10]. 

 

 

Figure 2-3. Influence of alloying elements on the phase diagram of titanium alloys [10]. 

 

Titanium alloys are categorized into four groups of Ŭ, near-Ŭ, Ŭ+ɓ, and ɓ alloys. 

The Ŭ-Ti alloys consist of various grades of commercially pure titanium that, and when 

annealed below the ɓ-transus, contain only minor amounts of ɓ phase (2-5 vol%). Near-Ŭ 

Ti alloys typically contain 1 to 2 % ɓ-stabilizers, resulting in a structure with less than 10 

vol% ɓ phase. Here, the presence of ɓ-phase plays a great role in improving workability and 

weldability of these alloys. For both Ŭ and near Ŭ alloys, high aluminum content assures 
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excellent strength characteristics and oxidation resistance at elevated temperatures, between 

316 ÁC to 593ÁC [13]. The Ŭ+ɓ Ti alloys contain both phases in their structure, hence, they 

show higher strength, but lower ductility compared to the other groups mentioned 

earlier. Typically, these alloys contain 4-16% ɓ-stabilizers which results in retaining 10 to 20% 

ɓ-phase at room temperature. The last group, namely ɓ-Ti alloys, also known as metastable ɓ 

alloys, contain 10-15% of ɓ-stabilizers and only a small amount of Ŭ-stabilizers [10]. In the 

following sections, the microstructural and mechanical properties of CP-Ti and Ti-6Al-4V 

(an Ŭ+ɓ alloy) are explained in more detail.  

 

2.1.4 Commercially Pure Titanium: Microstructure and Mechanical Properties  

CP-Ti alloy is an Ŭ-Ti alloy and is available in four different grades with oxygen 

contents ranging from 0.18% (Grade 1) to 0.40% (Grade 4). As the grade of the alloy 

increases, so does the level of yield stress. The presence of a small amount of ɓ phase in 

these alloys helps regulate the size of the recrystallized Ŭ grains and improves the alloy's 

tolerance to hydrogen. A comparison of the chemical composition and tensile requirements 

of four CP-Ti grades is listed in Table 2-2, based on ASTM standard B265 [17]. 

 

Table 2-2. Chemical composition (wt. %) and minimum yield stress for commercially pure 

titanium alloys [17]. 

CP-Ti  C O Fe 

Yield 

Strength 

(MPa) 

Tensile 

Strength 

 (MPa) 

Minimum 

Elongation 

(%) 

Grade 1 Җ0.08 Җ0.18 Җ0.2 135 240 24 

Grade 2 Җ0.08 Җ0.25 Җ0.3 275 345 20 

Grade 3 Җ0.08 Җ0.35 Җ0.3 380 450 18 

Grade 4 Җ0.08 Җ0.4 Җ0.5 483 550 15 

 

CP-Ti is typically hot rolled, forged, and heat treated in the pure Ŭ-phase field [11]. 

Since the constitution of this alloy is predominated by Ŭ phase, the microstructure is simpler 

than that of the Ŭ+ɓ alloys [10]. The properties of CP-Ti alloys are determined by both 

composition (i.e., oxygen content) and processing history, in which the latter determines 
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grain size and preferred orientation (texture). In terms of mechanical properties, 

satisfactory strength, creep resistance, weldability, and fabricability are the main 

characteristics of CP-Ti alloy. The absence of ductile-to-brittle fracture behaviour, which 

is common in BCC alloys, qualifies this Ŭ-phase alloy for cryogenic applications. However, 

the intrinsically anisotropic character of the HCP crystal structure of the Ŭ-Ti phase causes 

a distinct anisotropy in mechanical behaviour, in particular elastic behaviour. This is why 

the elastic modulus (Ⱥ) of CP-Ti can vary in a range of between 145 GPa (stress axis 

parallel to the c-axis) to 100 GPa (stress axis perpendicular to the c-axis). The excellent 

weldability of the CP-Ti alloy is made possible by the fact that these alloys have very small 

elemental alloying additions, that essentially do not react to heat treatment [10].   

Regarding plastic deformation of the CP-Ti alloy, Ŭ-Ti with an HCP crystal 

structure has limited active slip systems ï referred to as the number of dislocation glide 

possibilities in a crystal lattice ï compared to ɓ-Ti (BCC). The slip systems of hexagonal 

crystal structures, namely basal, prismatic, and pyramidal planes are depicted in Figure 2-

4 [10]. The prism and basal planes possess three slip systems each, but only two of them 

are independent. This results in a total of four independent slip systems. The von-Mises 

criterion, however, states that at least five distinct slip systems are necessary for the 

homogeneous plastic deformation of polycrystals. Since the pyramidal slip system is made 

up of a prism and a basal component, it cannot be regarded as an independent slip system. 

Hence, slip on pyramidal planes does not raise the total number of active slip systems 

further. Considering this, the CP-Ti alloy exhibits ductile behaviour as a result of the 

activation of mechanical twinning, in addition to the usual slip system caused by 

dislocations. The primary twinning modes identified in pure Ŭ titanium are {10ρ2}, 

{11ς1}, and {11ς2}[10].  
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Figure 2-4. Slip systems of hexagonal crystal structure [12]. 

 

2.1.5 Ti-6Al-4V Alloy: Microstructure and Mechanical Properties  

Ti-6Al-4V is the most widely used Ŭ+ɓ titanium alloy. It was first developed in the 

United States in 1954 and has since become a key material in many industries, including 

aerospace, biomedical, and automotive [10]. At room temperature, the equilibrium 

microstructure consists primarily of Ŭ-phase (HCP) titanium, with some retained ɓ-phase 

(BCC). Here, Al and V are the major alloying elements, with traces of Fe, O, and other 

elements. Al stabilizes Ŭ-Ti phase and raises the ɓ transus to 994 ÁC, improving the alloy's 

strength at high temperatures. 4 wt.% V adds ductile beta phase at high working 

temperatures, imparting high toughness properties [10]. This alloy offers an exceptional 

combination of strength, ductility, fatigue, and fracture properties, but only up to 

temperatures of about 300 ÁC they can be used.  

Ti-6Al-4V alloy is available in two grades: grade 5 and grade 23. Grade 23, also 

known as ELI (for extra low interstitials), is very similar to grade 5, with the exception of 

reduced levels of impurities such as O (reduced to below 0.13%), N, C, and Fe. Table 2-3 

presents the chemical composition of the two Ti-6Al-4V variants, in accordance with 

ASTM B256. These impurities affect the alloy's fracture toughness, ductility, and damage 

tolerance, so the reduced levels in grade 23 result in improved properties in these areas 

compared to grade 5. A comparison of tensile properties, including yield and tensile 

strength, of Ti-6Al-4V grades 5 and 23 is shown in Table 2-4.  
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Table 2-3. Chemical requirements for Ti-6Al-4V (wt. %) alloy in accordance with ASTM standard 

B265 [17]. 

Ti-6Al-4V Al V C O N H Fe 

Grade 5 5.5-6.75 3.5-4.5 Ò0.08 Ò0.20 Ò0.05 0.015 Ò0.4 

Grade 23 5.5-6.5 3.5-4.5 Ò0.08 Ò0.13 Ò0.03 Ò0.0125 Ò0.25 

 

Table 2-4. A comparison of the tensile properties of Ti-6Al-4V alloy grade 5 and grade 23, based 

on ASTM B265 [17]. 

Ti-6Al-4V Min ů0.2 (MPa) UTS (MPa) Min Elongation (%) 

Grade 5 828 895 10 

Grade 23 759 828 10 

 

The microstructure of Ti-6A1-4V is inspired by its chemical composition, 

processing history, and heat treatment process. This is made possible as Ti and its alloys 

show the ability to undergo a broad range of phase transformations. In that regards, 

controlling thermomechanical processing, especially the cooling rate, can influence the Ti-

6Al-4V microstructure, resulting in three distinct types: fully lamellar structures, fully 

equiaxed structures, and bi-modal (duplex) microstructures. To form a lamellar 

microstructure, first the titanium alloys need to be cooled slowly from the ɓ phase field to 

the (Ŭ+ɓ) phase field at low rates. The Ŭ phase is more likely to initially nucleate at ɓ grain 

boundaries, resulting in the formation of a continuous Ŭ layer along these boundaries. 

Subsequent cooling causes the creation of parallel Ŭ plates that extend into the ɓ grain as 

part of the same variant of the Burgers relationship (so-called óŬ colonyô). These plates 

continue to grow within the ɓ grain until they encounter other Ŭ colonies that have 

nucleated at different grain boundary areas of the ɓ grain. This is called sympathetic 

nucleation and growth. The resulting microstructure is called a lamellar structure, 

consisting of individual Ŭ plates separated within the Ŭ colonies by the retained ɓ matrix. 

Figure 2-5 (a) shows an example of lamellar microstructure taken for Ti-6Al-4V alloy 

slowly cooled from the ɓ phase [12].  
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Fully equiaxial microstructures can be a result of recrystallization, and consist of 

randomly oriented grains. To achieve this, the alloy must initially undergo significant 

deformation while in the Ŭ +ɓ field. After this step, a solution heat treatment in the Ŭ +ɓ 

field will generate a microstructure that is both equiaxed and recrystallized [12]. Figure 2-

5 (b) provides an example of a fully equiaxed microstructure, related to for the Ti-6242 

alloy in this instance [10]. On the other hand, the processing route to achieve a bi-modal 

microstructure involves four distinct stages: (1) homogenization in the ɓ phase field, (2) 

deformation in the (Ŭ+ɓ) phase field, (3) recrystallization in the (Ŭ+ɓ) phase field, (4) and 

finally an aging and/or stress-relieving treatment. As a result, bi-modal microstructures 

enclose equiaxed primary Ŭ (Ŭp) grains in a lamellar Ŭ+ɓ matrix. An example of a bi-modal 

microstructure is shown in Figure 2-5 (c) [12].  

Each microstructure type has unique characteristics that can have a strong influence 

on deformation behavior and consequently on the mechanical properties of titanium alloys. 

On that note, finer microstructural features result in enhanced strength and ductility, 

followed by delayed crack initiation onset. On the other hand, coarse microstructures 

offer better resistance to creep and fatigue-crack growth. For instance, fully lamellar 

structures provide high fracture strength, but limited ductility and toughness. Fully 

equiaxed microstructures offer better ductility and fatigue strength in comparison to those 

of the lamellar structures [18]. Ultimately, bi-modal microstructures combine the 

advantages of both fully lamellar and fully equiaxed microstructures. The selection of 

appropriate microstructure depends on the specific application requirements and can be 

modified through controlling the processing conditions during fabrication, such as heat 

treatment, deformation, and cooling rate [10].  
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                                (a) Lamellar                                   (b) Fully equiaxed                             

 

(c) Bi-modal  

Figure 2-5. (a) Lamellar Ŭ+ɓ microstructure in Ti-6Al-4V slowly cooled from the ɓ phase field 

[12]. (b) Fully equiaxed microstructure of the Ti-6242 alloy [10]. (c) Bi-modal microstructures 

present in the IMI 834 alloy [12].  

 

2.1.6 Applications of Titanium Alloys  

Titanium alloys have been utilized in diverse industries, including but not limited 

to aerospace, automotive, chemical, biomedical, and sports. As mentioned earlier, the 

rationale behind preferring titanium alloys over other metallic systems, like aluminum 

alloys, for such applications is higher yield stress and fatigue strength, better corrosion 

resistance, higher modulus of elasticity, and higher temperature capability. In the aerospace 

field, two of the more classical applications of Ti alloys are airframes (owing to the 

combination of high strength with low density), and aeroengines (owing to their high 

strength, low density, and good creep resistance up to about 550ÁC). For instance, roughly 

10 % of the Boeing 777 airframe weight is made of titanium alloys, mainly Ti-6Al-4 V and 

ɓ-Ti alloys. Ti alloys also account for approximately 25 % of the weight in modern 

aeroengines, primarily in the compressor and fan sections for blades and discs. Rotating 

and nonrotating components in aero-engines are another significant application area for the 
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Ti-6Al-4V alloy. Figure 2-6 demonstrates an example of titanium usage within the GE-90 

aeroengine, used for Boeing 777 aircraft.  

 

 

Figure 2-6. A schematic cross-section image of the GE-90 aeroengine and the titanium usage in 

various sections [10]. 

 

Titanium alloys have long been used as corrosion-resistant materials in the 

traditional chemical, power, and marine industries. The CP-Ti alloy is one example that is 

widely used in process equipment in the chemical and petrochemical industries. It is also 

used for tubes and shells of heat exchangers and pressure vessels. Some of the examples of 

CP-Ti usage in industry are listed in Table 2-5 [10]. 

 

Table 2-5. CP-Ti applications in industry [10]. 

Industry Equipment Environment 

Power generation 
Condenser, heat exchanger, flue gas 

scrubbers 

Aqueous solutions of various 

purity, SO2 containing gases 

Water plants 

Petrochemical industry 

Heat exchangers, wellheads, pipe 

and down hole hardware 
H2S containing brines 

Chemical industry 

Metal production 

Diffusion washers in bleaching 

section of process 
Chlorides containing liquids 
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The biomedical industry is one of titanium's more well-established application 

areas, even more than other competitor materials, including stainless steels, and CoCr-

alloys, etc. The application of Ti alloys in the biomedical industry is mostly in orthopedic 

(bones, hip and knee joints, etc.) and dentistry (dental implants), and is heavily reliant on 

their corrosion resistance, biocompatibility, osseointegration, fatigue strength, and elastic 

modulus. Osteointegration is known as the mechanism by which bone can bond with 

medical implant materials and begin to grow into the it. It is well-known that the elastic 

modulus of the biomaterial for bone-replacement should be as close as possible to the 

modulus of bone, which is in the range of 10 to 30 GPa. High strength-to-weight ratio 

makes Ti alloys ideal for the manufacturing of implants, as they can withstand the stresses 

and strains of the human body while maintaining their structural integrity. Furthermore, 

titanium alloys possess excellent fatigue strength, which is crucial in orthopedic and dental 

applications that require long-term durability. However, in such applications, some surface 

characteristics, such as surface roughness, topography, and chemistry can influence the 

biocompatibility and osseointegration of the titanium implant. In general, the surface 

roughness of the implant improves bone ingrowth behaviour. 

Traditionally, implants were primarily made of CP-Ti, and Ti-6Al-4V. Examples of 

CP-Ti (grade 3) implants as bone plates and as dental brackets are illustrated in Figure 2-7 

[10]. Ti-6Al-4V is the most widely used alloy for hip implants, knee implants, bone screws, 

and plates, all of which require good mechanical properties to function properly. Figure 2-

8 shows the Ti-6Al-4V alloy utilized as hip joint components [3]. The presence of 

vanadium in Ti-6Al-4V causes toxicity to the human body. That is why V-free titanium 

alloys like Ti-6Al-7Nb and Ti-5Al-2.5Fe were subsequently developed. ɓ-Ti alloys using 

nontoxic elements such as Nb, Ta, Zr, and Mo as alloying additions also offer notable 

advantages over conventional Ti-6Al-4V, including enhanced fatigue strength, reduced 

modulus of elasticity (closer to the bone elastic modulus), and improved biocompatibility. 
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                        (a)                                              (b) 

Figure 2-7. (a) An example of a CP-Ti grade 3 as a bone plate implant [10], (b) brackets and 

buccal tubes made of CP-Ti grade 3 [12]. 

 

                 

Figure 2-8. An example of hip implant components made from cast Ti-6Al-4V [12]. 

 

Besides the areas mentioned above, titanium alloys have also found several 

applications in the automotive industry. The utilization of titanium alloys in the automotive 

applications has the potential to reduce vehicle weight and consequently improve fuel 

efficiency, leading to lower emissions and enhanced performance. Certain parts, such as 

valves, valve springs, connecting rods, suspension springs, bolts, fasteners, and exhaust 

systems in the car body area have been identified as potential candidates (presented in 

Figure 2-9). However, their adoption in mass-produced automobiles presents a 

considerable challenge, primarily due to its cost sensitivity.   
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Figure 2-9. Some examples of titanium's potential candidate areas in automotive applications 

[12]. 

 

The use of titanium is expanding in several new industries, for instance consumer 

products like eyeglass frames, cameras, watches, jewellery, and various sporting goods. 

Golf club heads are the most common application of titanium in the sporting goods 

industry. The combination of high strength and low density in titanium enables the 

utilization of a larger club head, leading to an increased striking area for the ball while 

maintaining the club head speed. Tennis rackets, bicycle frames, sprinter spikes, and 

running shoes are some other examples of titanium usage in sports applications.  

 

2.2 Conventional Methods of Mechanical Surface Treatment  

In various applications, particularly those that require fatigue strength and wear 

resistance, the surface behavior of titanium alloys can have a significant impact on their 

performance. Residual tensile stress, created during manufacturing, is frequently a critical 

factor in component failures [19]. For that reason, appropriate mechanical surface 

modification techniques, such as polishing, milling, blasting, and peening are commonly 

investigated by researchers to not only enhance the surface characteristics, but also 

introduce beneficial compressive residual stresses [19]. Among these techniques, peening 

involves the application of high mechanical forces to the materialôs surface to produce 

desirable compressive residual stresses through plastic deformation as well as work 

hardening effects. This section aims to provide a comprehensive overview of the 
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conventional peening methods used for titanium alloys, including shot peening (SP), 

ultrasonic shot peening (USP), and laser shock peening (LSP), together with a further 

emphasis on newly developed peening methods, such as waterjet peening (WJP), and 

ultrasonic pulsed waterjet (UPWJ) peening. 

 

2.2.1 Shot Peening  

Shot peening is a conventional surface mechanical treatment used in both the 

automotive and aerospace industries, which is primarily applied to metallic systems. This 

process uses spherical óshotô as the peening media to bombard the materialôs surface using 

compressed air [20], [21]. A schematic of the SP process is displayed in Figure 2-10 [22]. 

The aim of this bombardment is to introduce inhomogeneous elasto-plastic deformations. 

The result is the formation of compressive residual stress and work hardening in the 

subsurface, leading to extension of the componentôs fatigue life. Compressive residual 

stresses occur when the shot displaces the material sideways, causing dimples in the surface 

[19]. By hardening the surface, this compressive stress resists crack initiation and crack 

propagation [21]. In addition, the compressive residual stresses induced by SP beneath the 

surface usually form a stress gradient, with the compressive stress being greatest at the 

impacted outer surface and decreasing through the depth until it is attenuated by tensile 

stresses [23]. 

 The depth and magnitude of residual stress can be determined by several factors, 

including shot size and material, intensity, impact velocity, and coverage [24]. Three main 

types of shots utilised in SP are steel shot, glass or ceramic beads, and cut-wire shot. Harder 

shot materials generate greater compressive residual stresses. Almen intensity is a common 

scale used to measure the peening intensity and is categorized to N (low intensity), A 

(medium intensity), and C (high intensity) scales [19]. This classification is based on the 

Almen stripôs thickness used for testing. To conduct Almen intensity testing, an Almen strip 

made of cold-rolled spring steel is subjected to the shot stream for a predetermined amount 

of time. After exposure, the strip curvature is measured by an Almen gauge and the value 

of the arc deflection at the centre of the strip is regarded as the Almen intensity. A higher 

intensity indicates that more kinetic energy has been transmitted to the components 
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during peening. Furthermore, the percentage of a surface area covered with shot-peening 

dimples is known as coverage, and it should never be less than 100 %, as fatigue and stress 

corrosion cracks may appear in the unpeened areas with no compressive residual stress 

effects [24]. 

 

 

Figure 2-10. Schematic illustration of SP process [22]. 

 

The performance of the shot peened components is increased by improving fatigue, 

rolling contact fatigue, stress corrosion, and fretting properties [22]. A number of 

researchers have studied the influence of SP on surface morphology, residual stress, fatigue, 

wear, and fretting behaviour of titanium alloys [18], [25]ï[28]. The primary mechanism for 

enhancing fatigue strength is believed to be the introduction of compressive residual stress 

through surface plastic deformation. The fatigue behavior is characterized by high-cycle 

fatigue (HCF) and low-cycle fatigue (LCF) regimes. In the HCF regime, the material 

experiences cyclic loading at high frequencies, resulting in failure through surface 

cracking. Thus, the resistance to crack nucleation is the most important factor for HCF 

properties. For LCF, it is important to have resistance to crack propagation, at this point 

roughness is not expected to be a significant contributor to fatigue life [10], [24]. SP can 

also have controlling effects on fretting wear behaviour. Fretting occurs at the interface of 

two highly loaded surfaces. The forces and relative microscopic movements between 

surfaces result in cold welding of their opposite asperities, as well as detachment of metal 

particles, contributing to scoring of the surface [7]. For a shot peened surface, typical 

roughness of the surface reduces fretting as contact points increase and contact pressure 

decreases. 
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In terms of the surface roughening effects of SP, it has been noted that for arithmetic 

mean height (Ra) values within the range of 2.5 Ò Ra Ò 5 Õm, surface microstructure and 

residual stress have a stronger correlation with fatigue performance than roughness [29]. It 

is crucial to keep in mind, though, that the way a component operates could have an impact 

on this claim, because any stress relief could undermine this dominance [24]. In that regard, 

Liu et al. investigated the effect of polishing treatment on fatigue life of shot peened Ti-

6Al-4V alloy under high cycle loading [21]. They used a pressure-controlled peening 

system, with a SP nozzle oriented towards the normal to the target surface. The shot type 

was S110 cast steel with a diameter of 0.28 mm, aiming for a coverage of 100 %. Their 

main purpose was to find a balance in optimizing surface roughness while keeping 

compressive residual stress high, as surface roughness is important from a stress 

concentration point of view, and subsequently predicting fatigue life. The results of 

profilometry and hole-drilling residual stress measurements revealed that although surface 

quality was improved by post-peening polishing, partial removal of the compressive 

residual stress during the polishing process reduces the benefits of SP. Their conclusion 

was consistent with other researchersô studies where they found that overall fatigue life 

enhancement from SP is a compromise between positive influence of compressive residual 

stress and negative surface effects [30].  

Yang et al. (2017) analyzed SP of Ti-6Al-4V dovetail joint specimens to improve 

the fretting wear and fretting fatigue behaviour [31]. It was stated that SP alters the wear 

mechanism in three stages: firstly, prevention of adhesion due to introducing surface 

roughness; Secondly, restraint to crack initiation and wear pits formation due to the creation 

of a surface strain-hardening layer; and thirdly, confining impact on crack propagation 

caused primarily by compressive residual stress. Furthermore, SP also had significant 

enhancement on fretting fatigue life of the Ti-6Al-4V dovetail joint samples [31].  

SP is straightforward, adaptable, and economically viable surface treatment 

technique and is frequently employed in the maintenance of aircraft components, including 

gears, turbine parts, connecting rods, etc. [32]. However, certain characteristics of this 

method pose engineering challenges for specific applications. For instance, using this 

method to peen materials causes extremely rough surfaces compared to the unpeened 

material, which can deteriorate surface integrity [33]. One other challenge is that since it is 
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difficult to guarantee uniform peening intensity and coverage of the surface, the thickness 

and behaviour of the peened layer are not uniform across the surface [32]. In addition, due 

to the nature of the process, applying SP to complex component geometries can be rather 

complicated. There is also the risk of contamination of the surface by the shot media [4]. 

Considering the above-mentioned reasons, SP may not be recommended in some 

applications.   

 

2.2.2 Ultrasonic Shot Peening  

Ultrasonic shot peening is a cold working surface treatment, similar to SP except 

that the shots are somewhat larger (between 1 to 10 mm) and driven against the materialôs 

surface by excitation of an ultrasonic transducer [19]. As shown schematically in Figure 2-

11, the relatively simple USP apparatus consists of an ultrasonic signal generator, a 

transducer that converts the generated signals into mechanical motions, and a horn or 

sonotrode that launches the shot at the target surface [34]. The high intensity ultrasonic 

vibrations, typically with a frequency of 20 kHz, are emitted from piezoelectric elements. 

A large number of vibrated shot beads hit the target surface over a short period of time. 

Since the directions of flight of the balls inside the vibration chamber are nominally 

random, the impact directions onto the surface are also rather random. Thus, repeated 

multidirectional shot impacts with high strain rates causes grain refinement, a high density 

of dislocations, and ultimately plastic deformation.  

 

 

Figure 2-11. Schematic of the USP process, including the specific components: (1) workpiece, (2) 

shot, (3) enclosure, and (4) horn [34].  
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The microstructural changes brought about by USP have a direct impact on the 

functionality of titanium alloy. Ultra-fine microstructures can be created in the surface 

region of USP processed metals, due to the creation of intense plastic deformation at high 

strain rates [34]. Kumar et al. evaluated the hot corrosion behaviour of Tiï6Alï4V after 

USP and they showed that owing to USP, Ti-6Al-4V surface region generated 

nanostructures of 17 to 25 nm up to a depth of 30 Õm. Representative scanning electron 

microscopy (SEM) images of the unpeened and USP Ti-6Al-4V are presented in Figure 2-

12. As can be seen, the microstructure following the USP treatment displayed plastically 

deformed regions to such an extent that distinguishing between the primary Ŭ- and 

transformed ɓ-Ti phases became challenging. 

 

    

Figure 2-12. SEM micrographs of solution treated Ti-6Al-4V alloy in the (a) unpeened state and 

(b) ultrasonic shot peened for 5 minutes [35]. 

 

When it comes to comparing the surface roughness generated by USP to SP, it was 

shown in a study conducted by Sonntag et al. that the mean roughness value (Ra) measured 

for an USP Ti-6Al-4V specimen was about 50% lower than that for the counterpart 

specimens, either laser shot peened or conventionally shot peened (Figure 2-13) [36]. It 

should be noted that the extent of surface roughness produced by USP can be 

controlled with the peening time. The effects of USP processing time have been researched 

by Zhu et al. [37]. According to their findings, the surface roughness initially increased 

with peening duration, but eventually stabilised after a sufficiently high surface hardness 

was attained. 
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Figure 2-13. A comparison between the mean roughness of Ti-6Al-4V surfaces peened utilising 

the SP, LSP, or USP techniques [36]. 

 

Compared to SP, the USP process also generates greater magnitudes of compressive 

stresses in the peened surface, and at depths 2 to 4 times higher than that achieved for SP, 

assuring enhanced fatigue life [19]. Another important characteristic is how the nature of 

the compressive layer changes with USP time. This is one of a number of USP process 

variables that can affect the thickness of the compressive residual stress layer. The effects 

of peening time at 15, 30, and 45 minutes on a USP Ti-6Al-4V specimen was assessed by 

Zhang et al. [38]. It was determined that as peening duration increased, so did the 

compressive layer's thickness (demonstrated in Figure 2-14). An increase in hardness was 

concurrently produced with the observed trend in layer thickness. However, selecting an 

appropriate duration for the USP treatment poses a challenge, as it is essential to ensure 

complete peening coverage and intensity across the material's surface. In terms of 

advantages, USP is considered a green process as it uses very small amounts of power, and 

only a few grammes of shot media [19].  
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Figure 2-14. The effects of USP processing time on the depth of the compressive residual stress 

layer of Ti-6Al-V. Optical micrographs of: (a) unpeened, and USP at (b) 15 min, (c) 30 min, and 

(d) 45 min [38]. 

 

2.2.3 Laser Shock Peening  

Laser shock peening can be considered as a relatively new (late 1960s) and 

alternative technology in the peening field. LSP is a cold working technique that involves 

the use of a high-intensity pulsed laser beam to strike a solid surface for nanosecond 

durations, usually 15 ï 30 ns [19]. The laser pulses create ótamped plasmaô at the 

impingement area, resulting in the formation of a thin melt layer on the surface of the 

substrate. There are two distinct advantages of laser peening as compared to SP process. 

First, the use of an ñopaque overlayò or ñabsorbent coatingò to protect the material surface 

from direct thermal contact with the laser beam, which shields the surface from the beam's 

heat. In addition, this sacrificial layer evaporates when exposed to the laser beam, creating 

a plasma layer through ionization in the heated zone. This ionization creates a region of 

high pressure, which generates a shock wave that propagates into the material, through the 

surface. Plastic deformation of the material occurs when the shock wave stress exceeds the 

dynamic yield strength of the material, inducing compressive residual stresses in the 

material. The absorbent coating can be of a variety of forms, such as black paint (dry or 

wet) [39]ï[41], black tape [19], or metallic foils (like Al, Cu, Pb, Zn) [42]. Second is a 

transparent layer that is added to confine the plasma generated by the laser. Confinement 
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can be achieved by using various materials such as water, K9 glass, quartz, Pb glass, 

PerspexÈ, and silicone rubber. The selection of a suitable transparent overlay material 

depends on factors such as the substrate material, density, and acoustic velocity. However, 

the most commonly used and cost-effective material is water [19], [43], [44]. A schematic 

of the LSP process is shown in Figure 2-15 [44].  

 

 

Figure 2-15. Schematic representation of the LSP process [44]. 

 

The effectiveness of the LSP process is greatly influenced by the selection of the 

laser parameters, the target material, and the characteristics of the absorbent and transparent 

overlay. It should be noted that the most critical factor is the plasma pressure, where an 

increase in plasma pressure leads to a proportional increase in the magnitude of the residual 

stress [45]. Plasma pressure can be regulated by a number of parameters, such as the laser 

wavelength (from 532 nm to 1054 nm), pulse duration (10 to 100 ns), laser spot size (1 mm 

to 6 mm), and laser pulse energy (1 J to 100 J) [19], [44], [46]. Higher laser pulse energies, 

larger laser spot sizes, and shorter pulse durations lead to higher plasma pressure and 

therefore, higher residual stresses. The selection of LSP processing parameters should be 

attained through an appropriate design of experiment (DOE) to acquire a combination of 

best surface properties for fatigue life and corrosion resistance, without causing significant 

microstructural damage. 

Kumar et al. explored the effects of laser pulse energy of the LSP process on the 

surface roughness of Ti-6Al-4V peened in air and water, with or without the use of an 
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ablative coating (in that instance a water based black paint of thickness ~4 Õm) [47]. From 

Figure 2-16, it was reasoned that the laser peening treatment did not significantly impact 

roughness, as the measured roughness (Ra) values ranged from 0.18 to 0.45 Õm. 

Interestingly, the highest Ra value was obtained when performing LSP in air. This finding 

was attributed to the direct contact of the laser energy with the material, unlike in water, 

where heat is sufficiently transferred via a convective medium hence the lower roughness 

[47]. The benefit of applying an ablative coating was also realized given that the roughness 

values were slightly lower than the roughness of the samples exclusively laser peened air 

or water. 

 

 

Figure 2-16. Surface roughness measured with different media for laser peened Ti-6Al-4V [37]. 

W, A, AC, and WC denote laser peening in water, air, air with coating, and water with coating, 

respectively.  

 

The extent of plastic deformation induced through LSP is partly dependent upon 

the laser energy and number of passes. Ren et al. have studied the evolution of dislocations 

in Ti-6Al-4V subjected to LSP [48]. Ti-6Al-4V samples were subjected to LSP using laser 

energies of 6.3 and 7.9 J, while also impacting the sample either once or twice. Figure 2-

17 displays selected transmission electron microscopy (TEM) images of the unpeened and 

LSP Ti-6Al-4V samples. As anticipated, there was no obvious indication of plastic 

deformation in the unpeened Ti-6Al-4V microstructure, just small dislocations in the Ŭ 

phase (Figure 2-17 (a)). Applying a single impact of LSP, with laser energy of 6.3 J, it was 
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found that some dislocations still assumed the previous orientation thus parallel alignment 

(Figure 2-17 (b)). Increasing the number of laser impacts to two, dislocation multiplication 

was apparent with a higher density of dislocation tangles (Figure 2-17 (c)). As the laser 

energy was increased to 7.9 J, dislocation cells ~200 to 300 nm were seen localized within 

the ɓ phase. Evidence of high intensity twinning was also reported when peening the 

sample with two laser impacts of 7.9 J (Figure 2-17). 

 

      

      

Figure 2-17. TEM images of Ti-6Al-4V in the (a) unpeened condition, and laser shock peened at 

(b) 6.3 J (single impact), (c) 6.3. J (double impact), and (d) 7.9 J (double impact) [48]. 

 

LSP is regarded as a well-proven replacement for conventional SP since it creates 

deeper residual stresses into the surface of the material (which can exceed 1 mm in 

depth) which is roughly 4-5 times that of SP [44]. Moreover, compared to SP, LSP produces 

a smoother surface [49]. Nevertheless, LSP carries the potential risk of melting the 

material's surface due to the extreme heat generated, with temperatures at the heating point 

reaching over 10,000ęC [8], [33]. As a result, this technique may not be appropriate for 
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alloys with low melting temperatures. It is also often carried out using a high-power laser 

with low repetition rate, which raises operating costs. To overcome these concerns, warm 

laser shock peening (WLSP) was developed as a new approach of laser peening combining 

the advantages of LSP, dynamic strain aging (DSA), and dynamic precipitation (DP) [50]. 

The main purpose was to enhance the material's microstructural and residual stress stability 

by subjecting it to LSP at elevated temperatures. WLSP involves heating the target 

component to a specific temperature, which is determined by the properties of the target 

material and the tamping medium used. The strengthening mechanism in WLSP involves 

locking of mobile dislocations through DSA and DP [44]. High repetition laser shock 

peening (HRLSP) is another approach that was developed in recent years. The working 

principle of HRLSP relies on an identical concept compared to LSP, while the only 

difference is that it employs a lower power and high repetition of laser impacts for the 

peening process [46]. This cost-effective approach offers the advantage of producing 

compressive residual stresses in the surface layers that are closer to the top surface, owing 

to the implementation of lower energy levels relative to LSP. 

 

2.3 Waterjet Peening Techniques  

High-pressure waterjet technology has been the subject of exploration for several 

decades, with early research dating back to the 1960s [3]. Over the years, significant 

advancements have been made in the application of waterjet processing in various fields, 

including surface cleaning, machining, surface treatments, and material cutting [6]. WJP is 

a relatively new application of these waterjet techniques that was first reported in 1984 for 

surface modification of steels [51]. This process is similar to SP with the exception that it 

uses a high-pressure water stream to continuously impinge the solid surface of metallic 

components [52]ï[54].  

 

2.3.1 Mechanism of Waterjet Peening  

Mechanism of WJP is such that once high-pressure water passes through a nozzle 

and hits the material surface, the impact of water droplets produces high peak loads in the 

surface. If the applied surface pressure exceeds the materialôs yield strength, then plastic 
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deformation is generated within the surface [4]. When a section of a material's surface is 

subjected to stretching and plastic deformation, the surrounding material provides elastic 

restraint, leading to the introduction of compressive residual stress at the surface region. 

Hence, the WJP process can be used to convert tensile residual stress into compressive 

stress on a materialôs surface[4]. Consequently, surface hardness, stress corrosion cracking, 

and fatigue life will be improved with negligible influence on the surface roughness [3], 

[55]. 

When studying the liquid impact on a solid surface, there are two main stages to 

take into consideration. Following the schematic shown in Figure 2-18, the liquid exhibits 

compressible behavior in the initial phase, producing the pressure known as the "water-

hammer" effect. Here, the high pressure is the cause for the majority of the damage done 

by liquid impact on the solid surface. This impact pressure (Pi) caused by the water-hammer 

effect was defined by Haller in 1933, and is presented in Equation 2-1 [56]: 

ὖ                                                                                                                   (2-1) 

where ɜ represents the impact velocity of the liquid (usually water), and ɟ1 and c1 are the 

density and speed of sound (shock velocity) in the liquid, respectively. Similarly, ɟ2 and c2 

represent the density and speed of sound within the solid material (usually a metal 

component), respectively. Knowing the speed of sound in water is much greater than the 

speed of sound in the solid material, Equation 2-1 can be simplified as [56]:  

ὖ  ὺ”ὧ                                                                                                                     (2-2) 

The equation for c1 (speed of sound in water) was given by Heymann in 2000 as:  

ὧ  ὺ Ὧὺ                                                                                                                 (2-3) 

where vs is the acoustic velocity, which for water is about 1480 ms-1, while the value of k 

is constant to 2 [57]. Therefore, Equation 2-2 can be simplified as [57], [58]:  

ὖ ρȟττχȟπτπ ὺ                                                                                                           (2-4) 

 

Following the initial impact pressure, the second stage of liquid impact starts as the 

liquid flows in an incompressible manner, establishing a streamline flow. During this stage, 
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the pressure on the central axis decreases to a much lower ñBernoulli stagnationò pressure, 

which persists for a comparatively longer duration. Stagnation pressure, Ps, can be 

calculated using Equation 2-5 [56]:  

ὖ  ” ὺ                                                                                                                    (2-5) 

where v represents the velocity of the jet and ɟ is the density of the water (as before). 

Knowing the density of water equals to 998 kgm-3, Equation 2-5 can be rewritten as [58]:  

ὖ τωω ὺ                                                                                                                   (2-6)       

                                     

 

Figure 2-18. A schematic of liquid impact on a solid target in two stages [56]. 

 

One of the benefits of WJP is the high level of geometrical accessibility and process 

flexibility for the treatment of complex workpiece geometries. In addition, uniform 

coverage of the surface, with only a slight change in surface roughness, is another benefit 

of this process. The process is relatively easy to control, as it is impacted by a lower number 

of variables compared to other peening techniques [59]. The WJP process is also 

characterized as cost-effective and environmentally friendly, as it does not generate any 

dust during the surface treatment [8], [56].  
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2.3.2 Processing Parameters in Waterjet Peening  

Figure 2-19 shows a schematic of the WJP process, including all of the important 

processing parameters. The main parameters in WJP are defined as the traverse speed (Vt), 

the stand-off distance (SOD), waterjet pressure, number of passes, nozzle configuration 

(geometry), nozzle diameter, exposure time, and impingement angle [4], [55]. It is vital to 

choose optimal peening parameters carefully so that surface treatment may be completed 

without having any negative effects on the surface characteristics, such as topography and 

roughness [4]. While the water pressure, nozzle geometry, and impingement angle are a 

few examples of variables that have an impact on the coherence of the waterjet, the key 

parameters influencing the interaction between the jet and workpiece surfaces are stand-

off distance and traverse speed [4], [55]. In terms of the nozzle, different geometries that 

are employed for WJP include round nozzles, conical nozzles, and flat nozzles, as well as 

abrasive waterjet (AWJ) cutting nozzles [4], [53]. The choice of nozzle geometry is 

determined by the desired surface finish, the complexity of the component geometry, the 

material being treated, and the intended application. It is important to mention that WJP 

can be performed with or without abrasive particles, depending on the application. With 

the addition of abrasive particles, greater compressive residual stresses are produced, and 

the metal surface becomes noticeably rougher. This characteristic is useful in biomedical 

applications, since an implant with rougher surface shows better integration with the host 

tissue. However, there is also the risk of some abrasive particles becoming embedded in 

the peened surface which could compromise surface integrity. Therefore, it is preferred to 

employ an optimized level of AWJ peening, as excessive exposure may lead to the 

development of stress raisers, which notably undermines the fatigue life [3], [60].  
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Figure 2-19. Schematic of the WJP process, adapted from [61]. 

 

2.3.3 Waterjet Structure in Air  

In order to select appropriate parameters that yield a maximal peening effect on 

surface integrity, fundamental understanding of the characteristics of the waterjet is 

imperative. According to previous research, three distinct areas can be identified in the 

general structure of turbulent waterjets, namely an initial region, main region, and a final 

region [4], [62], [63]. Each of these regions has distinct characteristics that should be 

considered when selecting the stand-off distance. As presented in Figure 2-20, the initial 

region, situated immediately behind the nozzle, exhibits consistent flow characteristics, 

and plays a crucial role in generating a constant axial dynamic pressure. Since the 

magnitude of this dynamic pressure is lower than the yield strength of the material, it is not 

deemed capable of causing localized plastic deformation and, as a result, is unsuitable for 

WJP purposes. This region is primarily utilized for purposes such as cutting, stripping, and 

coating removal. The transition region, also known as the droplet fluid flow, is where the 

continuous waterjet turns into droplets. Here, the impact of the water droplets generates 

peak loads that exceed the dynamic pressure in the initial region, resulting in surface plastic 

deformation. Thus, peening predominantly occurs in the main region [62], [63]. The final 

region, which succeeds the main region, is characterized by jet diffusion. Within this 

region, the water droplets gradually decrease in size and energy, rendering them ineffective 

in producing any significant improvements in the strength characteristics of the surface. 
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Overall, it is crucial to position the sample in the appropriate region of waterjet for peening 

purposes. 

 

 

Figure 2-20. Schematic of waterjet structure in the air [51].  

 

2.4 Current Research on Waterjet Peening of Titanium Alloys 

Over the last two decades, considerable research has been conducted to explore the 

potential of WJP processes as surface treatment methods for various materials, including 

steels [52], [64]ï[66], aluminium alloys [33], [51], [55], [67], and copper alloys [68], [69]. 

The main objective of their investigations was to find a balance between inducing 

compressive residual stresses and the potential degradation arising from alternation of the 

surface roughness, so that fatigue strength and fatigue life are optimized. Due to the 

significance of titanium alloys in various industries, and being the main focus of the present 

research, the subsequent section will provide an in-depth review of the existing literature 

regarding the application of WJP techniques applied on titanium alloys; this assessment is 

based on three critical evaluation categories, notably ñSurface Roughness and Erosionò, 

ñSub-Surface Evaluationsò, and ñFatigue Life Enhancementò.  

 

2.4.1 Surface Roughness and Erosion 

The importance of surface roughness and topography is related to the fact that they 

have a significant influence on fatigue strength. It is well known that high surface 
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roughness values can result in micro stress concentrations, which in turn can cause a 

reduction in fatigue strength. A number of investigations have been conducted to examine 

how the processing parameters of WJP can affect the surface roughness of titanium alloys. 

One crucial parameter is the waterjet pressure, in which choosing an optimal range can 

play a major role in achieving suitable surface properties. Arola et al. [70] subjected CP-

Ti (3.2 mm thick) and Ti-6Al-4V (6.4 mm thick) alloys to a WJP treatment. The samples 

were positioned normal to the jet nozzle. The WJ peening process was conducted with a 

constant traverse speed of 3.81 m/min, and a cross-hatch pattern, while changing the jet 

pressure in the range of 140 to 280 MPa. The initial Ra surface roughness values for the 

CP-Ti and Ti-6Al-4V before peening were 2.9 Õm and 0.9 Õm, respectively. Using a stylus 

surface profilometer, it was shown that WJP with the highest jet pressure of 280 MPa 

resulted in higher Ra values for both CP-Ti (Ra = 3.7 Õm) and Ti-6Al-4V (Ra = 2.4 Õm), 

when compared to lower waterjet pressures. Indeed, surface roughness increased linearly 

with an increase in water pressure. They also explored adding garnet abrasive particles to 

the water stream, using three mesh size levels (#50, #80, and #120). In this case, using the 

jet pressure of 280 MPa, the addition of abrasive particles led to a noticeable increase in 

Ra values for both CP-Ti and Ti-6Al-4V within the range of 8-15 Õm, in which smaller 

abrasive particle size was associated with higher Ra value. In addition, as shown in Figure 

2-22 for the Ti-6Al-4V WJ peened surface, some particles were also imbedded within the 

surface [70].  

 

 

Figure 2-21. Deposition of abrasive particles (#80) in Ti-6Al-4V peened surface caused by 

abrasive WJ peening [70]. 
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Similar research has been conducted on the Ti-6Al-4V alloy biomedical grade with 

two waterjet pressures of 240 and 360 MPa by Lieblich et al. [71]. While the Ra value of 

the unpeened samples was around 1.3 Õm, the application of WJP at pressures of 240 MPa 

and 360 MPa resulted in increased surface roughness, with Ra values of 11.4 Õm and 23.3 

Õm, respectively. Waviness, the other surface roughness parameter they analyzed, was 

remarkably greater when higher jet pressure was used during the process, resulting from 

higher kinetic energy being transferred to the surface. Polished cross sections of these 

waterjet peened samples are demonstrated in Figure 2-23, with a few short microcracks 

and damage initiation at the grain boundaries. Arola and McCain [72] investigated the 

potential of utilizing AWJ peening as an innovative technique for preparing the surfaces of 

metal orthopaedic implants. The surface roughness of a titanium alloy (Ti-6Al-4V) 

resulting from AWJ peening was found to be less than that obtained with plasma spray 

coating, utilized for cementless fixation in metal orthopaedic implants. 

 

           

                                       (a)                                                      (b) 

Figure 2-22. SEM backscattered electron images of cross sections of Ti-6Al-4V (grade 23), 

treated with waterjet at pressures of (a) 240 MPa, (b) 360 MPa [71]. 

 

Apart from the main benefit of WJP in introducing plastic deformation and assisting 

the fatigue life, working with a high-velocity water stream has the risk of surface erosion 

or surface damage. If the peening processing conditions are beyond the threshold value of 

titanium alloys, it will cause microcracks and erosion due to the transfer of kinetic energy 

to the workpiece, and both are considered undesirable for the fatigue life of the component. 

When the material surface is subjected to high erosion, there is typically a corresponding 

increase in surface roughness as more material is removed. Thus, it is expected that metals 
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treated with waterjet technology would exhibit rough surfaces, if generating high degree 

of erosion at the surface. For that reason, it is crucial to identify the ideal parameters for 

achieving a controlled surface treatment without causing any harmful surface erosion. 

During waterjet peening, the erosion process initiates with the creation of micro-pits and 

craters in the surface, which subsequently merge to form larger surface cracks and voids. 

As the cracks continue to propagate through the material, it leads to the fragmentation of 

the surface of the material into smaller pieces [73].  

Srivastava et al. have explained the various stages of erosion due to the repetitive 

impact of water droplets on the surface. During the first instance of droplet impact, the 

surface exhibits a shallow depression, and its depth increases with subsequent impacts. 

When the droplet collides with the depression, it leads to compression of water for a longer 

period and results in a higher impact pressure. When the angle between the water surface 

and the interface surpasses a critical value, the shock envelope ruptures. The deformed 

area's walls also compress the water, which causes the jet's shape to alter [74].  

Barriuso et al. [75] investigated the impact of traverse rate on the roughening of a 

titanium alloy (Ti-6Al-4V) using waterjet peening. Utilizing SEM to examine the 

microstructure of the eroded surfaces, they observed that the specimen treated with a slower 

traverse rate exhibited greater erosion, which was evidenced by a higher number of pits 

with deeper undercuts. Based on the dependence of erosion mechanism on exposure time, 

Chillman et al. [76] have mentioned that the production of a desired surface finish with 

minimum surface erosion can be generated at an ideal transverse speed.  

 

    

Figure 2-23. SEM images of eroded surfaces of Ti-6Al-4V alloy, waterjet peened at a traverse 

speed of (a) 0.05 m/min, and (b) 0.1 m/min [75]. 
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2.4.2 Sub-Surface Evaluation (Microstructure, Hardness, and Residual stress) 

The WJP process can relatively alter the microstructure of treated samples due to 

the plastic deformation induced by the repeated impact of high-velocity water droplets 

upon the surface. Various microstructural changes, such as slip bands, dislocations, and 

twins can be detected by appropriate microscopic analysis. For instance, grain refinement, 

grain misorientation, as well as grain boundary alterations can be determined using SEM, 

and electron backscatter diffraction (EBSD) analysis. Chakkravarthy et al. [53] employed 

EBSD analysis to observe the grain refinement and formation of sub-grains in the 

microstructure of Ti-6Al-4V alloy, caused by the transformed ɓ phase, as a result of AWJ 

peening [60]. Related inverse pole figures (IPF) are shown in Figure 2-24. In terms of phase 

evolution, X-ray diffraction (XRD) analysis suggests the broadened and shifted peaks were 

due to lattice distortion in the form of plastic deformation. An example of Ti-6Al-4V XRD 

pattern and the relevant changes before and after WJP is presented in Figure 2-25 [60].  

In addition, Darmo and Kaliwantoro [77] conducted a study on WJP of Ti-6Al-4V 

alloy at a pressure of 70 MPa, a traverse speed of 30 mm/s, and various standoff distances 

ranging from 20 mm to 100 mm. They found that when changing the stand-off distances, 

ɓ phase can be transformed into the Ŭ phase. Indeed, higher standoff distance will inhibit 

the formation of the Ŭ phase, so that the beta phase formed becomes more numerous. These 

microstructural changes can contribute to development of hardness in the sub-surface layer.  

According to their research, the maximum of surface hardness was achieved at the standoff 

distance of 40 mm, equal to 370 Kg/mm2, almost double the value of surface hardness in 

the untreated condition (190 Kg/mm2). The reason for this is that, at this specific standoff 

distance, the power generated is effectively developed and has adequate impacting energy 

to induce dislocation movement and plastic deformation on the impacted surface. The 

minimum surface hardness of 273 Kg/mm2 was recorded for at the standoff distance of 100 

mm.  
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Figure 2-24. EBSD IPFs of (a) unpeened, and (b) abrasive waterjet peened Ti-6Al-4V surfaces. 

The IPF legends are shown on the right [60]. 

 

 

Figure 2-25. An example of XRD pattern of Ti-6Al-4V alloy before and after abrasive waterjet  

peening [60]. 

 

Waterjet peening, similar to other peening methods, has demonstrated notable 

effectiveness in enhancing the mechanical attributes of metals through the creation of 

compressive residual stress. Several studies have been conducted to demonstrate the 

beneficial effects of WJP on inducing compressive residual stress in titanium alloys. 

Chillman et al. [76] conducted an investigation on the impact of high-pressure WJP, at 600 

MPa, on the surface Ti-6Al-4V alloy. They manipulated the traverse rates, within the range 

of 84.7 mm/s to 169.3 mm/s, and standoff distance, in the range of 12.7 mm to 63.5 mm. 

The results indicated that the WJP at 600 MPa resulted in plastic deformation in deeper 
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subsurface layers as well as a higher degree of plastic deformation. Arola et al. [70] 

examined the compressive residual stresses generated by WJP for both CP-Ti and Ti-6Al-

4V. They found that while the amount of residual stress induced by WJP for CP-Ti was 

within the range of -200 MPa to -60 MPa, the residual stress in Ti-6Al-4V ranged between 

-400 MPa and -30 MPa. Compressive residual stress distribution with respect to depth was 

explored after WJP of Ti-6Al-4V coupons at two higher jet pressures of 360 (WJP-1) and 

240 MPa (WJP-2) [71]. As presented in Figure 2-26, the authors indicated that, although 

the stress penetration depth for both examined jet pressures was similar, the stress measured 

at each depth was higher for the samples treated with the pressure of 360 MPa than the 

sample treated with lower pressure of 240 MPa. 

 

 

Figure 2-26. Residual stress distribution for the Ti-6Al-4V coupons, polished (P), blasted (BL-A), 

and waterjet peened at 360 MPa (WJP-1) and 240 MPa (WJP-2) [71]. 

 

It has been stated that incorporating abrasive particles into the WJP may result in a 

higher compressive residual stress on the surface, as compared to a purely water-based 

waterjet. Chakkravarthy et al. [60] carried out a study to investigate the effects of AWJ 

peening on the generation of residual stresses in the Ti-6Al-4V alloy. The results of X-ray 

residual stress analysis (Figure 2-27) showed that the Ti-6Al-4V peened surface exhibits a 

compressive residual stress of 351 MPa at the surface, which gradually decreased to -51 

MPa at approximately 60 Õm from the surface. However, this approach can also result in 

significantly higher surface roughness due to embedding of the abrasive particles. A study 
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by Arola et al. [78], which evaluated the effect of AWJ peening on the mechanical 

properties of Ti-6Al-4V, indicated that the highest residual stress resulting from the 

treatment was associated with the ñhighest pressureò and ñlargest abrasive sizeò. The 

impact of these two parameters on residual stress is presented in Figure 2-28 as a contour 

plot. However, an increase in both pressure and grit size may subsequently facilitate 

material removal, leading to a reduction of residual stress through stress relief.  

 

 

Figure 2-27. Residual stress distribution of peened Ti-6Al-4V alloy using abrasive WJP [60]. 

 

 

Figure 2-28. The influence of waterjet pressure and abrasive particle size on residual stress 

development of Ti-6Al-4V alloy [78]. 
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2.4.3 Fatigue Life Enhancement  

The material surface and the subsurface conditions have a significant influence on 

fatigue strength and lifetime. Generally, fatigue-related crack initiation occurs near the 

surface as a result of cyclic loading. One of the methods of enhancing fatigue life is to 

hinder the crack initiation at the surface by applying compressive stress in the surface and 

sub-surface layer by waterjet peening. The improvement in fatigue strength is a complex 

process, since the interplay of the positive impact of high compressive residual stress and 

the negative effect of high roughness after such treatments (surface mechanical treatments) 

makes it difficult to compare the effects directly. One of the notable benefits of waterjet 

peening, in contrast to SP, is the minimal alteration in roughness and topography. SP creates 

a micro-crater structure on the surface due to the impact of solid balls, whereas WJP does 

not cause such significant changes.  

Only a few research studies have been conducted to examine the impact of various 

WJP parameters on fatigue behavior of titanium alloys. Comparing the influence of WJP 

with commercial grit blasting on fatigue strength of biomedical Ti-6Al-4V ELI alloy, 

Lieblich et al. [71] conducted an investigation under moderate to severe conditions. They 

performed blasting (BL) with Al2O3 particles of angular shape and of 1ï2 mm in size. High 

pressure abrasiveless WJP was performed with a perpendicular nozzle to the surface, at a 

standoff distance of 2 mm, and traverse speed of 0.05 m/min. Waterjet pressures used for 

treating the surface were 360 and 240 MPa, referred to as WJP-1 and WJP-2, respectively. 

The fatigue behavior of the WJP and BL specimens was characterized under cyclical 

uniaxial tension tests (R = 0.1) and frequency of 20 Hz, with flat specimens of 3 mm 

thickness, according to the ASTM E466-96 standard. These tensile-tensile loads were 

continued until failure or N = 2Ĭ106 cycles were achieved (run out conditions). The results 

of fatigue testing (shown in Figure 2-29) revealed that increasing the waterjet pressure from 

240 to 360 MPa resulted in higher surface roughness, followed by a noticeable fall in 

fatigue resistance. To understand this behavior, it should be mentioned that high waterjet 

pressure of 360 MPa raises the amount of removed material, reflected by material erosion 

which allows a partial relief of residual stress. Additionally, blasting with alumina particles 

was less harmful than WJP for fatigue resistance. Specimens treated with more severe WJP 

parameters presented much higher mass loss and lower compressive residual stresses. 
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Moreover, the authors concluded that in addition to roughness, waviness appears as another 

effective topographic parameter to be considered in predicting the fatigue behavior [71].  

 

 

Figure 2-29. The S-N curves obtained for Ti-6Al-4V (Gr. 23) in the unblasted condition (P), after 

blasting with alumina particles (BL-A), and WJP at two pressures, WJP-1 (P = 360 MPa) and 

WJP-2 (P = 240 MPa) [71]. 

 

2.5 Ultrasonic Pulsed Waterjet Peening  

The techniques utilized in waterjet processing can be categorized into two primary 

groups: continuous and discontinuous. In the case of continuous waterjet (CWJ), the 

maximum pressure experienced at the solid surface is the stagnation pressure (Ps), as the 

stagnation pressure is relatively constant and is maintained as long as the jet is in contact 

with the surface. CWJ operates under high-pressure conditions, leading to increasing 

operational expenses and power usage. Recent technological advancements in waterjet 

technology have enabled the transformation of a continuous waterjet into discontinuous 

waterjet, for example pulsating waterjet (PWJ) [4]. For pulsating waterjet, the role of water 

hammer pressure (impact pressure, Pi) is more pronounced, relating to the impact of each 

pulse and the water hammer pressure is typically much higher than the stagnation pressure. 

There are several ways to produce pulsed waterjets, such as using mechanical modulators, 

which are responsible for the forced periodic modulation in the waterjet. One drawback of 
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this arrangement is the limited durability of the rotating parts in the modulator [79]. Self-

resonating nozzles can also be employed to generate discrete annular whirls in the waterjet 

flow. However, the effectiveness of disintegration by this method is limited due to 

insufficient pulsation [74].  

To address the shortcomings of the aforementioned methods in producing pulsed 

waterjets, an alternative technique has been developed, thanks to ultrasonic converters. 

UPWJ is a specialized form of pulsating waterjet that combines the use of high-frequency 

ultrasonic vibrations with a waterjet to enhance the peening process. A schematic diagram 

of UPWJ peening is shown in Figure 2-30. During the UPWJ peening process, the waterjet 

is pulsed intermittently, with each pulse generating a high-pressure wave that impacts the 

target surface. The pressure fluctuations in the water stream are induced by a vibrating 

sonotrode, typically operating with a frequency of 20 kHz or 40 kHz. The acoustic setup 

comprises an ultrasonic generator, an electric cable, a transducer (either magnetostrictive 

or piezoelectric), and a sonotrode [68], [79]. These pressure fluctuations force the waterjet 

stream to break up into a series of discrete pulses at a certain stand-off distance when 

exiting the nozzle. The stand-off distance (necessary for the generation of discrete clusters) 

is a crucial factor in fully utilizing the water hammer effect during UPWJ peening [80]. 

The exact stand-off distance depends on both water pressure and frequency. The high-

frequency impacts of pulsed water impinge the target surface in the form of cyclic loading, 

causing the material to yield more readily under the applied stress and are able to penetrate 

deeper into the peened area. The shape of the pulses is influenced by stand-off distance. In 

fact, stand-off distance can affect both material characteristics and subsequent material 

erosion [73].  
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Figure 2-30. A schematic drawing of the UPWJ peening process [81]. 

 

There are some modifications in pulsed waterjet in comparison to the regular 

continuous waterjet. The main difference lies in the diameter of the jet. While the diameter 

of a regular continuous jet is virtually equal to the diameter of the orifice, depending on 

pressure and flow, the diameter of a pulsed waterjet can be 20 times as large as the orifice 

diameter. This significant increase in jet diameter can correspondingly enhance the 

efficiency of the jet at a given stand-off distance. The next area of modification pertains to 

the impact pressure of the waterjet. As mentioned earlier, the water-hammer impact 

pressure, Pi, resulting from pulsed water clusters colliding with a surface, is significantly 

greater than the corresponding stagnation pressure, Ps, produced by a continuous jet 

operating under identical conditions. Indeed, when comparing the simplified Equations (2-

4) and (2-6), it is understood that Pi > Ps, according to ᾀ  [58]. Furthermore, it 

is stated that a pulsating waterjet can operate using significantly lower input pressures 

compared to a continuous jet. It is a common practice to use pressures up to 150 MPa for 

generating pulsating waterjets, whereas continuous jets typically require higher pressures 

[82], [83]. In addition to the benefit of reduced power consumption, PWJs offer lower noise 

levels, and increased control over the peening process.   

Kalliecharan et al. [84] investigated the impact of UPWJ on the surface roughness 

of surgical grade 23 Ti-6Al-4V for biomedical applications. The researchers analyzed 
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changes in the oxide layer and surface roughness of the peened surfaces by varying the 

traverse rate. The results indicated that UPWJ produced favorable macro and nanoscale 

roughness, which could potentially increase the biocompatibility of Ti alloys in the body. 

Moreover, Stol§rik et al. [85] have studied UPWJ peening of biomedical grade Ti-6Al-4V 

with the purpose of creating surface properties that improve biological interactions between 

the implant and tissue during osseointegration. They mentioned that ǘhe suggested surface 

roughness range for an implant is 1-10 Õm, depending on, for example, the age and physical 

condition of the patient. They focused on changing three parameters, namely the traverse 

speed (1-10 mm/s), frequency (20 kHz and 40 kHz), and trajectory pattern (linear and 

cross-hatch) at a constant jet pressure of 70 MPa. They concluded that frequencies of both 

20 and 40 kHz showed the same trend for the average areal roughness parameter (Sa) value, 

where Sa decreased with a decrease in the number of water impingements on the material 

surface, effectively achieved by increasing the traverse speed. In terms of frequency, 

significantly higher Sa values (of the order of 10 times greater) were obtained when using 

the lower frequency of 20 kHz. The main reason for this observation can be attributed to 

the jet being fragmented into larger clusters at a frequency of 20 kHz, compared to 40 kHz. 

The resultant water clusters consisted of droplets with larger individual mass, causing 

higher kinetic energy to be imparted into the material, ultimately leading to substantial 

alteration in the surface roughness. When the trajectory influence was compared at a 

constant frequency and traverse speed, it was observed that the utilization of a cross-hatch 

trajectory led to higher Sa values, up to a maximum of 83.86 ɛm at a traverse speed of 2 

mm/s. Lower Sa values, erosion rates, and microcavity concentrations were observed in 

the experimental runs with a linear trajectory, which can be attributed to a reduced number 

of repetitive impacts of water on the materialôs surface.  

 

2.6 Research Gaps and Scientific Approach 

In general, the application of peening processes can lead to enhancements in the 

fatigue strength of a workpiece, provided that sufficient levels of compressive residual 

stresses and work hardening are induced in the material's surface layer. Nonetheless, the 

extent of such improvements is highly contingent upon various factors, such as the 

magnitude of the induced residual stresses and the resultant surface finish. Among 
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conventional peening processes, SP and LSP have already gained widespread recognition 

and acceptance. However, despite their advantages, there are drawbacks, mentioned earlier 

in Chapter 1 (Introduction). For example, SP may result in the formation of defects and 

rough peened surfaces, which have been found to be detrimental to fatigue by increasing 

crack initiation. In LSP, the use of a high-intensity laser with short pulses may cause 

changes in the material properties by inducing tamped plasmas at the location where the 

laser is applied. There is also the risk of thermal effects such as melting for metallic alloys 

with low melting points [33].  

WJP has been identified as an effective solution to the limitations observed in other 

peening processes, as it can generate a surface that is both clean and smooth with minimal 

surface roughness, while also minimizing the thermal effects associated with other 

techniques. Several research works have been carried out to explore the scientific 

fundamentals and process parameters of WJP for effectively peening the surface of 

titanium alloys. Regarding UPWJ peening, a summary of the research conducted to date 

on UPWJ peening of different materials is listed in Table 2-6. While the number of studies 

to-date is quite limited, a primary emphasis has been placed upon UPWJ peening of 

stainless steels and aluminium alloys. Nonetheless, despite its promising potential as a 

viable method of generating pulsed jet and enhancing the surface strengthening 

mechanism, there are limited number of studies investigating the effectiveness of UPWJ 

peening on titanium alloys. In fact, essentially no emphasis has so far been placed upon the 

optimization of the UPWJ processing parameters for titanium-based alloys. In addition, 

there was no research study conducted on UPWJ peening of AM processed Ti alloys. 

Within this general context, there has not been a systematic study of the influence of 

traverse speed and stand-off distance, as two of the most influential processing parameters 

in UPWJ peening, on surface textures, microstructural changes, generated residual stress, 

and fatigue properties of titanium alloys. Driven by the aim of addressing this knowledge 

gap, the present study investigates the peening effect of UPWJ, especially traverses speed 

and stand-off distance, on titanium alloys. Two of the most commonly used titanium alloys, 

namely CP-Ti and Ti-6Al-4V (both Grade 5 and 23), were selected based on their wide 

applications in aerospace and biomedical industries. These materials were considered in 

both wrought and, for Ti-6Al-4V Grade 5, additively manufactured (AM) forms. 
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Moreover, SP is also employed for the outlined materials to compare with UPWJ peening 

and provide a suitable baseline peening treatment. After UPWJ peening, the 

microstructures, surface roughness and topography, residual stress profiles, surface 

indentation hardness, scratch hardness, and fatigue strengths are evaluated under varied 

UPWJ process conditions.  

 

Table 2-6. Summary of the several studies on UPWJ peening of different materials. 

Reference Material Processing parameters 

  

Jet 

Pressure 

(MPa) 

Frequency 

(kHz) 

Stand-off 

Distance 

(mm) 

Traverse 

Speed (mm/s) 

[79] 
Al alloy 

(AW-6060) 
30, 40 20.4 5-101 5 

[73] 
Al alloy 

(AW-6060) 
100 20 5-90 10 

[86] 
Al alloy 

(AW 5083) 
150 20 - - 

[87] AISI 304 70 20.18 5-101 5-35 

[69] Cu alloys 50 20.38 55 2.4 

[84] 
Ti-6Al-4V 

(Grade 23) 
- 20 - 40-500 

[88] AISI 304 100 20 5-101 5 

[56] Pure Al 20, 30, 40 20 - 1.6 

[80] 

Al alloy 

(AW-

1050A) 

10-30 42.5 42, 44, 46 10-480 

[89] 
Brass 

(CW614N) 
39 20.31 35 0.2-1.4 

[9] AISI 304 40-100 20 15, 23, 31 5, 15, 25 

[74] AISI 304 20 20 10-100 0.25-2.5 

[85] 

Ti-6Al-4V 

(unspecified 

grade) 

70 20, 40 43, 77 1-10 

[8] 
Welded  

AISI 304 
- 20 10-100 - 

[81] Al -MMC  34.5 20 25.4 150-1000 

[90] Al-MMC 34.5 20 25.4 150-900 
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Abstract  

Commercially-pure titanium (CP-Ti) has proven indispensable in critical industries 

such as aerospace and automotive. To meet the ever-increasing demands of titanium 

applications, UPWJ has been evaluated for the first time on CP-Ti, as a novel method to 

optimise compressive surface residual stress. UPWJ offers the potential for an 

environmentally benign, non-contaminating peening process, paving the way for 

sustainable surface modification methods. UPWJ treatment involved directing a waterjet 

at a pressure of 69 MPa onto CP-Ti coupons, maintaining a stand-off distance of 25.4 mm 

and adjusting traverse speeds from 200 to 1000 mm/s. The effects of stand-off distance 

were also evaluated (varied from 25.4 to 44.4 mm), at a constant traverse speed of 1000 

mm/s. Conventional SP was also applied on the same CP-Ti alloy as a baseline. The 

experimental results revealed relationships between the applied traverse speed and stand-

off distance, and the measured surface roughness and residual stress. Furthermore, it was 

shown that UPWJ improves the surface mechanical behaviour, in terms of both the 
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Rockwell hardness (HRB) and the scratch hardness. A higher stand-off distance and faster 

traverse speed contributed to increasing the induced compressive residual stress (to a 

maximum of -391 MPa), while keeping the surface roughness at moderate levels (i.e., Ra 

<3 ɛm). Comparing UPWJ with SP, this study highlights the potential of UPWJ for CP-Ti 

alloy surface modification, while removing the potential for surface contamination, which 

can be detrimental in many applications. Comparison of UWPJ used for peening Ti-6Al-

4V (Grade 5) is also briefly discussed. 

Keywords: residual stress; surface modification; surface roughness; hardness; titanium 

alloys; waterjet peening. 

 

3.1 Introduction  

High velocity waterjet processes have achieved significant advancement in 

applications such as surface cleaning, machining, surface treatments, and cutting of 

materials [6]. In particular, within the past twenty years there has been a new advancement 

in the application of waterjet technology in the field of surface modification treatments 

[91], [92]. WJP is aimed to overcome the limitations of more conventional peening 

methods, such as SP and LSP, and has currently been employed in various industrial 

applications from aerospace to biomedical industries [78], [93]. In this process, instead of 

using solid media, a high pressure water stream impinges upon the material surface, 

contributing to the formation of plastic deformation in the subsurface layer, hence inducing 

beneficial compressive residual stresses [4], [94]. 

Interest has recently further increased in the comparison of  CWJ and discontinuous 

waterjet (such as pulsed waterjet) techniques, with the intention of further improvements 

in waterjet technologies [83]. While CWJ peening utilizes an uninterrupted stream under 

high pressures, use of a pulsed waterjet offers a hybrid modification which combines the 

CWJ with ultrasonic pulsation technology, therefore called UPWJ [94]. As described by 

Nag et al. [79], the phenomenon of ultrasonic vibrations in water flow can be generated by 

the periodic motion of a sonotrode in a pressurized acoustic chamber. These vibrations give 

rise to discrete pulses in the water flow, which transform into water clusters after a certain 

distance from the nozzle. The resulting clusters impact the surface repeatedly, generating 
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a continuous series of loading forces. This leads to an increase in the impact pressure due 

to the ñwater hammeringò effect, when compared to a continuous jet at the same water 

pressure [95].  

In addition to assisting in achieving the maximum operational performance, the 

design of the ultrasonically-agitated pulsating water stream excludes any usage of abrasive 

particles, which makes it a less hazardous and more environmentally friendly process [58], 

[73]. UPWJ is capable of delivering smooth surfaces, high compressive residual stresses 

together with surface hardening effects, and consequently the potential for improved 

fatigue strength. Owing to its distinguishing characteristics, the UPWJ approach has 

acquired momentum among researchers in recent years [58]. The efforts of several authors 

have been focused on elucidating the peening and erosion mechanisms involved in UPWJ 

for a range of materials, including aluminum alloys, steels, copper alloys, and titanium 

alloys. A summary of the materials that have been examined to-date by various research 

groups, along with processing parameters used in their UWP studies, are listed in Table 2-

6. 

Lehocka et al. [69] have made an attempt to analyze the surface topography and 

structural anisotropy of copper alloys (brass and bronze) processed using UPWJ. They have 

showed that while using waterjet pressure of 40 MPa, sonication frequency of 20.38 kHz, 

and at a constant stand-off distance of 55 mm, the average value of the roughness (Ra) 

acquired by UPWJ was not only influenced by peening conditions, but also by the tensile 

strength and hardness of the workpiece [69]. Hloch et al. [88] investigated the influence of 

waterjet pressure (in the range of 40 to 100 MPa) on the surface erosion and microhardness 

of AISI 304 stainless steel. They conducted the peening process at a constant traverse speed 

of 5 mm/s. It was discovered that the surface erosion was due to the water hammering 

effect, caused by the impingement of water droplets, in which the maximum depth of 

erosion was ~1.24 mm at the pressure of 100 MPa. Microhardness measurements also 

confirmed the strengthening mechanism within the subsurface region, to the depth of 50 

Õm, by ~392 HV, while the initial microhardness was ~192 HV [88].  

Srivastava et al. [8] undertook UPWJ peening studies on stainless steel welded 

joints and demonstrated that the residual stress and subsurface hardness were affected by 
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the selection of peening conditions. A waterjet pressure of 60 MPa contributed to an 

increase in the hardness to a depth of 200-250 Õm, deeper than that of the sample treated 

at a pressure of 20 MPa. This was closely attributed to the extent of plastic deformation 

occurring during the peening process [8]. The residual stress generation was also examined 

for powder metallurgy processed aluminum metal matrix composite components, for 

UPWJ at a frequency of 20 kHz and operating pressure of 34.5 MPa, by Amegadzie et al. 

[96]. The traverse speed was varied between 150 to 1000 mm/s, at a constant stand-off 

distance of 25.4 mm, with a traverse speed of 700 mm/s generating the maximum surface 

compressive residual stress (around -212 MPa), while the maximum stress penetration 

depth was obtained for the lowest traverse speed of 150 mm/s, at about 330 ɛm. They also 

revealed that the compressive stress induced during UPWJ was effective in triggering 

localized pore closure within the immediate subsurface regions of the composite material 

[96]. Other researchers have also stated that the presence of compressive residual stress 

plays an important role in preventing the propagation of pre-existing subsurface flaws. This 

inhibition is primarily related to the absence of a tensile driving force [97]. It is also 

essential to acknowledge that external applied stress and environmental factors, such as 

temperature, can influence or partially release the compressive residual stress, particularly 

under specific in-service conditions. Further elaboration on the stress relieving mechanism 

under cyclic loading is also provided in prior studies [98], [99]. The related impact of 

residual stress upon surface hardening has also been recently discussed by Soyama and 

Korsunsky [100] for aluminium and ferrous systems. 

When it comes to titanium alloys, Kalliecharan et al. [84] have discussed the effect 

of using UPWJ on the surface roughness of titanium alloys (Grade 23) in biomedical 

applications. The chemical (oxide layer) and structural (surface roughness) changes in the 

peened surfaces were studied by varying the traverse rate. Macro and nanoscale roughness 

attained by UPWJ was promising for increasing the biocompatibility of Ti alloys in the 

body. In addition, osseointegration, which is the integration and anchorage of the 

biomaterial into the surrounding living bone, has been predicted to be improved through 

roughening of the peened surface [94]. As a consequence of this general understanding of 

impact of roughness on surface osseointegration, UPWJ has recently been successfully 

applied to roughen the surface of an unspecified grade of Ti-6Al-4V alloy for such 
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osseointegration assessment [75]. Meanwhile, despite the growing interest in UPWJ as a 

surface modification technique, the impact of UPWJ peening on CP-Ti has remained 

unexplored in systematic studies. 

As previously stated, although UPWJ can generate significant surface distortion, it 

may degrade the surface quality as the erosion behaviour is governed by a range of UPWJ 

peening parameters, notably the jet pressure (P), nozzle to workpiece stand-off distance 

(SOD), traverse speed (Vt), nozzle diameter (d), nozzle geometry, and impingement angle 

(М). Consequently, due to the number of variables, optimizing the peening processing 

parameters is considered challenging in order to obtain the most favorable surface 

condition. Traverse speed has been stated as one of the most influential parameters by 

researchers, as it determines the exposure time of the surface to the waterjet [4]. 

Additionally, the selection of an optimal stand-off distance, at a constant pressure and 

frequency, impacts the ultimate surface roughness as well as the residual stress of the 

peened area. Depending on the nozzle-to-surface distance, the general structure of a 

turbulent waterjet consists of three regions namely the initial region, main region, and final 

region, as shown schematically in Figure 3-1. The waterjet structure, similar to that shown 

in Figure 3-1, has also been explained by other researchers[53], [62]. Each of these regions 

has specific characteristics and thus potential physical applications. The initial region is 

mainly used for cutting and cleaning, due to the higher kinetic energy of the waterjet [62]. 

The main region is mostly used for peening applications, as the creation of water droplets 

in this region produces peaks loads with high dynamic pressure, higher than the yield 

strength of the material, that can induce the desired plastic deformation in the impact region 

of the surface [53]. Within the final region, with small water droplets, the jet has lost too 

much energy, which is consequently ineffective as a surface treatment process [62]. 

Therefore, it is essential to locate the sample in the correct region to minimize the erosion 

process when peening is being performed. 

 With this in mind, the main objective of the present study is to determine the 

optimal traverse speed, Vt, and stand-off distance (SOD) when subjecting CP-Ti material 

to UPWJ peening treatments; this is understood to be the first such study of applying UPWJ 

to CP-Ti. The effects of UPWJ on the microstructure, surface roughness, residual stress 

and surface hardness properties were assessed in this work, with comparison also made to 
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UPWJ processing of Ti-6Al-4V (Grade 5). Ultimately, the viability of UPWJ in achieving 

a suitable peening surface treatment, without causing detrimental surface damage, is 

verified when compared to conventional SP.  

 

 

Figure 3-1. Schematic illustration of waterjet structure with regards to distance from nozzle. 

 

3.2 Materials and Method 

3.2.1 Material 

The material utilized for the tested specimens was Grade 2 CP-Ti alloy, which was 

obtained from McMaster-Carr (Elmhurst, Illinois, United States). The typical chemical 

composition of the as-received alloy, measured using inductively coupled plasma optical 

emission spectroscopy (ICP-OES; model Varian Vista Pro, CA, USA), is provided in Table 

3-1. Prior to ICP-OES analysis, the sample was immersed in an acid solution containing 

HCl (5 ml), HNO3 (2 ml), and HF (1ï2 ml). It should be mentioned that the obtained 

composition is consistent with the composition range for CP-Ti prescribed by ASTM Grade 

2, which is also shown in Table 3-1. The as-received wrought material was cut into 

rectangular samples with dimension of 80 Ĭ 20 Ĭ 6.35 mm. Prior to being subjected to any 

surface treatment process, the surfaces of the prepared coupons were machined uniformly 

to an average surface roughness (Ra) of 0.492 ɛm to both lower the surface roughness and 

ensure a flat, parallel-faced plate for UPWJ. No further smoothing of the surfaces was 

required prior to the peening experiments. This machined state is subsequently referred to 

as óas-receivedô. 
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Table 3-1. Chemical composition of as-received CP-Ti (in wt.%). 

Alloy Fe Al V Cr S Si Ni Ti 

CP-Ti 

Sample 
0.122 0.007 0.1 0.015 0.019 0.04 0.02 99.67 

CP-Ti 

ASTM 

Standard 

Ò0.3 Ò0.1 Ò0.1 Ò0.1 Ò0.1 Ò0.1 Ò0.1 Ó99.6 

 

3.2.2 UPWJ processing  

The UPWJ peening treatment itself is carried out on as-received samples by using 

a waterjet machine, model 125 HP NLB (located at VLN Advanced Technologies Inc., 

Ottawa, Ontario, Canada), which can transport the fluid medium at a maximum of 15,000 

psi at 10 gpm. This research used a forced, pulsed waterjet system that was powered by 

ultrasonic energy input. A constant jet pressure of 69 MPa was maintained, with an 

ultrasonic frequency of 20 kHz. For subsequent experimental observations, the traverse 

speed, Vt, was varied from 200 to 1000 mm/s while keeping the stand-off distance constant 

at 25.4 mm. Nine parametric conditions are listed in Table 3-2. Further, four levels of stand-

off distance, namely 25.4 mm, 31.75 mm, 38.1 mm, and 44.4 mm, were chosen as the 

second varied parameter, all at a constant traverse speed of 1000 mm/s (Table 3-2). In all 

experiments, a circular nozzle made of high-strength stainless steel, with a diameter, d, of 

1.4 mm was used, with an incidence angle (ẽ) of 90Á to the target surface. A schematic of 

the UPWJ peening process, along with the óback-and-forthô scanning strategy, is presented 

in Figure 3-2. To ensure uniformity in surface coverage, an overlapping rate of 0.1 mm was 

selected in between each peening layer. 
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Table 3-2. Parametric conditions used for UPWJ peening of CP-Ti specimens with varying 

traverse speeds and stand-off distances. 

Run Sample Vt (mm/s) SOD (mm) 

1 CP-Ti 200 25.4 

2 CP-Ti 300 25.4 

3 CP-Ti 400 25.4 

4 CP-Ti 500  25.4 

5 CP-Ti 600  25.4 

6 CP-Ti 700  25.4 

7 CP-Ti 800  25.4 

8 CP-Ti 900  25.4 

9 CP-Ti 1000 25.4 

10 CP-Ti 1000 31.75 

11 CP-Ti 1000 38.1 

12 CP-Ti 1000 44.4 

 

 

Figure 3-2. (a) Schematic illustration of experimental setup for UPWJ peening. (b) The óback-

and-forthô peening scan strategy. 

 

3.2.3 Shot Peening Treatment  

Conventional shot peening was conducted on the same wrought and machined CP-

Ti alloy (Grade 2), using fresh specimens with dimensions of 80 Ĭ 20 Ĭ 6.5 mm. A 

Canablast system (model M101P, Saint- Eustache, Quebec, Canada) was used for SP. The 

Almen strip test procedure (using type A Almen strips), as defined by SAE standard J442 

[101], was used to ascertain the peening intensity. The intensity expresses the generated 

curvature of a flat standardized strip when the peening process is performed on it. Zirconia 
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(ZrO2) beads, with an average diameter of 200 ɛm, were used as the shot media. The 

measurement for the nozzle diameter was recorded as 5 mm, while the distance between 

the nozzle and the specimen was determined to be 200 mm. The test was performed under 

atmospheric conditions at room temperature, and it is schematically shown in Figure 3-3.  

Four shot peened samples, processed with Almen intensities of 0.12, 0.16, 0.2, and 

0.24 mmA, were initially prepared. The óoptimalô sample, in terms of the obtained surface 

roughness, coverage, and residual stress, was then selected for further comparison to the 

UPWJ peened samples. In this case, sample prepared with an Almen strip intensity of 0.2 

mmA were subsequently chosen as this peening condition showed the best combination of 

low surface roughness and a high magnitude of compressive residual stress. 

 

 

Figure 3-3. Schematic illustration of SP process with ceramic shots. 

 

3.2.4 Materials Characterisation 

The microscopic appearances of the as-received and peened surfaces were analyzed 

using a Hitachi S4700 field emission scanning electron microscope (FE-SEM; model 

Hitachi S4700, Hitachi High Technologies Inc., Tokyo, Japan). For this purpose, the 

samples were initially washed in water and then submerged in methanol to make sure there 

were no pollutants on the surfaces. They were then sprayed with compressed air to dry. To 

expose the underlying microstructure, the cross-sections of the as-received and peened 

samples were metallographically ground through abrasive SiC papers (220, and 500), 

followed by a 9 µm diamond pad. Thereafter, they were polished with colloidal SiO2, and 

then etched using Krollôs reagent, which is a mixture of hydrofluoric acid (HF), nitric acid 

(HNO3), and water (H2O).  
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Using the same FE-SEM system described above, EBSD examination was 

conducted on the polished cross-sections of both the as-received and selected peened 

samples. EBSD measurements were accomplished at an electron accelerating voltage of 15 

kV, with a beam current of 15 mA. For each acquisition, an area of 300 µm × 300 µm was 

scanned with a scan step size of 0.5 µm using an HKL EBSD system and a Nordlys Oxford 

Instruments Detector for EBSD acquisition (both from Oxford Instruments, Abingdon, 

United Kingdom). In relation to the normal of the electron beam, the sample stage was 

positioned at an angle of 70° with respect to the detector. HKL Channel 5 software, 

provided by Oxford Instruments, was used to analyse the EBSD data. 

The corresponding crystalline phase investigation was carried out using an X-ray 

diffractometer (XRD; model AXS D8 Advance, Bruker Corp., Billerica, MA, USA) with 

a Cu-KŬ radiation source. Data were gathered using a 0.02 scan step, and a 0.5 s counting 

period for 2ɗ values in the 30-90° range. The current employed was 40 mA, while the 

applied X-ray tube acceleration voltage was 40 kV. The relative, percent intensity (R(x)) of 

peak ñXò (it is either one of the (0002) or (10ρ1) peaks in the current work) was calculated 

via Equation 3-1 [102]: 

Ὑ
 

ρππ                                                                                                      (3-1)  

where I(x) denotes the reflection intensity at the "x" peak; and Ɇ I(A) is the total of all 

reflection intensities under study. 

Surface roughness measurement were conducted using confocal scanning laser 

microscopy system (CSLM; model VK-X1000, Keyence, Toyko, Japan). The surface 

roughness parameters Ra, Rp (highest peak) and Rv (lowest valley) were recorded for each 

sample using a traverse length of 7.5 mm and cutoff length (ɚc) of 1.5 mm, according to 

International Organization for Standardization (ISO) standard 4288 [103]. The multi-line 

roughness method was used in the present study; to achieve this, 20 lines were digitally 

applied onto a randomly selected area (i.e., image) of the surface under investigation. These 

lines were evenly spaced at intervals of 15 µm from one another. To ensure accuracy, this 

process was repeated five times for each analysed sample, and then the average and 
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standard deviation of the repeated measurements were recorded. The mean values Ra, Rp, 

and Rv were plotted against the traverse speed and stand-off distance separately. 

An XRD system (model LXRD®, Proto Manufacturing, Ltd., LaSalle, Ontario, 

Canada) with Cu-KŬ radiation source and Ni filter was used to measure residual stress. The 

voltage and current were 30 kV and 25 mA, respectively. The average of X-ray elastic 

constant (XEC) value was calculated from five separate measurements, equal to 11.89 × 

10-6 MPa-1. The distribution of residual stress generated through UPWJ peening was 

determined to be isotropic through triaxial measurements of the residual stress (i.e., ůxx and 

ůyy) in the surface. As a consequence, ůxx was subsequently exclusively measured as the 

primary in-plane residual stress. The magnitude of in-plane residual stresses was measured 

for diffraction peaks of Ti {213} lattice planes with Bragg angle of 142°. The sin2ɣ method 

of analysis, explained by Noyan and Cohen [104], was used to determine the value of 

residual stress along the longitudinal direction of the UPWJ peened samples, through the 

associated analysis software XRDWIN. An average of at least five measurements were 

taken for each sample. To obtain residual stress distribution as a function of the depth into 

the samples, thin surface layers were removed layer by layer via chemical etchant (80 gr 

sodium chloride (NaCl) saturated in 1 L water (H2O)), at room temperature (25 °C), and 

using a Proto Electrolytic Polisher (model 8813-V3; Proto Manufacturing Ltd., LaSalle, 

Ontario, Canada). The chemical corrosion rate was mainly related to the corrosion time 

(around 20-30 s) and the chemical flow rate (5 L/min), at a constant voltage of 40 V. After 

each etching step, the depth of material removal was accurately determined using the 

CSLM system.   

Surface mechanical properties were assessed through both indentation hardness and 

scratch hardness testing. The indentation hardness analysis on the surfaces of as-received, 

UPWJ peened, and shot peened samples was conducted using a Rockwell hardness tester 

(model Wilson-2000, Instron, Norwood, MA, USA); the Rockwell B scale was selected, 

with a preload of 10 kgf and a final applied load of 100 kgf. A spherical tungsten carbide 

indenter, with a diameter of 1.5875 mm, was utilized for this analysis. The Rockwell tests 

were performed at room temperature (20 Ñ 2 ǓC). At least ten individual indentation 

measurements were recorded for each sample, and the average Rockwell B value is 

reported. Furthermore, scratch hardness testing (model Tribolab, Bruker Corp., Billerica, 
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MA, USA) was conducted according to ASTM standard G171. To achieve this, a Rockwell 

diamond indenter with 200 ɛm tip radius was used to produce scratches in the solid surfaces 

on the as-received and peened samples; tests were performed under ambient conditions at 

room temperature (20 Ñ 2 ǓC). Each scratch test was performed with a constant nominal 

load of 10 N, scratch track length of 10 mm, while applying a constant tip displacement 

velocity of 20 mm/min. The scratch hardness was subsequently calculated according to 

Equation 3-2 [105]: 

 ὌὛ                                                                                                                      (3-2) 

where HSp represents the scratch hardness number (in GPa), P is the applied normal load 

(in N), and w is the scratch width (in m). To ensure accuracy, three individual scratch tracks 

were made on each sample. The measurement of the mean scratch widths was performed 

with the previously mentioned CSLM system and associated Keyence Multifile Analyzer 

software. The mean scratch width value was then used to compute the scratch hardness 

number, as outlined in Equation 3-2.  

 

3.3 Results and Discussion 

3.3.1 Effects of Traverse Speed on Surface Microstructure 

As previously mentioned in Table 3-2, UPWJ peening of CP-Ti samples was 

conducted over a range of transverse speeds. To evaluate how UPWJ impacts the peened 

region, the initial assessment involves analyzing the slowest transverse speed of 200 mm/s. 

Figure 3-4 shows representative FE-SEM images of the planar surface and cross section of 

the as-received sample and those that were UPWJ peened at 200 mm/s. As shown in Figure 

3-4(a) and 3-4(b), the surface of the as-received sample was entirely flat and had a 

topography imparted by the machining step. Once treating the surface with the lowest Vt 

(200 mm/s), as presented in the Figure 3-4(c), a large degree of plastic deformation was 

induced to the surface owing to the waterjetôs prolonged interaction with the surface, which 

creates intense valleys through material removal. At this point, the ówater hammeringô 

effect through the impingement of water particles applies stress into the surface. This stress 

causes progressive creation and opening of microcracks, which contributes to the 

detachment of the material in the peened area with high degree of surface erosion [106]. 
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This effect is present in Figure 3-4(d). It is also suggested that lateral outflow jetting of the 

water droplets occurs, as the secondary flow is responsible for the subsurface material 

removal initiated by inducing shear stress on the surface [107]. The intensity of surface 

erosion is noticeably displayed in Figure 3-4(d). Small, sub-surface micro-voids are present 

in this image. However, it is unclear if these are generated directly by the waterjet or, as is 

more likely, are simply damage arising in the sub-surface zone during metallographic 

preparation. This second argument is supported by the fact that the micro-voids always 

appear to be associated with sub-surface cracks, indicating regions of localised 

embrittlement of the CP-Ti grains, and are highly irregular in shape, which again indicates 

a brittle fracture mode. 

When conducting surface roughness (Ra) measurement for the UPWJ peened 

sample at the traverse speeds of 200 mm/s, the maximum of Ra value recorded among all 

peening conditions was observed, at 40.62 ɛm (surface roughness values related to the 

samples peened at other traverse speeds will be discussed in detail in the next chapters), 

which is essentially two orders of magnitude higher than the as-received sample prior to 

UPWJ peening. The effect of WJP at such a low traverse speed (i.e., 200 mm/s) on Ti-6Al-

4V alloy has also been investigated by the present authors [108] and it was similarly shown 

that such low traverse speeds are not favorable for peening purposes with Ti- 6Al-4V alloy, 

as they produce extremely rough surfaces. With knowledge that the CP-Ti alloy is even 

softer than Ti-6Al-4V, it would be more receptive to severe plastic deformation during 

UPWJ peening. Therefore, UPWJ peening of CP-Ti at these low traverse speeds will not 

be of industrial interest since it causes a significant degree of material removal and erosion. 

For this reason, the focus of the further analysis in this research will be on higher traverse 

speeds, in this case specifically those between 500 and 1000 mm/s.  
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As-received material 

                                Planar surface                                    Cross section  

       

                             (a)                           (b) 

 

UPWJ peened at the slowest traverse speed (200 mm/s) 

                                 Planar surface                                   Cross section 

    

                              (c)        (d) 

Figure 3-4. Representative FE-SEM images of the surface of the (a) as-received, and (c) UPWJ 

peened at 200 mm/s. Cross-sectional microstructures of the CP-Ti samples obtained using CSLM. 

(b) as-received, and (d) after UPWJ peening with traverse speeds of 200mm/s. 

 

Figure 3-5 provides examples of FE-SEM images of the planar surfaces of UPWJ 

peened samples at traverse speeds in the range of 500 to 1000 mm/s, as well as the shot 

peened sample. Looking at the planar surfaces of the UPWJ peened samples, it was found 

that the applied traverse speed evidently affects the surface characteristics. When UPWJ 

peening the surface with Vt values of 500 mm/s and 600 mm/s (Figure 3-5(b) and 3-5 (c)), 

the surface topography is noticeably altered in comparison to the surface of the as-received 

sample (shown previously in Figure 3-4(a)), owing to high exposure time of the surface 

area to the waterjet that enables the surface erosion through plastic deformation. Here, the 



65 

 

surface exhibited large voids due to the impingement of the waterjet to the surface and the 

subsequent material removal. Using higher traverse speeds (i.e., 700 mm/s and higher), it 

is clearly apparent that the surface is roughened to a lesser extent by UPWJ than for the 

lower values of Vt. In this case, the peening features at the surface were observed mainly 

as lightly deformed areas. Increasing the traverse speed to 900 mm/s and 1000 mm/s, the 

formation of local voids is the main noticeable peening feature, as presented in Fig. 3-5(e) 

and 3-5(f). On the other hand, the surface of the shot peened sample, as demonstrated in 

Figure 3-5(g), was decorated with craters due to the collision of the surface with ZrO2 

beads. The average size of the craters was measured at nearly 95 ɛm. It is important to note 

that there is evidence of deep indents and overlapping ódimplesô, as shown in Figure 3-

5(g). These characteristics, along with the ridges between craters, can act as preferred crack 

initiation sites that are detrimental to the fatigue life of the engineering components.  

 

     

(a)                                             (b) 

    

                                             (c)                        (d) 
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                                              (e)                                               (f) 

 

                                                           (g) 

Figure 3-5. Representative FE-SEM images of the surfaces of the peened Ti-6Al-4V plates with 

traverse speeds of: (a) 500 mm/s, (b) 600 mm/s, (c) 700 mm/s, (d) 800 mm/s, and (e) 900 mm/s, (f) 

1000 mm/s. (g) Representative FE-SEM image of the surface of the shot peened CP-Ti sample. 

 

FE-SEM micrographs of the cross-sections of the UPWJ peened CP-Ti samples 

processed at 500 mm/s to 1000 mm/s are presented in Figure 3-6. It is apparent that 

different erosion characteristics, ranging from microcracks to micro voids/cavities, are 

manifested in the peened region, depending on the traverse rate of UPWJ. When peening 

the surface at a Vt of 500 mm/s (Figure 3-6(a)), although the severity of the surface damage 

is lowered in comparison to that of 200 mm/s (as shown in Figure 3-4(d)), there is still 

significant degree of undercutting into the surface. Multiple surface inclined microcracks, 

accompanied by a long microcrack with a total propagation length of ~35 ɛm, are apparent 

in the subsurface region. When increasing the traverse speed to 600ï700 mm/s, relatively 

similar peening features to those of the 500 mm/s sample were observed, but with lower 

intensity of surface roughening (Figure 3-6(b, c)). This implies that the extent of erosion 

decreases when increasing the traverse speed, or in turn, shorter peening durations are 

experienced by the surface. When stepping up to higher traverse speeds (800 mm/s and 
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upwards), UPWJ peening developed less surface variations in the treated surface area. For 

the sample treated at 1000 mm/s (presented in Figure 3-6 (f)), there are some indications 

of peening in the surface, and at the same time, the surface is similar to that of the as-

received but un-peened sample (shown previously in Figure 3-4(b)). From the above 

observations, it can be stated that the UPWJ peening process clearly alters the surface 

topography and texture, depending on the operating conditions applied. Broadly similar 

observations of surface damage development have been made when examining the 

microstructural/topological evolution for UPWJ peening of a two-phase Ŭ-/ɓ-Ti alloy, 

namely Ti-6Al-4V (Grade 5) [108]. The extent of damage development for UPWJ was 

lessened in the case of Ti-6Al-4V, under nominally identical peening conditions, which is 

an intrinsically harder material than CP-Ti, resulting in lowered surface damage. 

When it comes to comparing the effect of UPWJ peening to conventional SP, Figure 

3-6(g) shows the cross-sectional microstructure of the shot peened CP-Ti sample. As 

shown, the surface of the specimen subjected to SP revealed multiple surface and sub-

surface cracks. Material detachments due to shot impacts are also highlighted in Fig 3-6(g), 

where the accumulation of plastic deformation (and associated work hardening) made the 

surface material too brittle to withstand the imposed strain. 

 

    

                                         (a)                                                       (b) 
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                            (c)                                                       (d) 

       

                                          (e)                                                       (f)  

 

                                                                     (g)    

Figure 3-6. Representative FE-SEM images of the cross-sectional microstructures of the CP-Ti 

samples after UPWJ peening with traverse speeds of: (a) 500mm/s (b) 600 mm/s (c) 700 mm/s, 

(d) 800 mm/s, (e) 900 mm/s, and (f) 1000 mm/s. (g) Representative FE-SEM image of the cross-

sectional microstructure of the CP-Ti sample after SP. 

 

XRD patterns for the UPWJ and shot peened surfaces of CP-Ti samples are 

displayed in Figure 3-7(a). The presence of Ŭ-Ti phase peaks was confirmed in the XRD 

pattern of the wrought, as-received CP-Ti sample. Additionally, as the (0002) plane 

appeared to have the highest diffraction intensity in comparison to all other peaks present 

in the XRD pattern, it suggests that the CP-Ti material in its as-received condition had a 
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preferred surface orientation (i.e., texture) towards the (0002) plane, resulting from the 

initial processing step. When comparing the XRD patterns of the CP-Ti material before and 

after UPWJ peening, the clearest impact of UPWJ peening was that the intensity of certain 

peaks increased (i.e., peak ρπρρ), while others decreased (i.e., peak πππς). This 

suggests that UPWJ peening either removed the dominant surface orientation that was 

present in the as-received sample (stated as πππς plane) or developed a new preferred 

surface orientation at the surface through plastic deformation/twinning. Furthermore, the 

XRD analysis of the peened samples revealed that under all examined traverse speeds, the 

presence of the ρρςπ peak occurring at a 2М value of 62.9Á was confirmed, while this 

ρρςπ peak was not identified in the XRD pattern of the as-received sample. A further 

perceptible impact of UPWJ peening was discovered when witnessing the higher intensities 

of peaks ρπρπ, ρρςς, and ςπςρ at 2М values of 35.02Á, 76.2Á and 77.7Á, 

respectively, in all the UPWJ samples. In this instance, lowering the traverse speed 

amplified the intensity of the aforementioned peaks.  

To quantify the extent of the preferred crystallographic orientation after UPWJ 

peening, the relative, percent intensity (R(x)) of peaks related to πππς and ρπρρ planes 

were calculated using Equation 3-1 with the results presented in Figure 3-7(b). Before 

peening, the as-received CP-Ti sample revealed a preferred orientation towards πππς 

planes with R(0002) around 63%. After peening, the occurrence of surface texture is more 

noticeable for those samples peened at traverse speeds within the Vt range of 500 mm/s to 

800 mm/s; here the highest diffraction intensity was attributed to ρπρρ plane with R(101ľ1) 

observed between 36 % to 40 %. Nevertheless, those specimens peened at higher traverse 

speeds of 900 and 1000 mm/s implied the same orientation of the πππς planes, similar 

to that of the as-received sample. That suggests that the transition in preference for the 

ρπρρ orientation over πππς mainly depends on the UPWJ traverse speed, providing 

sufficient interaction time between the waterjet and the treated surface in order to facilitate 

the texture reorientation through introduction of plastic deformation. When comparing the 

XRD pattern of the SP sample to UPWJ peening, given in Figure 3-7(a), the preferred 

orientation of πππς in the as-received stated was entirely removed after SP. Instead, the 

ρπρρ orientation demonstrated a full dominance over all other peaks present. This 
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observation confirms that treating the surface with ceramic shots triggers severe impacts in 

terms of developing a surface texture.  

 

 

(a) 

 
(b) 

Figure 3-7. (a) Representative XRD patterns for the CP-Ti samples after UPWJ peening under 

various examined traverse speeds, along with a comparison of the SP treatment. (b) Relative 

intensities R(x), of the (0002) and ρπρρ peaks, estimated from the XRD peak heights. 
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EBSD crystallographic analysis was undertaken for the cross-sectional surfaces of 

selected samples with the intention of understanding the grain orientations and the extent 

of plastic deformation owing to UPWJ peening. It is worth noting that the grains located 

near the surface experienced significant deformation, contributing to poor pattern matching 

or the absence of Kikuchi lines. Therefore, such severely deformed regions would result in 

either no EBSD patterns at all or EBSD patterns of very low quality. For that reason, in the 

case of the sample peened at 500 mm/s (the lowest examined traverse speed, with the most 

intense effects), the EBSD measurement was taken from the area immediately underneath 

the surface (i.e., from ~20 Õm below the surface).  

 Figure 3-8 shows the inverse pole figure (IPF) maps from the examined cross-

sectional areas of the as-received and selected UPWJ peened samples, as well as the shot 

peened sample. As indicated in Figure 3-8(e), the examined direction is parallel to the 

rolling direction (RD) of the as-received material. The grain orientations in the IPF maps 

are coloured according to the triangular legends shown in Figure 3-8(e). It should be noted 

that in the IPF images, low angle boundaries (LAB) are categorized as relative grain 

misorientations between 2Á and 10Á, whereas high angle boundaries (HAB) are those with 

relative grain misorientations greater than 10Á. In the IPF maps, LABs and HABs are 

depicted by white and black lines, respectively. Figure 3-8(a), which illustrates the IPF map 

for the as-received CP-Ti sample, revealed that the subsurface region contained coarse 

equiaxed Ŭ-Ti grains, with nominal sizes varying between 15 Õm to 30 Õm. The IPF map 

of the as-received sample also suggested that the Ŭ-Ti grains exhibited a preferred 

orientation, mostly due to the rolling texture that was caused by thermomechanical 

manufacturing route of the as-received CP-Ti sheet. The crystallographic orientation of the 

CP-Ti material before UPWJ peening was confirmed through EBSD, where a rolling 

texture for Ŭ-Ti, with c-axis inclined at an angle of 40Á from the normal direction (ND) 

towards the rolling direction (RD) is observed. The orientation of the HCP crystal structure 

in the as-received material in shown in Figure 3-9, obtained via EBSD. Here, three 

directions of RD, ND, as well as transverse direction (TD) are shown. In terms of the grain 

boundaries, the microstructure of the as-received sample consisted primarily of HABs. 

The IPF maps of UPWJ peened samples processed at 500 mm/s, 1000 mm/s, along 

with the sample shot peened at an intensity of 0.2 mmA, are shown in Figure 3-8(b), 3-
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8(c), and 3-8(d), respectively. Furthermore, an IPF map for the sample peened with a Vt of 

700 mm/s, was carried out on a broader area, from the edge down to a depth of 370 Õm, in 

order to provide a comprehensive evaluation on the peened and un-peened area 

simultaneously and this is presented in Figure 3-10. The IPF maps of the UPWJ peened 

samples suggested the removal of the initially preferred orientation in the as-received 

sample, similar to the results of the XRD patterns that were discussed previously (presented 

in Figure 3-7). The UPWJ peened samples demonstrated that, despite the presence of 

HABs, the concentration of LABs increased in the subsurface region to the point where use 

of slower traverse speeds (i.e., 500 mm/s and 700 mm/s), led to a greater intensity of LABs. 

Indeed, a gradual HAB-to-LAB transformation in the peened area, where the induced 

plastic deformation is at its maximum, was triggered during UPWJ peening. Additionally, 

under all traverse speeds, the overall grain size of the near-surface region of peened samples 

decreased as compared to the as-received sample. Grain refinement after peening is more 

pronounced in Figure 3-8(b), relating to the sample peened with a traverse speed of 500 

mm/s. The explanation here is that at the interface between the high-pressure waterjet and 

the sample surface, if the transformed pressure exceeds the yield strength of the material, 

some degree of grain refinement will be conceivable through plastic deformation, work 

hardening, along with grain fragmentation to some extent at the peened surface. It is notable 

that a recent study has indicated the occurrence of dynamic recrystallisation during peening 

of a Ti-6Al-4V alloy [109]. However, for the present work, the EBSD data indicates that 

these grains are not strain-free and are not especially fine in size, raising a significant 

question as to whether any dynamic recrystallisation has potentially occurred with the 

current material. Comparing the IPF map of the shot peened sample to processed by UPWJ, 

it is apparent that the grain fragmentation is more prominent than grain refinement for the 

shot peened sample, which is due to the usage of ceramic shots as the bombarding media. 

The presence of non-indexed regions in the IPF map of the shot peened specimen can be 

attributed to the severely deformed grains resulting, in weak Kikuchi lines and therefore 

poor EBSD acquisition.  
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                                         (a)                                                     (b) 

           

                                           (c)                                                    (d)  

 

(e) 

Figure 3-8. (a) An FE-SEM EBSD map obtained for the subsurface region of the as-received but 

un-peened CP-Ti. FE-SEM EBSD maps obtained for the subsurface regions of the UPWJ peened 

CP-Ti samples prepared with traverse speeds of: (b) 500 mm/s, (c) 1000 mm/s. (d) an FE-SEM 

EBSD map obtained for the subsurface region of the shot peened CP-Ti sample at intensity of 0.2 

mmA. (e) inverse pole figure for the samples in (a) to (d). 
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Figure 3-9. Orientation of the HCP crystal structure in the as-received CP-Ti material.  

 

 

Figure 3-10. An FE-SEM EBSD map obtained for the subsurface regions (down to a depth of 370 

Õm) of the UPWJ peened CP-Ti samples prepared with traverse speed of 700 mm/s, together with 

the associated inverse pole figure. 
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The effects of UPWJ peening, in particular traverse speed, on the evolution of 

plastic deformation in the form of twin boundaries in the CP-Ti alloy was explored through 

EBSD analysis. Since there are only three slip systems in HCP Ŭ-Ti, the low number of slip 

systems assists with explaining the observation of twining in the current study [110]. Two 

main types of commercially pure Ti twins are {10ρ2} tensile twins, where the loading 

direction is parallel to the c-axis of the HCP crystal, and {11ς2} twins, where the loading 

direction is perpendicular to the c-axis of the HCP crystal [110], [111]. Considering the 

rolling texture of the as-received material and the tilted c-axis of the crystal, UPWJ peening 

of the surface along the rolling direction introduces a tensile loading condition parallel to 

the c-axis of the HCP structure which causes tensile strain along the c-axis. Therefore, the 

incidence of {10ρ2} deformation twining is more likely. As shown in Figure 3-11(a), it can 

be seen that a relatively low fraction of {10ρ2} twins are present in the as-received CP-Ti 

sample, due to the manufacturing route of the as-received wrought CP-Ti material, given 

that no additional (annealing) heat treatment was carried out before the UWPJ peening 

procedure. After the WJP treatment, {10ρ2} twins appeared in the surface region of all of 

UPWJ processed samples. It is worth noting that, in comparison to the sample peened at 

1000 mm/s (Figure 3-11(d)), which had a lower fraction of twin boundaries, the samples 

peened at 500 mm/s and 700 mm/s (Figure 3-11(b) and 3-11(c)) showed a greater presence 

of {10ρ2} twin boundaries, which is evidence of their increased grain refinement. In 

addition, when looking at Figure 3-10 and 3-11(c), prepared for the sample peened at 700 

mm/s, the deformation twins were found to be located near the surface and down to a depth 

of 100 Õm, but not in the bulk of the coupon. It is also apparent that {10ρ2} twin boundaries 

were present in the shot peened sample, shown in Figure 3-11(e).  

 



76 

 

           

                            (a)                                                         (b)  

           

                             (c)                                                         (d)  

 

                                                                      (e) 

Figure 3-11. (a) An FE-SEM EBSD map of band contrast with {10ρ2} tensile twin boundaries for 
the as-received CP-Ti. FE-SEM EBSD maps of band contrast with {10ρ2} tensile twin boundaries 
for the subsurface regions of the UPWJ peened samples prepared with traverse speeds of: (b) 500 

mm/s, (c) 700 mm/s, and (d) 1000 mm/s. (e) An FE-SEM EBSD map of band contrast with {10ρ2} 
tensile twin boundaries for the shot peened CP-Ti sample. 

 






















































































































































































































































































































































































