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ABSTRACT 
 
 

Ti-6AL-4V is a widely used structural material in aerospace, biomedical, and power 

generation industries due to its low density, good corrosion resistance and high strength 

properties. However, Ti-6Al-4V is not a suitable material for wear applications due to its 

tendency to gall. Improving the tribological performance by reducing frictional coefficient and 

decreasing wear rate may result in significant savings. 

Laser shock peening (LSP) is a surface treatment designed to induce compressive 

residual stress and improve fatigue performance. This study presents a novel micro LSP based 

surface patterning technique to fabricate micro dent arrays. Comprehensive 3D dent topography 

was measured to evaluate the effect of laser intensity on dent geometry, process repeatability, 

and pile-up. Surface integrity has been characterized with respect to dent profile, surface residual 

stress, surface hardness, and microstructure. Post-peening polishing process has been conducted 

to eliminate the potential pile-up. Tribological performance of dented arrays with and without 

pile-up and two peening densities was tested at low and high viscosity lubrication conditions 

using pin-on-disk setup. Real time measurements of the coefficient of friction (CoF) and acoustic 

emissions were made. Finally, correlations between dent density, CoF, wear rate, and AE signal 

were investigated. 

2D dent profile showed an increase in dent depth and diameter with laser power. 3D 

surface topography revealed good process repeatability. Pile-up region develops around the dent 

containing about 40% of the total material volume displaced from the peened region. 
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Consequently, the remaining 60% is compressed within the dented region. Peened surfaces with 

micro-dent arrays have high compressive residual stress and increased hardness by 37% in the 

peened zone. Pin-on-disc tribology tests have shown a CoF reduction by 18% on peened surfaces 

with 10% dent density and pile-up when compared to polished smooth surface under high 

viscosity conditions. An increase in CoF was found for a surface with 20% dent density and pile-

up when compared to the smooth surface. It was found that removing pile-up reduces CoF with 

only 2% to 3% for both peening densities. Correlations between wear rate, absolute energy, 

amplitude, and counts was established. RMS signal has a weak correlation with frictional 

coefficient. 
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CHAPTER 1 

INTRODUCTION 

 

Improvement of surface finish is one of the most practical methods of reducing friction 

and wear. Grinding and subsequent additional processes such as lapping and superfinishing are 

reliable and currently applied as surface finishing methods. However, the achievable surface 

roughness will ultimately be limited by the material and machining capabilities. 

Surface patterning has become an attractive approach on the attempt of friction reduction 

in sliding contact applications. Traditionally, surface patterning was obtained by processes like 

shot peening, vibrorolling, and oil jet peening. All these methods create random dent patterns on 

the surface with non-uniform surface integrity parameters. The promising benefits of patterning 

on the tribological performance promoted the idea of an engineered surface pattern with 

controlled parameters including the dent aspect ratio and dent density. Methods like laser surface 

texturing, photolithography, laser beam machining, micro indentation, and micro-drilling have 

been used, but their limitations due to time, cost, adjacent operations and poor surface integrity, 

makes them ineffective and unreliable. Laser shock peening is a potential technique to make 

reliable surface patterns economically. The main problem of the current laser-based methods is 

the alteration of surface integrity induced by ablation. High temperatures encountered during 

ablation cause melting, cracking and changing of the surface microstructure. These changes in 

surface integrity can drastically shorten the fatigue life of the peened components. It must be 
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noted that the tribological performance is highly dependent on surface integrity of the peened 

component which includes surface topography, residual stress, microstructure, and micro-

hardness. 

 Laser shock peening (LSP) is a well known surface treatment designed to induce 

compressive residual stress on component surfaces to improve fatigue performance. This thesis 

presents a novel LSP-based technique to fabricate micro dent arrays on metallic Ti-6Al-4V 

surfaces. The focused laser beam interacts with the ablative material under a water confined 

regime avoiding thermal effects transferred on the surface. The high recoiling shock pressure 

deforms the surface materials and produces a micro dent. Therefore, LSP is a purely mechanical 

process to produce compressive residual stress on the surface. Micro dent is a utilized surface 

structure which affects tribological performance especially in lubricated sliding contact. The 

pile-up zone created around the dent due to pressure expansion in radial direction presents a 

considerable interest. To comprehend the effects of different dent densities and pile-up on the 

tribological performance of Ti-6Al-4V, a series of studies were performed in this study.  

 This thesis is a compilation of four chapters. Chapter 2 introduces µ-LSP as dent 

fabrication method. The µ-LSP micro dent fabrication process, experimental setup, process 

parameters and laser intensity calculation are comprehensively described. The dent profile, 

micro-hardness, and microstructure have been characterized for dents obtained on Al-6061-T6 

surfaces. Chapter 3 presents µ-LSP as a dent array fabrication method on Ti-6Al-4V surfaces. 

Geometrical characteristics and micro-hardness were investigated for individual dents. A 

comprehensive characterization of the 3D dent topography shows the presence of a pile-up 

around the dent. Compressive residual stress has been produced on the surface dented by LSP 

and polishing of pile-up. Chapter 4 investigates the effect of fabricated dent arrays on the 
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tribological performance of Ti-6Al-4V in terms of frictional coefficients, wear rates and acoustic 

emission monitoring signals. Dented surfaces with two different densities are investigated in the 

sliding pin-on-disc tests at high and low viscosity conditions. The relationships between dent 

density, tribological performance, and acoustic emission signals have been established. Finally, 

in Chapter 5, the effect of removal of pile-up by polishing on tribological performance is 

reported. Each chapter begins with an abstract describing the research scope and is followed by 

major results. 
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CHAPTER 2 
 

FABRICATION AND CHARACTERIZATION OF MICRO DENT PRODUCED BY LASER 
SHOCK PEENING ON ALUMINUM SURFACES 

 
 

 
Abstract 

Surface micro dents may act as lubricant reservoirs to reduce friction and wear in sliding 

and rolling contact applications. Surface patterning has become a valuable technique for 

fabricating micro dents. Alternative methods such as micromachining present obvious limitations 

in comparison with laser shock peening (LSP). In this paper, the use of LSP along with an 

automatic X-Y table proves to be an attractive and reliable method for producing micro dent 

arrays with enhanced surface integrity and free of cracks. Surface topography, micro hardness 

and cross-section microstructure of the fabricated micro dents on polished Al-6061-T6 have been 

characterized. It was found that low laser power produced deep micro dents. The center area of 

the peened dents has the highest hardness. Micro LSP is a mechanical patterning process, with 

effect on creating surface waviness without affecting surface roughness. 

 

Keywords: surface texturing, micro dent array, laser shock peening, surface integrity 
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Laser shock peening (LSP) is a proven technique for inducing compressive residual stress 

in the subsurface of a material. The depth of induced compressive residual stress reaches about 1 

mm, more than ten times larger when compared to the depth of residual stress induced by 

traditional process of shot peening. As a result, the mechanical properties of a material are 

improved to prevent failure due to fatigue, wear and foreign object damage (FOD). The LSP 

process, using shock waves generated by laser to plastically deform metals, was first investigated 

in the early 1960s [1]. Over several decades, significant progress towards understanding the 

mechanisms controlling wave propagation and their effects on residual stress and hardening have 

been studied [2-7]. More recently, the majority of LSP research is focused on simulating and 

predicting the material response [8-13]. Much of the attention in these studies was focused on 

laser parameters, confining layers and ablative coatings. All these parameters significantly 

influence the mechanical responses of a metallic material. Through these efforts, LSP was 

proven as a viable alternative to conventional shot peening in the challenge to obtain deeper 

compressive residual stress in the subsurface of metals. 

2.1  Introduction 

Typically, LSP is applied to metals as a form of surface treatment. It is well suited for 

localized regions under cyclic loading and fatigue. The LSP treatment of critical fatigue areas 

which have high stress concentrations can prevent cracking and spalling [14-17]. Some 

applications for peening metallic components include gears, shafts, turbine blades, pumps etc. 

Another benefit of the compressive residual stress is improved resistance to corrosion and 

scuffing. 

Lower energy lasers such as Nd: YAG is more suitable for micro scale LSP as opposed to 

the high powered Nd: glass lasers. The use of Nd: glass lasers are considered mainly for covering 
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large areas with macro size dents [18]. The energy of Nd: glass lasers are on the order of Joules. 

As a result, the surface quality is severely compromised in order to impart deeper compressive 

stresses. In micro scale LSP, the geometric goal for dents is to be small, on the order of microns, 

compared to the millimeter size dents produced by macro LSP. As a result, the surface roughness 

is minimized which leads to improved tribological performance. 

Since the primary goal for LSP has been to obtain high magnitude deep compressive 

residual stresses, little effort has been placed on evaluating dent geometry for surface tribological 

performance. The geometry of a dent is characterized by the largest diameter and depth. This 

work will focus on describing the fabrication method and the characterization of micro-dents on 

Al-6061-T6 samples.  

 

 

2.2  Micro Dent Function and Fabrication 

2.2.1  Functions of Dents 

The controlled patterning of solid surfaces improves the wear, friction and lubrication 

[19]. Micro dents serve as fluid reservoirs that effectively retain lubricant. Also micro dents 

function as traps for wear debris, eliminating a potential plowing effect caused by entrapped 

particles. The long term benefit of surface patterning is to extend the life of contacting surfaces. 

Micro dents on the surface can improve the surface lifetime by a factor of ten [20]. Experimental 

studies lead to the conclusion that fabricated micro dents on metallic surfaces is a useful method 

to reduce friction in sliding contact under boundary or flooded lubricated testing conditions. The 

studies include the effect of dent patterns on micro-grooved sapphire discs in pin-on-disc tests in 

boundary-lubricated conditions [21], coated silicon discs in oscillating tests in lubricated 
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conditions [22], steel discs with laser-textured micro dents in slow pin-on-disc tests in lubricated 

conditions [23, 24], steel against silicon nitride plates with micro dents in three-pin-on-disc tests 

in lubricated conditions [25], micro dents produced by micro diamond pyramid on steel surfaces 

in rolling sliding contact [26] or ceramic plates with micro dents in block-on-ring tests in 

lubricated conditions [27]. To generate controlled arrays of dents, different techniques can be 

applied.  

 

2.2.2  Micro Dent Fabrication 

In order to evaluate the effects of created micro dents on the surface tribological 

properties, various patterning methods are proposed. Methods to obtain micro dents array on the 

surface can be classified into mechanical, lithographic, laser beam and coating techniques [24]. 

One mechanical method of micro dent fabrication is micro indentation. The dent array 

was obtained with a Vicker’s indenter on S35C steel. The dent geometry follows the Vicker’s tip 

imprint, a square pyramid, with a diagonal of 20 μm and a depth of 3 μm. Nakatsuji and Mori 

demonstrated that dents produced by indentation had beneficial effects on suppressing pitting 

and improving scuffing resistance on surfaces in rolling-sliding contact [28]. 

Another mechanical technique for manufacturing micro dents is micro-drilling. In micro-

drilling, holes less than 50 microns in diameter are produced on a surface with high accuracy and 

a high depth/diameter ratio up to 14 [29]. The disadvantage of this method is the fact that surface 

integrity is affected by the cutting process. Small chips are generated and cannot be completely 

removed from the hole. The chips could be released and cause further damage during surface 

interaction in an earlier stage than pitting onset. Micro-drilling must be done in a peck cycle, 

wherein the drill is repeatedly inserted and withdrawn from the hole. The normal drilling speed is 
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low since the feed rate is around 1 micron per peck cycle. Geometry constraints, fragile tooling, 

very high cutting forces relative to the volume of material removed, does not recommend micro-

drilling as a suitable method for mass production. 

Laser surface texturing (LST) is probably the most advanced technique to obtain dent 

arrays. The process uses high energy laser pulses to ablate localized surface regions by rapid 

melting and vaporization [30]. The design parameters critical for creating dent arrays are dent 

depth, dent diameter, dimple density, and dent array pattern. Etsion et al. investigated the effects 

of LST on mechanical seals and reciprocating automotive parts. Their work concluded that dents 

obtained by LST, arranged in a square pattern, improved the surface interaction resulting in less 

wear and fatigue [31]. There is a proven dependence between LST and increased load capacity, 

reduced friction coefficient, and reduced wear [30]. The main problem of LST is the alteration of 

surface integrity by the process of ablation. The high temperatures encountered during ablation 

cause melting, cracking and changing of the surface microstructure. The changes in surface 

integrity can drastically shorten the fatigue life of the material [32]. 

However, LSP is the most practical method that combines production efficiency and 

enhanced surface integrity. In combination with an automatic position system, LSP can be 

adapted to various peening patterns such as overlapping dents or multiple peening patterns. 

 

 

2.3  Fabrication Procedure of Micro Dents by LSP 

2.3.1  Sample Preparation 

Al-6061-T6 samples were sectioned ¼ inch thick from a 3 inch diameter round bar. 

Aluminum alloy was chosen against pure aluminum due to its wide applications across multiple 
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fields in industry. Aluminum in pure form is very soft and is not recommended for tribology 

applications. In order to improve surface finish, each sample was turned and later polished to a 

mirror finish. The aluminum samples underwent three stages of polishing using various polishing 

pads; 1200 grit, nylon, and Lecloth™. In order to prevent and remove any micron sized pits and 

scratches induced by polishing, 1 μm diamond liquid in conjunction with lapping oil and/or 

water was used at low polishing speeds to final polish to a mirror finish. The surface roughness, 

Ra, was measured along 10 mm spans at random locations across the surface. The average 

surface roughness measured is less than 10 nm.  

 

2.3.2  Process Mechanism of Micro Dent Formation 

Laser Shock Peening (LSP) is a mechanical process where pressure wave caused by 

expanding plasma plastically deforms the surface of a material. LSP uses a thin layer of ablative 

material that is opaque to the laser. Figure 2.1 is a process schematic of LSP. 

 

 

 

 

 

 

 

 

 

Fig. 2.1  Schematic of dent fabrication mechanism 

 

 

 

Focal lens 

Laser beam 
 

 

Shock wave 
 

 

LSP dent 
 

 
Metal sample 
 

 

Water 
 

 
Ablative material 
 

 

• Pressure: ~5 GPa 
• Strain rate: >106 s-1 
• Mechanical process 



10 
 

The ablative sacrificial layer is black spray paint or tape [33]. This layer protects the 

surface against thermal effects. The laser beam vaporizes the ablative layer to form high pressure 

plasma [34]. The plasma, confined by a thin layer of water film, expands rapidly resulting in a 

recoiling pressure wave on the order of GPa [3, 7, 35, 36]. The pressure wave is the mechanical 

process that plastically deforms the surface. Once the pressure exceeds the dynamic yield stress, 

plastic deformation occurs and forms a dent. When peening thin surfaces, exceeding dynamic 

ultimate tensile stress will result in spalling [14]. 

 

2.3.3  Experimental Setup 

Figure 2.2 presents the experimental setup. The experiments were performed with a Q-

switched Nd: YAG (neodymium-doped yttrium aluminum garnet) laser with a wavelength of 

1064 nm and a frequency of 30 Hz. The laser emitted a 5-7 ns Gaussian distributed pulse. The 

laser beam was focused to a calculated dent diameter of 32.5 μm using a 75 mm focal length 

lens. The energy was measured using an Ophir 30 A-HE power meter and ranged from 33 to 133 

mJ.Each experiment was performed in water confined regime (WCR) at a depth of 2 mm. The 

ablative material was black tape with a thickness of 0.13 mm.  

 

 

 

 

 

 

Fig. 2.2  Experimental setup of LSP 
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2.3.4  Laser Intensity Calculation 

To characterize the laser intensity the optical characterization of laser beam is required. 

The amplitude distribution of the electromagnetic field in a plane perpendicular to the axis of the 

optical cavity is described as “transverse electromagnetic (TEM) modes”, which are actually 

cross sections of the beam. Figure 2.3 shows some common TEM cross sections. The transverse 

mode which is most commonly observed and used for our application is the TEM00. This pattern 

has the circular spot cross section and the laser beam power does not fall to a minimum in either 

coordinate direction. 

 

 

Fig. 2.3  Common TEM profiles [37] 

 

The beam characterization with respect to pulse time is necessary in order to understand 

the effect of pulsed type on laser intensity. Three main categories of pulsed types and their 

corresponding intensity distributions could be defined based on the pulse time [38]. A constant 

beam laser, known as a “continuous wave” or “constant wattage” (CW) laser, is differentiated 

from a pulsed laser that provides bursts of energy. A continuous wave is defined as the output of 

laser which is operated with a continuous output for a period larger than 0.25 seconds. The 
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intensity of a CW is measured in units of watts per square centimeter (W/cm2). This unit is often 

referred to as “power density”. 

A pulsed laser delivers its energy in the form of a single pulse or train of pulses [38]. The 

pulse duration is less than 0.25 seconds. By Q-switching, the burst of energy is released in much 

shorter periods of time, usually on the order of nanoseconds. Using specialized equipment like 

faster Q-switches could decrease the periods into the range of picoseconds. For pulsed lasers and 

Q-switched lasers, the laser intensity is calculated as the peak pressure delivered onto the laser 

spot area. The peak pressure is the pressure delivered in one shot in a very short period of time 

(10ns). In literature, laser energy represents the peak pressure delivered in one pulse time or it 

could be calculated as the average pressure delivered at the given frequency [14]. In this respect 

the energy could be calculated as: 

   
f

avgP
E = ;  tp*peakPE =    (1) 

where   Pavg

 P

- Average power output in Watts 

peak

 E - Pulse energy in Joules 

-Peak power in watts 

 f  - Laser frequency in Hertz 

 pt

Laser intensity I as calculated in Equation (2) can be obtained in terms of GW/cm2, either 

directly from the laser energy or calculated in power increments. So, laser intensity can be 

calculated using the formula: 

- Pulse time in seconds 

   
A*tp*f

avgP
A*tp

E
A

peakP
I ===     (2) 

where   I - Laser intensity in GW/cm2 
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 E - Pulse energy in Joules 

 Pavg

 P

-Average power output in watts 

peak

  f - Laser frequency in Hertz 

-Peak power in watts 

 pt 

 A - Laser spot area in cm

- Pulse time in nanoseconds 

2

In Equation (2) the laser spot area A is calculated through “Thin Lens Theory”[38]. 

According to Winburn, the equation used to calculate the focused laser spot diameter for a 

circular beam in TEM00 mode is: 

 [14] 

    
D

λ*F.d 442=      (3) 

where d - Laser spot diameter at the focal distance in mm 

 F - Focal distance in mm 

 λ  - Wavelength in μm 

 D - Unfocused beam diameter in mm 

With the laser spot diameter calculated in Equation (3) the laser spot area A is calculated 

with the formula: 

    
4

2d*A π
=       (4) 

Depth of focus (DOF) is defined as the distance over which the focused beam has about 

the same intensity, i.e. the distance over which the focal spot size changes ±5%. The formula 

used to calculate the depth of focus is: 

    
2

442 





=

D
F.DOF λ      (5) 
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where:  λ - Wavelength in μm 

 F - Focal distance in mm 

 D - Unfocused beam diameter in mm 

For a higher accuracy in laser machining, a longer depth of focus is desired. In order to 

increase this parameter, either lenses with a longer focal length are used or wavelength is 

decreased where this possibility exists. 

Based on the above calculation method, the calculated laser intensities ranged between 

575 and 2300 GW/cm2 for the power ranging from 1 to 4 watts. The calculated spot diameter 

was 32.5 microns and the depth of focus was 405 microns. 

 

 

2.4  Characterization of Micro Dent Geometry and Properties 

2.4.1  Dent Profile 

Figure 2.4 shows surface topography of the fabricated micro dents at different power 

levels. To investigate dent geometry, experiments were carried out on 4 rows where each row 

corresponds to a different power setting. In order to examine repeatability, 6 dents were 

produced at each power level and then measured to determine average dent properties. The dent 

geometry was measured using a Dektak profiler. 
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Fig. 2.4  Surface topography of micro dents at 10× optical magnification 

 

Figure 2.5 depicts the dent profiles for the various laser powers. Each dent was measured 

at the deepest diameter. The deepest part of the dent was found by iterating across the bottom 

surface. The deepest dent occurred at the lowest power setting of 1 W. The depth at different 

power levels decreased nonlinearly with increasing power. These results suggest that increasing 

the power past a saturation point does not increase the depth of a dent. 

The power level had a negligible effect on the dent diameter. The laser spot diameter is 

controlled by the optical setup and therefore is not influenced by the power level. Increasing the 

power did not increase the radial stress required to produce wider dents. The average dent 

diameter is approximately 400 μm. 

Power 2W Power 1 W 

Power 3 W Power 4 W 
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Fig. 2.5  Dent profiles at different power settings 

 

2.4.2  Microstructure Characterization 

To clarify the differences between laser texturing and micro LSP two identical samples 

had been prepared as presented in Figure 2.6 and peened respectively by LST and LSP. The 

excess material was gently ground using a 320 grit sand paper and running water until the sample 

edge was tangential to the dents. The sample was mounted in cold epoxy, slightly ground against 

1200 grit size sand paper and polished to a mirror finish using alumina polishing compound. 

Figure 2.7 presents the cross sectioned dents fabricated by previously described peening 

processes. The surface roughness suffers consistent changes due to LST ablation process. For the 

dent obtained by laser shock peening, surface roughness is not affected. Laser shock peened 

sample was also locally etched and investigated using SEM. The etching agent used during 

metallographic preparation was a solution containing 25 ml methanol, 25 ml HCl, 25 ml HNO3 

and 1 drop of HF. Figure 2.8 shows the SEM micrographs on the LSP cross-sectioned dent. Even 

though it is hard to identify grain boundaries, it could be concluded that compression due to LSP 

high strain rate deformation caused significant size shrinkage for close to surface particles 
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embedded in aluminum matrix. LSP effect on surface roughness and thermal effect due to 

plasma forming and expansion are not present. It could be concluded that micro LSP is a 

completely mechanical dent fabrication process.  

 

 

 

 

 

 

 

 

Fig. 2.6  Sample preparation for cross-section investigation 

 

 

 

Fig. 2.7  Optical images for dent cross-section. (a)  LST and (b) LSP 

(b) LSP (a) LST 

Grinding 

Polishing 

Cross section line 

Micro dent 
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Fig. 2.8  SEM micrograph of the laser shock peened cross-sectioned dent 

 

2.4.3  Micro Hardness  

To investigate the hardness produced by LSP, experiments were carried out to measure 

micro hardness on 4 rows of dents, where each row corresponds to a different power setting. A 

Knoop indenter with a load of 50g was used to measure hardness in and around the dents. 

Hardness was measured consecutively along a radial path on the top surface. The size of the 

imprint was approximately 30 μm which allowed for multiple measurements within the same 

dent. The equipment used was a Micro-Hardness tester 401/402 MVD. Figure 2.9 shows the 

micro hardness profiles on the surface for various laser powers. Measurements at the first 

position correspond to the dent center position. Second, third and fourth measurements are 

within the dent. The fifth position is on the pile-up zone and the sixth position is on the unpeened 

surface. As expected, LSP increased the hardness within the dent. The average hardness at the 

center and exterior of a dent was 423 and 272, respectively. On average, the hardness in the 
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center increased 56% from the bulk material. A comparative study by Zhang found similar 

results on increasing the hardness of Al-2024-T62 aluminum alloy by as much as 52% [14]. 

 

Fig. 2.9  Micro hardness profiles 

 

The main concern when measuring micro hardness within dents produced by LSP is 

dealing with curved surfaces. Since 3D topography for a LSP dent is similar to a hemisphere, 

measurement error is unavoidable for measurements on the dent side wall. As a result, a drag like 

effect as shown in Figure 2.10 elongates the Knoop indentations which will inaccurately reflect 

hardness. To minimize the error, the Knoop indenter was oriented to measure hardness along the 

y-direction. Therefore, the long diagonal, critical to measuring hardness, was unaffected by the 

curved surface. In this setup, there is still a dragging effect on the short diagonal; however, the 

hardness measurements are unaffected. 
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Fig. 2.10  Schematic of dragging effect on hardness measurement on curved surface 

 

Micro-scale laser shock peening was performed on Al-6061-T6 to explore the feasibility 

of fabricating micro dents. The effects of laser power on dent topography and hardness were 

characterized. In WCR with black tape as the ablative medium, using higher laser power did not 

increase dent depth. An average laser power of 1 Watt, which corresponds to a laser intensity of 

576 GW/cm2, produced the deepest dent. As the average power increased, the depth of each dent 

decreased nonlinearly. The diameter of the dent was less affected by increasing the laser power. 

The hardness in the center of the dent was increased by 55%. It is believed hardening effect in 

the center of the dent is caused by strain hardening, strain-rate hardening, and compressive 

residual stress. Dent cross-section investigation revealed the differences between LST and LSP 

processes. LST process affects surface roughness by thermal ablation while LSP mechanically 

compresses the surface with no detrimental effect on surface roughness. Additional research is 

2.5  Conclusions 

y 

x 
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necessary to evaluate LSP as a dent fabrication method and to evaluate the effect of LSP 

fabricated dents on the surface tribological performance. 
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CHAPTER 3 
 

FABRICATION AND CHARACTERIZATION OF MICRO DENT ARRAYS PRODUCED 
BY LASER SHOCK PEENING ON TITANIUM TI-6AL-4V SURFACES 

 
 

 
Abstract 

Surface micro dents may act as lubricant reservoirs to reduce friction and wear in sliding 

and rolling contact applications. Surface patterning has become a valuable technique for 

fabricating micro dents. Alternative methods such as micromachining present obvious limitations 

in comparison with laser shock peening (LSP). In this paper, the use of micro LSP along with an 

automatic X-Y table proves to be an attractive and reliable method for producing micro dent 

arrays with enhanced surface integrity and free of cracks. Surface topography, residual stress, 

and microhardness of the fabricated micro dent arrays on the polished Ti-6Al-4V surfaces have 

been characterized. It has been shown that LSP is capable of efficiently fabricating mass micro 

dent arrays with controllable size via adjusting laser power. The center area of the peened dents 

has the highest hardness. In addition, high compressive residual stress can also be produced. 

 

Keywords: surface patterning, micro dent array, laser shock peening, surface integrity 
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3.1  Introduction 

3.1.1  Functions of Micro Dents 

Anderson et al. have shown that the laser-textured surfaces have improved performance 

of wear, friction and lubrication [1]. Micro dents serve as fluid reservoirs that effectively retain 

lubricant and extend the life of the thin lubricant layer. Entrapped lubricant will act as micro-

bearings sustaining the load and reducing surface wear. Under flooded and boundary lubricated 

conditions, micro-dents will also function as traps for wear debris, eliminating a potential 

plowing effect caused by entrapped particles. The long term benefit of surface patterning is to 

extend the life of contacting surfaces. Romano et al. demonstrated that micro dents on the 

surface can improve the surface lifetime by a factor of ten [2]. Many experimental studies have 

shown that fabricated micro-dents are a useful method to reduce friction in sliding contact. The 

studies include the effect of dent patterns on micro-grooved sapphire discs in pin-on-disc tests 

[3], coated silicon discs in oscillating tests [4], steel discs with laser-textured micro dents in slow 

pin-on-disc tests [5, 6], steel against silicon nitride plates with micro dents in three-pin-on-disc 

tests [7], micro dents produced by micro diamond pyramid on steel surfaces in rolling sliding 

contact [8] and ceramic plates with micro dents in block-on-ring tests [9]. 

 

3.1.2  Micro Dent Fabrication Techniques 

To evaluate the effects of micro dents on the surface tribological properties, various 

manufacturing techniques have been developed to fabricate dent arrays. These techniques can be 

classified into mechanical, lithographic, energy beam and coating techniques. 
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One mechanical method of micro dent fabrication is micro indentation. Nakatsuji and 

Mori fabricated a dent array using a Vickers indenter on S35C steel [10].The dent geometry 

follows the Vickers tip imprint, an isosceles trapezoid, with a diagonal of 20 μm and a depth of 3 

μm. They demonstrated dents produced by indentation had beneficial effects on suppressing 

pitting and improving scuffing resistance on surfaces in rolling-sliding contact. 

Another mechanical technique for manufacturing micro dents is micro-drilling. In micro-

drilling, holes less than 50 µm in diameter are produced on a surface with high accuracy and a 

high depth/diameter ratio up to 14. The disadvantage of this method is the fact that surface 

integrity is mainly affected by the cutting process. Also, small chips are generated as a result of 

cutting and cannot be completely removed from the hole. The chips could be released and cause 

further damage during surface interaction in an earlier stage than pitting onset. Micro-drilling 

must be done in a peck cycle, wherein the drill is repeatedly inserted and withdrawn from the 

hole. The normal drilling speed is high since the feed rate is around 1 µm per peck cycle. Due to 

geometry constraints and fragile tooling under these operating conditions, where cutting forces 

are very high relative to the volume of material removed, micro-drilling is not a suitable method 

for mass production [11]. 

Laser surface texturing (LST) has been developed to fabricate dent arrays. The process 

uses high energy laser pulses to ablate localized surface regions by rapid melting and 

vaporization. The design parameters critical for creating dent arrays are depth, diameter and 

dimple density. Etsion et al. studied the relationship between LST, increased load capacity, 

reduced friction coefficient, and reduced wear. The main problem of LST is the alteration of 

surface integrity by the process of ablation [12, 13]. Iordanova et al. investigated the high 

temperatures encountered during ablation which causes melting, cracking and changing of the 
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surface microstructure [14]. The effects of LST on cold rolled low carbon steel revealed that the 

residual stress distribution was not affected in rolling direction and negatively affected in 

transverse direction. The changes in surface integrity can drastically shorten the fatigue life of 

the material. A new process to fabricate dents while avoiding material damage is highly needed. 

Laser shock peening (LSP) is a proven technique for inducing deep compressive residual 

stress in the subsurface of a material. As a result, the mechanical properties of a material are 

improved to prevent failure due to fatigue, wear and foreign object damage (FOD). White 

initiated the study on the process of using elastic waves to plastically deform metals in the early 

1960s [15]. Over several decades, significant progress towards understanding the mechanisms 

controlling wave propagation and their effects on residual stress and hardening have been further 

studied by two research groups led by Fairland [16, 17] and Fabbro [18- 21]. LSP researchers 

have investigated the simulation and prediction of the material response during LSP [22- 26]. 

More recently, Warren et al. have modeled and simulated the shock pressure as a function of 

space and time via material user subroutine to investigate the dynamic response of materials 

during multiple peening [27, 28]. Much of the attention in these studies was focused on laser 

parameters, confining layers and ablative coatings. All these parameters significantly influence 

the mechanical responses of a metallic material. Through these efforts, LSP was proven as a 

viable alternative to conventional shot peening in the challenge to obtain deeper compressive 

residual stress in the subsurface of metals. 

Typically, LSP is applied to metals as a form of surface treatment. Ti-6Al-4V is the most 

commonly used titanium alloy. Over 70% of all alloy grades melted are a sub-grade of Ti-6Al-

4V. Its uses span many aerospace airframe and engine component uses and also major non-

aerospace applications in the marine and power generation industries in particular. Therefore, a 
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big consideration is placed in evaluating the level of compressive residual stress generated by 

LSP and its beneficial effects. LSP is well suited for treating localized regions under cyclic 

loading and fatigue. Treated critical fatigue areas with high compressive residual stress prevent 

cracking and spalling [29- 32]. Fretting fatigue occurs when the relative movement of contacting 

bodies is combined with cyclic applied loading. Extra depth of residual stress imparted by LSP 

compared to shock peening highly improves the material behavior under fretting fatigue 

circumstances [33]. 

Lower energy lasers such as Nd: YAG are more suitable for micro scale LSP as opposed 

to the high powered Nd: glass lasers. Fairland and Clauer (1976) considered the use of Nd: glass 

lasers mainly for covering large areas [34]. The energy of Nd: glass lasers are on the order of 

Joules. As a result, surface quality is compromised in order to impart deeper compressive 

stresses. In micro scale LSP, the peened area is on the order of microns, compared to the 

millimeter sized areas peened by macro LSP. As a result, surface roughness is minimized which 

leads to improved tribological performance. 

Since the primary goal for LSP has been to obtain high magnitude deep compressive 

residual stresses, little effort has been placed on fabricating functional micro surface structures 

via LSP. 

 

This research introduces LSP as a new process to fabricate micro dent arrays. Laser 

shock peening (LSP) is a mechanical process where pressure waves caused by expanding plasma 

plastically deform the surface of a material as shown in Figure 3.1. 

3.2  Surface Texturing by Laser Shock Peening 
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Fig. 3.1  Schematic of dent fabrication by laser shock peening 

 

LSP uses a thin layer of ablative material that is opaque to the laser. The opaque ablative 

material, typically black spray paint or tape, is used as a sacrificial layer [34]. The sacrificial 

layer also minimizes undesirable thermal effects on the surface caused by the laser. The laser 

partially vaporizes the ablative layer to form high pressure plasma [35]. The plasma, confined by 

a thin layer of water film, expands rapidly resulting in a recoiling pressure wave on the order of 

GPa [17, 21, 36, and 37]. The pressure wave is the mechanical process that plastically deforms 

the surface. Once the peak pressure exceeds the dynamic yield stress (Hugoniot elastic limit), 

plastic deformation occurs and forms a dent. The dent geometry is quantified by the largest 

diameter and depth. The ratio of the diameter to the depth is known as the dent aspect ratio 

(DAR). It is hypothesized that very shallow dents with relatively large diameters, or large DAR, 

will exhibit enhanced tribological performance compared to a low DAR. This work will focus on 

describing the fabrication method of dent arrays, the characterization of micro-dents with a small 

DAR and evaluation of the surface residual stress measured by X-ray diffraction on Ti-6Al-4V 
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samples. After the shock wave disperse, the deformed region presents a state of compressive 

residual stress due to constraints from the surrounding material. Also, LSP is the most practical 

method that combines production efficiency and enhanced surface integrity. In combination with 

an automatic position system, LSP can be adapted to various peening patterns such as 

overlapping dents or multiple peening patterns. 

 

 

3.3  Fabrication Procedure of Micro Dents by LSP 

3.3.1  Sample Preparation 

Ti-6Al-4V samples were sectioned ¼ inch thick from a 3 inch diameter round bar. 

Ti-6Al-4V is a widely used α + β Ti alloy due to its combination strength, fatigue, and creep 

properties at room temperature and elevated temperatures. In order to improve surface finish, 

each sample was turned and then polished to a mirror finish. To remove the effects of turning, 

the samples went through a lapping process. Two hours of continuously lapping, using lapping 

powder and oil, were estimated to remove the about 1/10 mm surface layer. In the next step, 

titanium samples underwent two stages of polishing using various polishing pads; 1200 grit and 

Lecloth™. In order to prevent and remove any micron sized pits and scratches induced by 

polishing; aluminum powder in conjunction with lapping oil and/or de-ionized water was used at 

low polishing speeds to final polish to a mirror finish. The surface roughness, Ra, was measured 

along 10 mm spans at random locations across the surface. The average surface roughness 

measured is less than 10 nm.  
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3.3.2  Experimental Setup 

The experiments were performed with a Q-switched Nd: YAG (neodymium-doped 

yttrium aluminum garnet) laser with a wavelength of 1064 nm and a frequency of 30 Hz. The 

laser emitted a 5-7 ns Gaussian distributed pulse. The laser beam was focused to a diameter of 

43.3 μm using a 100 mm focal length lens. The energy was measured using an Ophir 30 A-HE 

power meter and ranged from 33 to 133 mJ. 

 

 

 

 

 

 

 

Fig. 3.2  Experimental setup of LSP 

 

Figure 3.2 shows the experimental setup. Each experiment was performed in water 

confined regime (WCR) at a depth of 2.5~3 mm. The ablative material was polyester black tape 

which has a thickness of 0.07 mm. The ablative tape is composed by two layers. The top layer is 

polyester which presents a higher resilience to elongation, a higher plasticity and a higher energy 

transmitting, while the bottom layer is an acrylic adhesive. The laser beam hits the top layer and 

forms plasma. The plasma under the confined regime is transferred to the sample. The bottom 

layer attenuates the shock wave, while at the same time protects the sample from undesirable 

thermal effects due to plasma forming in the focused region. 
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The key parameter for experiment repeatability is the depth of focus (DOF) as shown in 

Figure 3.3. Positioning DOF was controlled by attaching the focal lens to a translation stage. 

Repeated experiments at the different positions on the stage were performed to position the 

sample within DOF limits. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.3  Influence of DOF on the spot diameter 

 

3.3.3  Laser Intensity Calculation 

To characterize the laser intensity the optical characterization of laser beam is required. 

The amplitude distribution of the electromagnetic field in a plane perpendicular to the axis of the 

optical cavity is described as “transverse electromagnetic (TEM) modes”, which are actually 

cross sections of the beam. The transverse mode which is most commonly observed and used for 
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our application is the TEM00. This pattern has the circular spot cross section and the laser beam 

power does not fall to a minimum in either coordinate direction. 

The beam characterization with respect to pulse time is necessary in order to understand 

the effect of pulsed type on laser intensity. Three main categories of pulsed types and their 

corresponding intensity distributions could be defined based on the pulse time [38]. A constant 

beam laser, known as a “continuous wave” or “constant wattage” (CW) laser, is differentiated 

from a pulsed laser that provides bursts of energy. A continuous wave is defined as the output of 

laser which is operated with a continuous output for a period larger than 0.25 seconds. The 

intensity of a CW is measured in units of watts per square centimeter (W/cm2). This unit is often 

referred to as “power density”. 

A pulsed laser delivers its energy in the form of a single pulse or train of pulses. The 

pulse duration is less than 0.25 seconds. By Q-switching, the burst of energy is released in much 

shorter periods of time, usually on the order of nanoseconds. Using specialized equipment like 

faster Q-switches could decrease the periods into the range of picoseconds. For pulsed lasers and 

Q-switched lasers, the laser intensity is calculated as the peak pressure delivered onto the laser 

spot area. The peak pressure is the pressure delivered in one shot in a very short period of time 

(10ns). Q-switched lasers present a pulse time suitable to achieve the strain rates required to 

create micro-dents. Laser energy represents the peak pressure delivered in one pulse time and 

could be calculated as the average pressure delivered at the given frequency [28]. In this respect 

the energy could be calculated using the following equation. 

   
f

avgP
E = ;  tp*PeakPE =    (1) 

where   Pavg

 P

- Average power output in Watts 

peak-Peak power in watts 



35 
 

 E - Pulse energy in Joules 

 f  - Laser frequency in Hertz 

 pt

Laser intensity can be calculated using the following formula. Laser intensity I as 

calculated in Equation (2) can be obtained in terms of GW/cm2, either directly from the laser 

energy or calculated in power increments. 

- Pulse time in seconds 

   
A*tp*f

avgP
A*tp

E
A

peakP
I ===     (2) 

where   I - Laser intensity in GW/cm

 E - Pulse energy in Joules 

2 

 Pavg

 P

-Average power output in watts 

peak

  f - Laser frequency in Hertz 

-Peak power in watts 

 pt 

 A - Laser spot area in cm

- Pulse time in nanoseconds 

2

In Eq. (2) the laser spot area A is calculated through “Thin Lens Theory” [38]. Figure 3.3 

shows a “diffraction limited” beam focused through a bi-convex lens with the focal length F and 

spot diameter d. According to Winburn, the equation used to calculate laser spot diameter for a 

circular beam in TEM00 mode is: 

 [28] 

    
D
*F.d λ442=      (3) 

where d - Laser spot diameter at the focal distance in mm 

 F - Focal distance in mm 

 λ  - Wavelength in μm 
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 D - Unfocused beam diameter in mm 

With the laser spot diameter calculated in Equation (3) the laser spot area A is calculated 

with the following formula. 

    
4

2d*A π
=       (4) 

Focal length is defined as the distance between focal lens and the top surfaceof the 

ablative material. DOF is defined as the distance over which the focused beam has about the 

same intensity, i.e. the distance over which the focal spot diameter changes ~ ±5%. The formula 

used to calculate the depth of focus in μm is: 

    
2

442 





=

D
F.DOF λ      (5) 

where:   λ - Wavelength in μm 

 F - Focal distance in mm 

 D - Unfocused beam diameter in mm 

Using Eq. (5), the calculated DOF is about 720 µm. For higher accuracy in laser 

machining, a longer depth of focus is desired. In order to increase this parameter, either lenses 

with a longer focal length are used or wavelength is decreased where this possibility exists. 

Based on the above calculation method, the calculated laser intensities ranged between 

323 and 1295 GW/cm2 for the power ranging from 1 to 4 watts. Calculated spot diameter was 

32.5 microns and the depth of focus was 405 microns. 
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3.4  Characterization of Micro Dent Geometry and Properties 

3.4.1  Dent Profile 

 Figure 3.4 shows the surface topography of the fabricated micro dents at different power 

levels, 1W, 2W and 3W by optical microscopy investigation. To investigate dent geometry, 

experiments were carried out on 3 rows where each row corresponds to a different power setting. 

In order to examine repeatability, 10 dents were produced at each power level and then measured 

to determine average dent properties. The dent geometry was measured using a Dektak II 

profiler. Figure 3.5 presents the dent profiles for three laser powers. 

 

 

Fig. 3.4  Surface topography  

 

Power 1W Power 2W Power 3W 
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Fig. 3.5  Dent profiles 

 

The power level had a quantifiable effect on the dent diameter. The laser spot diameter is 

controlled by the optical setup and therefore is not influenced by the power level. Increasing the 

power the radial stress increases and wider dents are produced. The average dent diameter for 

three different power setups is presented in Figure 3.6.  
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Fig. 3.6  Dent diameter as a function of power settings 
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Each dent depth was measured at the dent center. The deepest dent occurred at the 

highest power setting of 3 W. The depth at different power levels increased with increasing 

power as shown in Figure 3.7. 
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Fig. 3.7  Depth as a function of power settings 

 

3.4.2  3D Dent Topography 

To comprehensively characterize the dent geometry, the outer edge of the dent should be 

examined. As expected when doing LSP, a pile-up region is formed on the outer edge of the 

dent. It is believed that tensile stress develops in these pile-up regions and negatively influencing 

the tribological properties. To characterize the pile-up region, a dent array was generated at 1W 

power with a pattern as presented in Figure 3.8.  
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Fig. 3.8  Dent array fabricated at laser power 1W 

 

To ensure uniform repeatability and create different dented patterns, a VXM XY table 

was used. The XY table presents the advantage of moving in micron incremented steps with a 

very high precision. The XY table was programmed and synchronized with the laser to obtain a 

pattern as presented in Figure 3.8 over a 6 mm × 25 mm area. Dents were generated with a 

calculated 20% dent density for an assumed 120 µm dent diameter. Hexagonal pattern was 

chosen to provide a proportional distribution of dented region and pile-up region on the dented 

track and also to reduce the effect of overlapping pile-up regions. For tribology tests, hexagonal 

pattern will provide a uniform dent effect distribution on the wear track. The sample was sent to 

Zygo Corporation for 3D mapping. The equipment used to scan the dented surface was Zygo 

New View 7300 Scanning White Light Interferometer. Some statistical data generated by 

examining the depth of laser shocked peened dents within the investigated area is presented in 

Table 3.1. 

Table 3.1  Measured depth of dents 

Parameter Value 
Mean depth 0.507 µm 

Range 1.231 µm 
Standard deviation 0.2217 µm 

Total number of dents 1604 
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The mean depth was evaluated to be 0.507 within a range of 1.231 µm. This high range 

could be explained as a limitation of the ablative material which suffers drastically 

transformations throughout peening process. The difference between mean depths as measured 

by Zygo and the measurements on 2D Dektak II profiler could be attributed to using a different 

sample with a different degree of surface finish, a slight difference in focal length or slightly 

difference in thickness of the confining medium. Also, the mean of the investigated dents was 

obtained from a sample of 10 dents for 2D profiling while the 3D profiling was recorded from a 

population of 1604 dents. This transformation due to plasma forming and high localized 

temperature affects process repeatability to a highest extent when a higher dimple density is 

required. The roughness across the dented area shows an increase from 10 nm for unpeened 

surface to around 80 nm. 

A representative dent 3D profile is presented in Figure 3.9. The tensile pile-up region 

contained approximately 40% of the total volume displaced from the dented region. 

Consequently, 60% of the material was compressed into the bulk material. As a result of the 

deformation, compressive residual stresses formed in the material subsurface. 

 

 

 

 

 

 

 

Fig. 3.9  3D topography of the dent array and individual dent 
 

3D Profile Dent Pile-up 
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3.4.3  Micro Hardness 

To investigate hardness produced by LSP, experiments were carried out to measure micro 

hardness on 3 rows of 5 dents each, where each row corresponds to a different power setting 1W, 

2W and 3W. A Vickers indenter with a load of 50g and a dwelling time of 10 seconds was used 

to measure hardness in and around the dents. As presented in Figure 3.10 hardness was measured 

on 6 points arranged consecutively along a radial path on the top surface. The size of the imprint 

was approximately 17 µm which allowed for multiple measurements within the same dent. The 

equipment used was a Micro-Hardness tester 401/402 MVD. Also, Figure 3.10 shows the micro 

hardness profiles on the surface for various laser powers. As expected, LSP increased the 

hardness within the dent. On the pile-up region, the hardness reached a minimum, an average 

value slightly lower than the average value on the unpeened surface. This could explain the 

presence of the tensile stress within the pile-up region. On average, the hardness in the center 

increased 15% from the bulk material. A comparative study by Zhang and Yu found similar 

results on increasing the hardness of 2024-T62 aluminum alloy by as much as 52% [28]. 

The main concern when measuring micro hardness within dents produced by LSP is 

dealing with curved surfaces. Since 3D topography for a LSP dent is similar to a hemisphere, 

measurement error is unavoidable. To minimize the experiment error, the Vickers indenter was 

chosen due to its better suitability when dealing with curved surfaces. The difference between 

the readings on the diagonals was approximately 5% which represents a very small error.  
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Fig. 3.10  Micro hardness profiles 
 

 

3.4.4  Residual Stress 

Shepard studied the effects of macro scale LSP on residual stress induced in Ti-6Al-4V 

and showed that LSP increased not only the magnitude of the residual stress but also the depth of 

compression [39]. In the present paper, residual stress at the surface is investigated using a 4-axis 

Bruker-AXS x-ray machine with an area detector. The residual stress measurement parameters 

are listed in Table 3.2. 

 

Table 3.2  Residual stress measurement parameters 

Measurement method sin2ψ 
Radiation Co-Kα 

Spot size (mm) 0.8 
Voltage (kV) 40 

Amperage (mA) 35 
ψ (deg.) -10, -20, -30, -40, 0, 10, 20, 30, 40 
2θ (deg.) 47.45 

Anisotropy factor ARX 1.5 
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The XRD method is based on the fact that strain induced in a crystalline material as 

consequence of mechanical deformation, phase transformation, thermal expansion, etc., causes a 

change in the lattice spacing of the atomic planes within the crystal structure from that in the 

stress-free condition. The inter-atomic spacing d is the main parameter measured and used to 

quantify the level of residual stress in the exposed surface layer. The shift in the diffracted X-ray 

peak position is also considered in XRD analysis. Throughout the measurements, plane stress 

conditions (no stress is assumed perpendicular to the surface, σ33 = 0) on the surface are assumed 

(i.e., a biaxial system σ11 and σ22 exist in the plane of the surface). Since there is no preferred 

orientation for σ11 and σ22, the average value has been reported and denoted as σavg

By determining the angular peak shift and applying the Bragg Law to quantify for the d-

spacing, the stress on the surface of the specimen can be calculated through linear elastic theory. 

The most commonly used method for stress determination is sin2Ψ method. The sin2Ψ method 

requires a number of XRD measurement made at different tilts. 

. 

XRD based residual stress measurement was used to measure surface residual stress in 

the dented region (PD) and also in the dented region after a second round of mild polishing 3-5 

min (PD&P). The dented region was covered by a 40% dimple density to create a higher LSP 

effect within the investigated region. A higher dent coverage is limited by ablative material 

limitations. The second polishing process was introduced to remove or diminish the pile-up 

effect within the dented region. It is well known that the initial polishing process generates a 

large compressive residual stress on the top surface. LSP increases the level of compressive 

residual stress within the dented region. Tensile residual stresses are formed on the pile-up 

region. Tensile residual stress creates the premises for crack initiation and crack growth. On the 
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other side, compressive residual stresses on the surface act on surface integrity by closing crack 

tips and resisting crack growth. 

As presented in Figure 3.11, the difference between measured values for σ11 and σ22

 

 in 

the peened region (PD) could be explained by the asymmetry of the investigated area, surface 

curvature within radiated area and error introduced by the Bruker instrument (± 20 MPa). 

Assuming a proportional representation within the scanned area (which is approximately .5 

mm2) of the dented region and pile-up region, the compressive effect of LSP is partially 

counteracted by the tensile effect present in the pile-up region. Overall, the compressive residual 

stress on the surface is determined in both (11) and (22) directions. After removing the pile-up 

effect, as measured in the PD&P region, the increase in surface residual stress is visible for both 

(11) and (22) directions. An increase in residual shear stress is observed for PD&P region. The 

effect of inducing surface residual stress by LSP has been characterized within the limitations 

imposed by scanning area size. 
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Fig. 3.11  Measured residual stress on the peened surfaces 
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Micro-scale laser shock peening was performed on Ti6Al4V to explore the feasibility of 

fabricating micro dents. The key findings of this research are: 

3.5  Conclusions 

• Micro-LSP is a reliable process of fabricating micro dent arrays with different densities. 

The effect of laser power on dent topography was characterized. The dent depth increases 

with laser power. The highest depth of approximately 1 micron was achieved for a 3W 

laser power. Also, the dent diameter increased with power increase. 

• The peened surface has increased micro-hardness. The hardness in the center of the dent 

increased approximately 15%. Hardening effect in the dented area is caused by strain 

hardening, strain-rate hardening, and compressive residual stress. 

• The induced residual stress on the surface is very compressive. An increase in 

compressive residual stress on the surface was found after removing the pile-up effect by 

mild polishing. 
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CHAPTER 4 
 

FABRICATION AND TRIBOLOGICAL FUNCTIONS OF NOVEL MICRO DENT ARRAYS 
BY LASER SHOCK PEENING 

 
 

Abstract 
 

Surface patterning has become a valuable technique for fabricating micro dents which act 

as lubricant reservoirs to reduce friction and wear in sliding and rolling contact applications. In 

this paper, the use of laser shock peening (LSP) along with an automatic X-Y table proves to be 

an attractive and reliable method for producing micro dent arrays with enhanced surface 

integrity. Surface topography and profiles of the fabricated micro dent arrays on polished Ti-6Al-

4V have been characterized. The effect of dent arrays with different density on friction reduction 

at low and high viscosity lubrication was investigated. An acoustic emission (AE) sensor was 

used to on-line monitor friction and wear processes. It was found that a surface with 10% dent 

density provides better effect in reducing coefficient of friction (CoF) than those of smooth 

surface and a surface with 20% dent density. It was shown that there is a strong correlation 

between acoustic emissions (AE) signals, especial AE cumulative counts and wear rate. 

 

Keywords: surface patterning, micro dent array, laser shock peening, acoustic emissions 
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4.1  Introduction 

 

4.1.1  Dent Arrays Fabrication Techniques and Functions 

Controlled patterning of solid surfaces improves the wear, friction and lubrication [1]. 

Controlled surface patterning involves the altering of surface topography by mechanical, 

lithographic, laser, or coating techniques [2]. Micro dents serve as fluid reservoirs that 

effectively retain lubricant and function as traps for wear debris and eliminate the potential 

plowing effect caused by entrapped particles. The long term benefit of surface patterning is to 

extend the life of contacting surfaces. Micro dents on the surface can improve the surface 

lifetime by a factor of ten [3]. Experimental studies on the effect of dent patterns on micro-

grooved sapphire discs lead to the conclusion that fabricated micro dent arrays on metallic 

surfaces are a useful method to reduce friction in sliding contact [4]. Manufacturing techniques 

to fabricate micro dents arrays on component surfaces include micro indentation [4], micro-

drilling [5], and laser ablation [6]. These processes often induce surface damage such as cracks 

and phase transformation which may shorten component life. A new process to create dents 

while avoid material damage is highly needed. 

LSP is a mechanical process where pressure waves caused by expanding plasma 

plastically deform the material surface. The plastic deformation from LSP induces deep 

compressive residual stresses well below the surface. The residual stresses can penetrate as deep 

as 1 mm below the surface [7]. Furthermore, the compressive residual stresses greatly improve 

against fatigue crack formation and propagation induced by cyclic loading [8, 9]. LSP is well 

suited for localized regions under cyclic loading. Treating critical fatigue areas which have high 

stress concentrations can prevent cracking and subsequent spalling [10-12]. Usually, LSP is 
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applied to metals as a form of surface treatment. The objective of this study is to introduce micro 

LSP as a surface patterning process to produce micro dent arrays on sliding interfaces with direct 

impact on tribological performance. 

Various experimental setups have been used to evaluate the effect of different surface 

topography on the wear, friction and lubrication behavior of patterned surfaces. The 

experimental setups include pin-on-disk tests on micro-grooved sapphire discs by Blatter et al. 

[13], block-on-ring tests on ceramic plates by Geiger et al. [14], three-pins-on-discs tests with 

dents achieved by abrasive jet machining and laser beam machining by Wakuda et al. [15], 

oscillating tests on coated silicon discs by Pettersson and Jacobson [16], customized test rig 

which simulates ring-cylinder interaction in piston-cylinder applications by Ryk et al. [17], 

fixed-ball-on-disc tests on steel laser textured discs by Andersson et al. [1]. All authors have 

concluded the beneficial effect of patterning on reducing friction and improving the tribological 

behavior. 

Ti-6Al-4V is the most commonly used titanium alloy. Over 70% of all alloy grades 

melted are a sub-grade of Ti-6Al-4V. The applications cover aerospace airframes and engine 

components, marine and power generation components. However, surface contact applications of 

Ti-6Al-4V are limited due to the pronounced galling tendency. 

 

4.1.2  Acoustic Monitoring of Tribology 

One objective of this research is to evaluate the effect of the micro-LSP produced dent 

arrays on tribology and to establish a correlation between AE feature signals and the investigated 

tribological parameters of CoF, wear and lubrication. AE monitoring is one of the most effective 

non-invasive methods for process monitoring used in surface quality control. AE signals may be 
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defined as transient elastic stress waves generated at the interaction zone by the rapid release of 

strain energy within the material. Detected AE signal is directly proportional to the mechanical 

energy released between the contacting surfaces and can be related to different phenomena 

within the contact zone like asperity contact, dislocation movements, micro crack initiation and 

growth, plastic deformation and flow, etc. Since any combination of these mechanisms involved 

in the wear process could be active at any time, signal processing becomes a very complicated 

task. An important advantage for using AE signal processing is presented by the software 

capabilities to eliminate noise signal and extract feature signal that could be distinctively 

correlated to process parameters. AE signals could be divided into two categories: transient 

pulses characterized by burst-type AE signals and continuous AE signals [18]. Two types of AE 

signal analysis are usually used; frequency analysis and time domain analysis [19]. Another key 

aspect of using AE signals to monitor different processes is that frequency range of the AE signal 

is much higher than that of machine vibrations and environmental noise. Different methods 

based on burst-type AE signal using frequency analysis have been developed for monitoring tool 

wear in face milling [20-22], surface integrity during hard turning process [23], stamping process 

[24], and drilling [25].  

AE monitoring offers a useful approach in investigating the wear mechanisms. Since 

wear during sliding is a quasi-continuous process, AE monitoring was expected to offer a good 

measure of the wear process. In the past research, real time analysis for parameters like AE 

counts, count rate, RMS, peak amplitude, and AE energy had been successfully used to evaluate 

the wear mechanisms. Matsuoka et al. [26] conducted a study aimed at determining the 

usefulness of AE techniques for investigation of tribological phenomena in hard disk drive slider 

and disk applications. The study correlates RMS signal with wear coefficient and also, with wear 
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volume through Archard’s equation [26]. Accurate correlation between CoF and AE RMS 

voltage for dry ball-on-cylinder tests and proportionality between the theoretically determined 

grease film thickness and RMS were reported [27]. 

AE signal energy could be very useful in the characterization of wear mechanism since 

AE energy measurements can be directly related to important physical parameters. 

Intensification of wear mechanism through generation of bigger wear particles was 

proportionally reflected in higher levels of AE energy recorded during the tests [28]. 

AE counts and cumulative counts for wear characterization were used for dry rubbing of 

pin on rotating disc tests [28]. The AE cumulative counts are connected to the number of wear 

particles. AE method could detect tribological phenomena such as the removal or transfer 

particles that could not be detected by CoF. The wear mode and wear scale could be judged from 

magnitude of AE count rate and variations in count rate amplitude [28]. Lingard et al. have 

concluded that emissions frequencies in the range of 50 kHz to 2 MHz are useful to characterize 

the stress waves generated by the rubbing surfaces. These frequency ranges are distinct from 

lower frequency produced in large scale mechanical vibrations and the environment noise. In 

their study, severe wear for metal specimens was investigated in pure sliding motion using a two 

disc-machine. They proposed a correlation between AE total counts and frictional work as well 

as between AE count rate and lubrication conditions. Count rate dropped at lubricated conditions 

when compared to count rate at dry conditions [29]. A strong correlation between AE signal and 

wear rates was reported for tests using a steel ball sliding against a sapphire and steel discs under 

lubricated conditions. Lower AE count rates were reported for mild wear and high AE count 

rates for severe wear. In frequency domain, the AE signal variation is low for low wear rate and 

high for severe wear rate. It was also found that AE peak amplitude and RMS levels are 
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decreasing with the increase of the applied load. It indicates the unreliability of a correlation 

between these parameters with the wear rate [30]. 

While there is explicit experimental support that tribological phenomena are correlated to 

AE signals, the assignment of specific wear mechanism to specific AE signal characteristics is 

still a complicated task. Two important issues need to be addressed. One problem is that 

theoretical models of how AEs are generated by various possible mechanisms are not developed 

to allow a clear definition of AE signal details as resulting from all of the possible mechanical 

processes. The second issue is that the AE signal travels through different physical bodies and 

interfaces from its generation point to the sensor. These interfaces may act as wave modulators 

and filters for transmitted wave characteristics. So, the interpretation of AE signals in terms of 

specific causes is a very difficult task. There are two general experimental strategies 

implemented as a response to these difficulties. The first approach requires entire signal analysis 

from a particular process while generation mechanisms are assigned on the basis of material 

behavior knowledge. For the second approach, experimental plans are developed in which only 

certain mechanisms are known to be active and generate AE signals. 

 

 

4.2  Surface Texturing by Laser Shock Peening 

 

4.2.1  Sample Preparation and Dent Array Fabrication 

Ti-6Al-4V samples were sectioned ¼ inch thick from a 3 inch diameter round bar.  

Ti-6Al-4V is a widely used α+β Ti alloy due to its combination of high strength, light weight, 

good formability, corrosion resistance and creep properties at room and elevated temperatures. In 
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order to improve surface finish, each sample was turned and then polished to a mirror finish. To 

remove the effects of turning, the samples went through a lapping process. Two hours of 

continuously lapping, using lapping oil and powder, were estimated to remove about 0.1 mm 

surface layer. In the next step, titanium samples underwent two stages of polishing using various 

polishing pads; 1200 grit and Lecloth™. In order to prevent and remove any micron sized pits 

and scratches induced by polishing; aluminum powder in conjunction with lapping oil and/or de-

ionized water was used at low polishing speeds to achieve a mirror finish. The surface 

roughness, Ra, was measured along 10 mm spans at random locations across the surface. The 

average surface roughness measured is less than 10 nm. 

Dent arrays were created with a Q-switched Nd: YAG (neodymium-doped yttrium 

aluminum garnet) laser with a wavelength of 1064 nm and a frequency of 30 Hz. The laser 

emitted a 5-7 ns Gaussian distributed pulse. The laser beam was focused to a diameter of 43.3 

μm using a 100 mm focal length lens. The energy was measured using an Ophir 30 A-HE power 

meter and ranged from 33 to 133 mJ. The calculated laser intensity was 323 GW/cm2 

corresponding to a power of 1W. Figure 4.1 shows the experimental setup. Each experiment was 

performed in a water confined regime (WCR) at a depth of 2.5 to 3 mm. The ablative material 

was polyester black tape with a thickness of 0.07 mm. Key parameters for experiment 

repeatability are focal length and depth of focus (DOF). DOF is defined as the distance over 

which the focused beam has constant intensity. Positioning within DOF was controlled by 

attaching the focal lens to a translation stage. 
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Fig. 4.1  LSP experimental setup 

 

To ensure uniform dent density and repeatability, a VXM XY table was used. The XY 

table presents the advantage of moving in micron-incremented steps with a very high precision. 

The XY table was programmed and synchronized with the laser to obtain two different dent 

patterns radial positioned on the sample as presented in Figure 4.2. 

 

 

(a) 10% dent density      (b) 20% dent density 

Fig. 4.2  Sliding contact tracks at different dent density 

 

Geometrical pattern characteristics for 10% and 20% dent densities are presented in 

Table 4.1. The zigzag pattern was chosen to provide a higher dent density along the wear track 

XY table 

 Focal lens 
Sample 

Mirror 
Translation 

stage 
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during tribological tests. Repeatability becomes an issue for higher dent densities due of the 

ablative material limitations. 

 

Table 4.1  Calculated geometrical pattern for dent density 
 

Dent Density Theoretical Dent  
Dia. [µm] 

Vertical  
Spacing [µm] 

Horizontal  
Spacing [µm] 

10% 120 350 120 
20% 120 120 120 

 

4.2.2  LSP Process Concept 

LSP is a mechanical process where pressure waves caused by expanding plasma 

plastically deform the surface. LSP uses a thin layer of ablative material that is opaque to the 

laser. The opaque ablative material, typically black spray paint or tape, is a sacrificial layer [31]. 

The sacrificial layer also minimizes undesirable thermal effects on the surface caused by the 

laser beam during direct ablation. The laser partially vaporizes the ablative layer to form high 

pressure plasma. The plasma, confined by a thin layer of water film, expands rapidly resulting in 

a recoiling pressure wave on the order of GPa [32]. The pressure wave is the mechanical process 

that plastically deforms the surface. Once the peak pressure exceeds the dynamic yield stress 

(Hugoniot elastic limit), plastic deformation occurs and forms a dent. After the shock wave 

disperses, the deformed region presents a state of compressive residual stress due to constraints 

from the surrounding material [10]. 

 

4.2.3  Geometrical Characterization of Dent Arrays 

For two dimensional dent profile characterization, experiments were carried out on 3 

rows. Each row corresponds to a different power setting. For repeatability, 10 dents were 
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produced at each power level and then measured to determine average dent properties. The dent 

geometry was measured using a Dektak II profiler. Figure 4.3 presents the dent profiles for three 

laser powers. Increasing the power the radial stress increases and wider dents are produced. The 

dent depth is also increased with increasing power. 
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Fig. 4.3  Dent profiles at different peening power 

 

To comprehensively characterize the dent geometry, the outer edge of the dent should be 

examined. As expected when doing LSP, a pile-up region is formed on the outer edge of the 

dent. It is theorized that tensile stress develops in these pile-up regions, negatively influencing 

the tribological properties. To characterize the pile-up region, a dent array was generated at 1W 

power with a 20% density pattern as described in Table 4.1. Peened area was approximately 3.7 

mm x 24.5 mm as scanned and presented in Figure 4.4. 

Three dimensional mapping was performed on the top dented surface using Zygo New 

View 7300 White Light Interferometer. Statistical information with regard to the dent depth 

within the investigated area is presented in Table 4.2. The mean depth was evaluated to be 0.507 

within a range of 1.231 µm. Standard deviation for a population of 1604 dents was 0.2217 µm. 
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The high range could be explained as a limitation of the ablative material which suffers drastic 

transformation throughout the peening process. The tensile pile-up region from data provided for 

10 individual dents was evaluated to approximately 40% of the total volume displaced from the 

dented region. Consequently, 60% of the material was compressed into the bulk material. As a 

result of the deformation, compressive residual stresses formed in the material subsurface and 

tensile stresses developed in the pile-up region. 

 

 

 

 

 

Fig. 4.4  Fabricated dent array and 3D topography at 1W laser power (20% density) 

 

Table 4.2  Characterization of dent depth  

Parameter Value 
Mean depth 0.507 µm 

Range 1.231 µm 
Standard deviation 0.2217 µm 

Total number of dents 1604 
 

 

4.3  Tribology Tests and Results 

 

4.3.1  Experimental Setup of Tribology and AE Sensor 

The linear sliding tests were performed on a universal UMT-2 micro-tribometer 

presented in Figure 4.5. The micro-tribometer consists of a lower table on which the Ti-6Al-4V 

3D profile Pile-up Dent 
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sample is mounted and a vertical positioning system meant to apply the load and position on the 

sample surface. The load cell measures simultaneously the normal and frictional forces in the 

linear sliding tests. The applied load was controlled by an active feedback system with an 

accuracy of ±1 N. The ball used as the upper specimen was a 10 mm diameter chrome steel ball 

bearing with a hardness of 63 HRC. To increase the dent effect during the tribological tests and 

reduce the contact pressure between ball and surface, a calotte of 2 mm in diameter was 

produced onto the ball by grinding against 1200 grit sandpaper. The callote reduced the contact 

pressure from 655 MPa as calculated through Herts Theory for a point contact, to 1.59 MPa as 

obtained by dividing the applied pressure by the calotte area. A contact pressure of 655 MPa is 

close to the material compressive yield strength 970 MPa resulting in a complete cancelation of 

the dent effect on the surface. The ball, fixed in the load cell in a permanent position, was re-

polished using 1µm diamond paste for about 20 minutes before every test. 

 

 

 

 

 

 

Fig. 4.5  Tribometer setup 

 

Table 4.3 presents the linear sliding test conditions for each type of surface treatment. 

The surface treatments were smooth polished surface, 10% dent density, and 20% dent density. 

The linear sliding tests were performed under flooded lubricated conditions using two distinct 

Sliding ball with 
flat surface

  

AE sensor 

Load cell 

Sliding ball with 
flat surface  
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lubricants, high viscosity lubricant (typical gear box oil SAE 85W-140) and low viscosity 

lubricant (typical engine oil SAE 15W-40). The tests were performed at room temperature at a 

constant sliding speed of 1 mm/s for a track length of 20 mm. The applied load was 5 N and the 

experiment length was 30 minutes. Before the test, each sample was ultrasonically cleaned in 

acetone. The tracking velocity was set for 0.15 mm/sec. Tracking velocity represents the upper 

specimen’s vertical reaction velocity to the surface roughness along the wear track. Its purpose is 

to keep the applied load to a constant 5N level while allowing for instrument self corrections due 

to an uneven surface geometry. For repeatability reasons, two tests were completed under the 

same conditions. 

 

Table 4.3    Linear sliding test plan 

Surface 
Treatment Lubricant type # of 

tests Sliding speed  Normal load  Testing 
time  

Smooth SAE 85W-140 2 

1 mm/s 5 N 30 min. 

SAE 15W-40 2 
10% dent 
density 

SAE 85W-140 2 
SAE 15W-40 2 

20% dent 
density 

SAE 85W-140 2 
SAE 15W-40 2 

 

The Dektak II profiler was used to characterize the wear track after the tests on 

tribometer. Three profiles were scanned at three distinct locations on every wear track using the 

lowest tracking velocity (~50µm/s). Cross-section area was obtained as the average of the three 

measured values. The cross-section area served to estimate the volume of material lost for wear 

rate calculation. The wear rate was calculated by 

SL
Vk
∗

=      (4.1) 
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where k is the wear rate in mm3/Nm, V is the volume of material lost in mm3 on a wear 

track, L is the load applied in Newton and S is the sliding distance in meters. 

As presented in Figure 4.5, an AE sensor was attached on the ball holder. AE signal is 

captured through a high frequency piezoelectric transducer. The sensor was mounted as close as 

possible to the contact point to minimize the number of signal traveling interfaces. The output is 

amplified and filtered to remove unrelated noise before being sent to the data processing unit. 

Vacuum grease was used as the coupling medium between sensor and ball holder. The forces and 

the acoustic emission signals were collected in real time during the test for post analysis. Sliding 

wear processes were monitored using the AE signal acquisition software and processing package 

AEWin [33]. The AE sensor has a 125 kHz resonant frequency and is connected to a 18 bit PCI-

2 data acquisition board incorporated into a PC. The data was passed through a preamplifier that 

was set to a 40 dB gain. The threshold was set to 25 dB.  

Investigated AE signals include amplitude, counts, RMS and absolute energy. TecPlot 

was the main software used for signal analysis. Data smoothing was used to average the signal 

and reveal the trends. 

 

4.3.2  Effect of Dent Arrays on CoF at Different Lubrication Conditions  

Lubricant properties used in the experiments are presented in Table 4.4. The lubricant 

creates a thin film between interacting surfaces, thereby acting on sustaining the load and 

reducing the wear. The film created by low viscosity oil breaks much easier under the given 

stress conditions. Under flooded lubrication condition, low viscosity oil will favorably remove 

wear particles from the wear zone. High viscosity oil presents a lower fluidity, and higher 

cohesive forces entrapping wear particles within the interaction zone. 
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Table 4.4  Typical lubricant properties 
 

 Kinematic viscosity [cSt] Density [kg/m3] @ 40o C @ 100o C 
SAE 85W-140 411 25 901 
SAE 15W-40 117 15.2 872 

 

Figure 4.6 presents the CoF variation during the tests under high viscosity and low 

viscosity conditions. For both testing conditions, 10% dent density reduces the CoF and 20% 

dent density increases the CoF value. For high viscosity lubrication condition, the CoF trend 

reaches steady state much earlier than for low viscosity lubrication condition. Under high 

viscosity testing conditions, 10% dent density considerably reduces the CoF from a smooth 

surface CoF value of 0.419 to 0.34. The 20% dent density treatment negatively affects CoF, 

increasing its value to 0.49. This behavior could be also correlated with the presence of the pile-

up regions. Greater pile-up density results in higher surface roughness, more adhesive wear and 

higher CoF. 

Figure 4.6b shows the effect of surface patterning on CoF under low viscosity lubrication 

conditions. The small bump at the beginning of each test for all investigated surfaces could be an 

indicator of the onset of adhesive wear processes. The 10% dent density acts toward lowering the 

CoF but the trend is increasing with the time following the same pattern as the smooth surface. 

The 20% dent density presents a higher CoF value but with a linear trend. The CoF behavior 

could be correlated with the lubrication and dent density effect under the experiment region. The 

low viscosity lubricant under flooded condition will act mostly on removing wear particles from 

the interaction zone with much less effect on sustaining the load. 
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Fig. 4.6  The effect of surface patterning on coefficient of friction 
 
 

 

4.3.3  Effect of Dent Arrays on Wear at Different Lubrication Conditions  

Figures 4.7 and 4.8 present the representative wear track profiles at high and respectively 

low viscosity conditions. The wear track profile is shallow but wider for tracks at high viscosity 

conditions and deep but thinner for tracks at low viscosity conditions. For low viscosity lubricant 

conditions, the wear track is approximately 2 times deeper when compared to maximum wear 

track depth at high viscosity lubricant conditions. The wear track at high viscosity conditions is 

approximately 1.5 to 2.5 wider than wear track for low viscosity lubricant. This behavior is owed 

to physical lubricant properties described above. High viscosity lubricant acts toward increasing 

the wear track width due to its lack of fluidity. The wear depth is reduced due to high viscosity 

oil capability to sustain the load. On the other side, the low viscosity lubricant presents lower 

load carrying capability resulting in higher depths. Low viscosity oil is more active on removing 

wear particles from the interaction zone, so thinner track widths are recorded. Also, a lower 

galling tendency for surfaces with 10% dent density was observed. Galling is characterized as a 

(a) High Viscosity (b) Low Viscosity 
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form of surface damage arising between sliding solids, distinguished by microscopic, usually 

localized, roughening and creation of protrusions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.7  Wear track profiles at high viscosity lubrication conditions 
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Fig. 4.8  Wear track profiles at low viscosity lubrication conditions 
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Figures 4.9 and 4.10 presents the variation of calculated wear rate at respectively high 

and low viscosity conditions. Wear rate for 20% density is higher than the wear rate for the 

smooth surface while the wear rate for 10% density is lower than the wear rate for the smooth 

surface. A good correlation with the CoF trend is established, proving that wear rate has a strong 

influence on metal friction behavior. 

A similar conclusion regarding wear rate and CoF correlation under low viscosity 

lubrication conditions could be drawn by comparing results in Figure 4.10 with Figure 4.6b. 

The pile-up effect on surface roughness makes a clear distinction between the two 

investigated dent densities. Higher surface roughness results in higher wear rate. For a surface 

with 20% dent density, higher pile-up concentration results in roughness increase. Consequently, 

the wear rate increases. 

 

 

Fig. 4.9  Calculated wear rate at high viscosity lubrication conditions 
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Fig. 4.10  Calculated wear rate at low viscosity lubrication conditions 

 

4.3.4  Effect of Dent Arrays on AE Signals 

AE signals interpretation was used to characterize the dent density effect on wear 

processes. The real-time recorded data was processed to reveal the trends as they are presented in 

Figures 4.11 and 4.12. Real time domain analysis was used to analyze AE signals counts, 

cumulative counts, RMS, peak amplitude and absolute energy.  

Absolute energy is a true energy measure of the AE hit. Its value is determined from the 

integral of the squared voltage signal divided by the reference resistance (10 k-ohms) over the 

duration of a waveform packet. Absolute energy reports the energy in the time driven rate 

interval. Absolute energy is a good parameter for monitoring continuous signals as it is 

independent of a hit based activity. 

Figure 4.11a presents the AE energy as recorded and processed for tests under high 

viscosity lubrication conditions. The level of AE energy recorded during the test is lower for 

10% dent density when compared to smooth surface. The highest AE energy level is recorded for 

20% dent density. By correlating the absolute energy trend with the particle size generated 
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during wear processes, it could be concluded that 20% dent density generates bigger wear 

particles. Figure 4.12a shows the level of AE absolute energy as recorded during tests under low 

viscosity conditions. Absolute energy level is lower for 10% dent density and higher for 20% 

dent density when compared to smooth surface. Spikes in absolute energy could be attributed to 

higher size protrusion particles generated as a form of galling and presented in Figure 4.8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.11  AE signals vs. time at high viscosity lubrication conditions 
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Fig. 4.12  AE signals vs. time at low viscosity lubrication conditions 

 

Counts are the AE feature which measures the number of signal excursions over the AE 

threshold. AE counts analysis in time domain provides information regarding intensification of 

wear process. Proportionality between AE counts and number of particles generated is implied. 

AE counts in cumulative format provide information about the degree of wear during the tests. 

Figure 4.11 and 4.12 present the AE counts variation in the time domain for tests using high and 
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respectively low viscosity lubricant. A constant, low level activity was recorded for AE counts 

on surfaces with 10% dent density when compared to a smooth surface. A larger AE counts 

activity was recorded for 20% dent density. Results suggest that higher pile-up density results in 

higher number of particle generated as a result of surface interaction. The cumulative AE counts 

values presented in Figures 4.13 and 4.14 present similar trends with wear rate trends, suggesting 

proportionality between AE counts and wear rate. 

 

 

Fig. 4.13  AE counts cumulative at high viscosity lubrication conditions 
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Fig. 4.14  AE counts cumulative at low viscosity lubrication conditions 

 

RMS is a measure of the continuously varying and averaged amplitude of the AE signal. 

RMS is defined as the rectified time averaged AE signal measured on a linear scale and reported 

in volts. RMS is a function of the detected signal and could be correlated to the frictional 

coefficient under constant load testing conditions. The RMS signal, as presented in Figures 4.11 

and 4.12 for tests under high viscosity and low viscosity conditions, shows a good correlation to 

the CoF trends presented in Figure 4.6a and Figure 4.6b respectively. The lowest RMS level is 

recorded for tests on 10% dent density peened surfaces and the highest level of RMS is recorded 

for tests on 20% dent density peened surfaces. The RMS could be used as an indicator of the 

CoF variation during sliding tests. Large differences in RMS and CoF trends could be attributed 

to the fact that test conditions were not designed specifically to evaluate the CoF value and also 

±1N load variation during the test. 

Amplitude is the maximum (positive or negative) AE excursion during an AE hit. The 

amplitude is expressed in decibels using the relationship: 
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        db = 20log (Vmax/1µ-volt)-(Preamplifier Gain)  (4.2) 

The amplitude AE signal is presented in Figure 4.11 for tests using high viscosity 

lubricant and Figure 4.12 for tests using low viscosity lubricant. The signal amplitude provides 

direct information about changes in wear process intensity. The higher level of signal amplitude 

is recorded for tests on 20% dent density low viscosity conditions, conforming higher intensity 

wear processes due to the larger pile-up zone. Lower AE signal amplitude is recorded for tests on 

10% dent density surfaces. An intermediary level of AE signal amplitude is recorded for smooth 

surface. The results suggest that 10% dent density is a suitable process to limit surface wear on 

Ti-6Al-4V. 

 

 

4.4  Conclusions 

Micro scale LSP is successfully used to fabricate novel dent arrays with different peening 

densities on Ti-6Al-4V samples. The main research conclusions are summarized as follows: 

• Individual dent geometry was characterized using 2D and 3D analysis. A pile-up 

zone was identified around the dent. The pile-up is a direct result of a spherical 

pressure front exerted by expanding plasma on the surface. Two surfaces were 

peened by LSP at 10% and 20% dent density.  

• The CoF value, as recorded on linear-sliding tests, was reduced by low peening 

density and increased for high peening density. The sliding contact tests were 

performed using a flat surface created on a steel ball by grinding and polishing. It 

was observed that the wear rate correlates closely with the trend presented for 
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CoF. If the wear rate is linear with time, the results suggest that a 10% dent 

density increases the wear resistance under the given lubricated conditions. 

• Acoustic emission signals generated during the linear-sliding tests were 

investigated in the time domain. The results show that the potential of AE as an 

on-line monitoring tool in evaluating friction and wear processes. The RMS signal 

feature provided a good correlation to the CoF. The cumulative AE counts were 

consistent with the experimental measurements on wear rate coefficient. Non-

cumulative AE counts, AE absolute energy and AE amplitude provided 

significant information regarding wear processes. 

• The 20% dent density produced a higher pile-up zone density which has a 

negative effect on friction and wear behavior. Surfaces with 10% dent density had 

a positive effect on reducing CoF and the wear rate under both lubricated 

conditions. The results suggested that low density of micro dents was a suitable 

patterning solution for using Ti-6Al-4V in sliding contact applications. 
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CHAPTER 5 
 

TRIBOLOGICAL PERFORMANCE OF MICRO DENT ARRAYS FABRICATED BY LASER 
SHOCK PEENING WITH AND WITHOUT PILE-UPS 

 
 

 
Abstract 

Micro dent arrays on an engineered surface may reduce friction in sliding contact 

applications. However, the influence of pile-ups around dents on tribological performance is 

poorly understood. The radial effect of shock wave expansion creates pile-ups around the dents 

in laser shock peening (LSP). Three types of surfaces were investigated: smooth (S), LSP dented 

(D), LSP dented and then polished (DP). Surfaces with two dent densities (10% and 20%) were 

fabricated by LSP on Ti-6Al-4V. Sliding contact tests were performed using the pin-on-disc 

setup with low and high viscosity lubricants. An acoustic emission (AE) sensor was used for on-

line wear monitoring. Compared to the smooth surfaces at both lubrication conditions, it was 

found that the 10% D surfaces have a lower coefficient of friction (CoF), while the 20% D 

surfaces have a higher CoF. When the pile-ups were polished, the CoF of the 10% DP surface 

increases, but the 20% DP surface reduces CoF. Furthermore, the CoF for 10% DP and 20% DP 

are very close but slightly lower than that of smooth surface. Wear rate was reduced as a result of 

pile-up polishing. The test results were explained in terms of surface topography and AE signals. 

It has been shown that certain relationships exist between AE signals, wear rate, and CoF.  

 

Keywords: micro dent array, pile-up, tribology, acoustic emission, laser shock peening 
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5.1  Introduction 

5.1.1  Functions of Dents, Fabrication Techniques and Benefits 

Surface patterning is a process designed to extend the fatigue life of contacting surfaces 

by changing the surface topography. Controlled surface patterning involves the altering of 

surface topography by mechanical, lithographic, laser, or coating techniques [1]. Micro dents on 

the surface act as fluid reservoirs that effectively retain lubricant and traps for wear debris. Micro 

dents can improve the surface lifetime by a factor of ten [2]. Experimental studies on the effect 

of dent patterns on micro-grooved sapphire discs lead to the conclusion that micro dents 

fabricated on metallic surfaces are beneficial to reduce friction in sliding contact [3]. 

Manufacturing techniques to fabricate micro dents arrays on component surfaces include micro 

indentation [3], micro-drilling [4], and laser ablation [5]. These processes often induce surface 

damage such as cracks and phase transformation which may shorten component life. A new 

process to make dents while avoid material damage is highly needed. 

Laser shock peening (LSP) is a mechanical process where pressure waves caused by 

expanding plasma plastically deform the surface of a material. The plastic deformation from LSP 

induces deep compressive residual stresses well below the surface. The residual stresses can 

penetrate as deep as 1 mm below the surface [6]. Furthermore, the compressive residual stresses 

greatly improve fatigue performance [7,8]. Micro LSP and its potential application on surface 

patterning were evaluated on Al 6061-T6 surfaces [9]. 

Various experimental setups have been used to evaluate the effect of different surface 

topography on the tribological behavior of patterned surfaces. The experimental setups include 

pin-on-disk tests on micro-grooved sapphire discs by Blatter et al. [10], block-on-ring tests on 



82 
 

ceramic plates by Geiger et al. [11], three-pins-on-discs tests with dents by abrasive jet 

machining and laser beam machining by Wakuda et al. [12], oscillating tests on coated silicon 

discs by Pettersson and Jacobson [13], customized test rig which simulates ring-cylinder 

interaction in piston-cylinder applications by Ryk et al. [14], fixed-ball-on-disc tests on steel 

laser textured discs by Andersson et al. [15]. They have concluded the beneficial effect of 

patterning on reducing friction and improving the tribological performance. 

Ti-6Al-4V is the most common used titanium alloy. Major applications include aerospace 

airframe and engine component, marine and power generation components and biomedical 

devices. However, surface contact applications of Ti-6Al-4V are limited due to the pronounced 

galling tendency. 

 

5.1.2  Acoustic Monitoring of Tribology 

Acoustic emission (AE) monitoring is a on-line technique for process monitoring. AE 

signals are transient elastic stress waves generated by the rapid release of strain energy within the 

material. AE signals between the contacting surfaces can be related to different phenomena 

within the contact zone like asperity contact, dislocation movements, micro crack initiation and 

growth, phase transformation, plastic deformation and flow, formation and destruction of 

adhesive bonds or other physical transformations including chemical processes. Since the 

combination of these mechanisms could be involved in the friction and wear process, AE signal 

processing becomes a very complicated task. AE signal processed using advanced software 

packages can eliminate noise signal and extract feature signal that could be correlated to a wear 

process. AE signals could be divided into two categories: transient pulses characterized by burst-

type AE signals and continuous AE signals [16]. Two types of AE signal analysis are usually 
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used: frequency analysis and time domain analysis [17]. Another key aspect of using AE signals 

is that frequency range is much higher than that of machine vibrations and environmental noise. 

Different methods based on burst-type AE signals using frequency analysis have been developed 

for monitoring tool wear in various manufacturing processes and fatigue [18-23]. A friction 

process generates high frequency AE stress waves with burst emissions due to sporadic high-

amplitude events like single asperity fracture [16].   

AE monitoring offers a useful approach in investigating wear mechanisms. Since wear 

during sliding contact is a quasi-continuous process, AE monitoring was expected to offer a good 

measure of the wear process. Real time domain analysis of AE signal parameters such as count, 

count rate, RMS, peak amplitude, and energy had been used to evaluate wear mechanisms. A 

study by Boness correlated RMS signals to asperity contact. RMS variation in time domain 

provides considerable information about the wear mechanism. An empirical relationship between 

RMS and ball wear volume was identified in ball-on-cylinder tests [16]. Matsuoka et al. studied 

AE signals to investigate tribological behavior in hard disk drive. AE RMS signal was correlated 

to wear coefficient and wear volume through Archard’s equation [24]. The correlation between 

CoF and AE RMS for dry ball-on-cylinder tests for fixed load and speed was reported for a short 

testing period [25].  

AE energy could be very useful in the characterization of wear mechanism since AE 

energy measurements can be directly related to important physical parameters. Intensity of wear 

mechanism through generation of large wear particles was consistent with high levels of AE 

energy recorded during the pin on disc tests. High AE energy was recorded during the pin on 

disc tests. AE amplitude distributions indicate a strong potential for the identification of different 

modes of failure during the wear process [17]. 
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AE counts and cumulative counts for wear characterization were used by Hase for dry 

rubbing of pin on rotating disc tests [26]. The AE cumulative counts are connected to the number 

of wear particles. AE method could detect tribological phenomena such as the removal or 

transfer particles. The wear mode and wear scale could be judged from the magnitude of AE 

count rate and its variations [26]. A strong correlation between AE signals and wear rates was 

reported for tests using a steel ball sliding on the sapphire and steel discs at lubricated conditions. 

Low AE count rates were reported for mild wear and high AE count rates for severe wear. In the 

frequency domain, the AE signal variation is low for low wear rate and high for severe wear rate. 

It was also found that AE peak amplitude and RMS levels are decreasing with the increase of the 

applied load [27].  

While there is explicit experimental support that tribological phenomena are related to 

AE signals, a correlation of specific wear mechanism to corresponding AE signal characteristics 

is has not well been understood for surfaces with micro dent arrays. The interpretation of AE 

signals in terms of specific causes is a very challenging task. One objective of this research is to 

evaluate the effect of the micro-LSP produced micro-dent arrays on tribology and to establish a 

correlation between AE feature signals and the investigated tribological parameters coefficient of 

friction (CoF), wear and lubrication. 
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5.2  Fabrication and Characterization of Micro Dent Arrays by Laser Shock Peening 

5.2.1  Sample Preparation 

Ti-6Al-4V is a widely used α+β Ti alloy due to its combination of strength, fatigue, corrosion 

and creep properties at room temperature and elevated temperatures. The microstructure of 

titanium Ti-6Al-4V shows an average grain size of 6 microns [28,29]. 

Ti-6Al-4V samples were sectioned ¼ inch thick from a 3 inch diameter round bar. The 

test specimens were machined to ensure parallelism and perpendicularity. In order to improve 

surface finish, each sample was turned and then polished to a mirror finish. To remove the 

effects of turning, the samples went through a lapping process. Two hours of continuously 

lapping, using lapping oil and powder, were estimated to remove about 100 µm surface layer. 

Then, titanium samples underwent two stages of polishing using various polishing pads; 1200 

grit and Lecloth™. In order to prevent and remove any micron sized pits and scratches induced 

by polishing. Aluminum powder in conjunction with lapping oil and/or de-ionized water was 

used at low polishing speeds to achieve a mirror finish. The surface roughness, Ra, was 

measured along 10 mm spans at random locations across the surface. The average surface 

roughness measured is less than 10 nm before LSP. A post-peening polishing process was 

applied to the peened surfaces to reduce the pile-up effect around the dent. The peening process 

consisted of 15 minutes of polishing against Lecloth™ pad using 1 µm diamond liquid oil and 

low pressure. 

Figure 5.1 shows the experimental setup. Micron dent arrays were created with a Q-

switched Nd: YAG (neodymium-doped yttrium aluminum garnet) laser with a wavelength of 

1064 nm and a frequency of 30 Hz. The laser emitted a 5-7 ns Gaussian distributed pulse. The 
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laser beam was focused to a diameter of 43.3 μm using a 100 mm focal length lens. The energy 

was measured using an Ophir 30 A-HE power meter and ranged from 33 to 133 mJ. The 

calculated laser intensity was 323 GW/cm2 corresponding to a power of 1W. Figure 5.1 shows 

the experimental setup. Each experiment was performed in a water confined regime (WCR) at a 

depth of 2.5 to 3 mm. The ablative material was polyester black tape with a thickness of 0.07 

mm. Key parameters for experiment repeatability are focal length and depth of focus (DOF). 

DOF is defined as the distance over which the focused beam has constant intensity. Positioning 

within DOF was controlled by attaching the focal lens to a translation stage. 

 

 

 

 

 

 

 

Fig. 5.1  Experimental setup of laser shock peening (LSP) 

 

To ensure uniform dent density and repeatability, a VXM XY table was used. The XY 

table allows the sample moving in micron-incremented steps with a very high precision. The XY 

table was programmed and synchronized with the laser to obtain two different dent densities as 

shown in Figure 5.2. The geometrical characteristics for the 10% and 20% dent density surfaces 

are presented in Table 5.1.  

 

XY table 
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Mirror 
Translation 

stage 
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(a) 10% dent density         (b) 20% dent density 
 

Fig. 5.2  Sliding contact tracks with different dent density 

 

Table 5.1  Calculated geometrical pattern for dent density 
 

Dent 
Density 

Dent Diameter 
[µm] 

Vertical spacing 
[µm] 

Horizontal spacing 
[µm] 

10% 120 350 120 
20% 120 120 120 

 

The zigzag patterns of micro dents were chosen to provide a higher dent density along the 

wear tracks. Repeatability becomes an issue for higher dent densities due of the ablative material 

limitations. At high peening densities, the ablative polyester layer deforms and deflects the laser 

beam resulting in an inconsistent pattern and dent shape. Higher densities will also reduce the 

lateral spacing under the 120 microns limit allowing the subsequent peening effect to increase 

the pile-up zone. 

 

5.2.2  Surface Topography Characterization 

For two dimensional dent profile characterization, experiments were carried out on 3 

rows. Each row corresponds to a different power setting. For repeatability, 10 dents were 

produced at each power level and then measured to determine average dent properties. The dent 

Wear tracks 
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geometry was measured using a Dektak II profiler. Figure 5.3 shows the dent profiles for three 

laser powers. The radial stress increases and wider dents are produced by the increase of laser 

power. The dent depth also increases when power is slightly increased. 
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Fig. 5.3  Dent profiles at different peening power 

To comprehensively characterize the dent geometry, the outer edge of the dent should be 

examined. As expected a pile-up region is formed on the outer edge of the dent. It is theorized 

that tensile stress develops in these pile-up regions, negatively influencing the tribological 

properties. To characterize the pile-up region, a dent array was generated at 1W power with a 

20% density pattern. Peened area was approximately 3.7 mm × 24.5 mm as scanned and shown 

in Figure 5.4. 

 

 

 

 

 

Fig. 5.4  Fabricated dent array and 3D topography at 1W laser power (20% dent density) 

3D profile Pile-up Dent 
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Three dimensional mapping was performed on the dented surface using Zygo New View 

7300 Scanning White Light Interferometer. Statistical data with regard to the dent depth within 

the investigated area is presented in Table 5.2. The mean depth was evaluated to be 0.507 µm 

within a range of 1.231 µm. The standard deviation for a population of 1604 dents was 0.2217 

µm. The large range could be explained as a limitation of the ablative material which suffers 

drastic transformation in the peening process. The tensile pile-up region was approximately 40% 

of the total volume displaced from the dented region. Consequently, 60% of the material was 

compressed into the bulk material. As a result of the deformation, compressive residual stresses 

formed in the material subsurface and tensile stresses developed in the pile-up region. 

 

Table 5.2  Characterization of dent depth 

Parameter Value 
Mean depth 0.507 µm 

Range 1.231 µm 
Standard deviation 0.2217 µm 

Total number of measured dents 1604 
 

5.2.3  Microstructure Characterization 

The dent cross-section was investigated using SEM analysis. A small sample was peened, 

at 1 W laser power, along the edge as shown in Figure 5.5a. The material was polished using a 

320 grit sand paper and running water until the sample edge was close to a tangential position to 

the dents. The sample was then mounted in cold epoxy, polished against 1200 grit size sand 

paper, and polished to a mirror finish using alumina polishing compound. The sample was etched 

using Kroll’s reagent for about 20 seconds. 
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Fig. 5.5  SEM of cross-sectioned dent 

 

 Figure 5.5b presents the cross-section profile of LSP dent obtained using the Philips 

XL30 SEM. Sample subsurface is free of cracks. The microstructure shows no change in α and β 

particles distribution. It could be concluded that no thermal effect is transferred to the sample by 

micro-LSP. In other words, LSP is a mechanical process. 

 

 

5.3  Tribology Testing Procedure 

The sliding contact tests were performed on a universal UMT-2 microtribometer. The 

micro-tribometer in Figure 5.6 consists of a sample table on which the Ti-6Al-4V sample is 

mounted and a vertical positioning system designed to apply the load and position on the sample 

surface. The load cell was mounted on the vertical positioning system and it simultaneously 

measures the normal and frictional forces in the sliding tests. The applied load was controlled by 

an active feedback system with an accuracy of ±1 N. The ball used as the upper specimen was a 

10 mm diameter chrome steel ball bearing with a hardness of 63 HRC. A calotte of 2 mm in 

Gentle grinding 

Very gentle grinding 
and polishing 

Cross section line 

(b) Dent cross-section (a) Preparation of dent cross-section 

Dent diameter 
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diameter was produced onto the ball by grinding against the 1200 grit sandpaper. The calotte 

reduced the contact pressure from 655 MPa for a point contact to 1.59 MPa. The 655 MPa 

contact pressure is close to the material compressive yield strength 970 MPa and will result in 

complete cancelation of the dent effect on the surface. The ball, fixed in the load cell in a 

permanent position, was re-polished using 1 µm diamond paste for about 20 minutes before each 

test. 

 

 

 

 

 

 

Fig. 5.6  Tribology testing setup 

 

Table 5.3 shows the sliding test conditions for each type of surface. The investigated 

surfaces were as-polished surface (S), dented surface (D), and dented-polished surface (DP). 

Dent densities are 10% and 20% with the geometrical characteristics in Tables 1 and 2. The post-

peening polishing was applied to remove the pile-up around the dents. The sliding tests were 

performed under flooded lubricated conditions using two distinct lubricants, high viscosity 

lubricant (SAE 85W-140) and low viscosity lubricant (SAE 15W-40) with properties presented 

in Table 5.4. The selected lubricants have different viscosities and comparable densities. The 

high viscosity lubricant SAE 85W-140 is designed to function under high load condition at high 

temperature difference, while the low viscosity lubricant SAE 15W-40 is designed to provide 

AE sensor 

Load cell 

Sliding ball with 
a calotte  
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good lubrication under low load conditions. The lubricant creates a thin film between interacting 

surfaces, thereby acting on sustaining the load and reducing the wear. The film created by low 

viscosity oil breaks much easily under the given stress conditions. Under the flooded lubrication 

condition, low viscosity oil will favorably remove wear particles from the wear zone. 

Table 5.3 Sliding contact testing plan 
 

Surface type Lubricant type # of 
tests Sliding speed  Normal 

load  
Test 
time  

Smooth (S) SAE 85W-140 3 

1 mm/s 5 N 30 min. 

SAE 15W-40 3 
10% Dent density 

(10%_D) 
SAE 85W-140 3 
SAE 15W-40 3 

20% Dent density 
(20%_D) 

SAE 85W-140 3 
SAE 15W-40 3 

10% Dent density 
(10%_DP) 

SAE 85W-140 3 

1 mm/s 5 N 30 min. SAE 15W-40 3 
20% Dent density 

(20%_DP) 
SAE 85W-140 3 
SAE 15W-40 3 

 

Table 5.4  Lubricant properties 
 

 Kinematic viscosity [cSt] Density [kg/m3] @ 40o @ 100 C o C 
SAE 85W-140 411 25 901 
SAE 15W-40 117 15.2 872 

 

The tests were performed at room temperature. A constant sliding speed of 1 mm/s for a 

track length of 20 mm was used. The applied load was 5 N and the testing time was 30 minutes. 

Before each test, the sample was ultrasonically cleaned in acetone. The tracking velocity was set 

for 0.15 mm/sec. The tracking velocity represents the load cell’s vertical reaction velocity to the 

surface roughness along the wear track. Its purpose was to keep the applied load to a constant 5 

N level while allowing for self corrections due to the surface roughness. Three identical tests 

were completed under the same conditions to evaluate repeatability. 
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The Dektak II profiler was used to characterize the wear track after the tests. Three 

profiles were taken at three different locations on every wear track using the lowest tracking 

velocity (~50 µm/s). Cross-section area was obtained as the average of the three measured 

values. The cross-section area served to estimate the volume of material lost for wear rate 

calculation. The wear rate was calculated using the Archard’s equation: 

SL
Vk
∗

=        (5.1) 

where k is the wear rate in mm3/Nm, V is the volume of material lost in mm3

As shown in Figure 5.6, an acoustic emission sensor (AE) was attached on the ball 

holder. The sensor was mounted as close as possible to the contact point to minimize signal 

decay. The AE signals were amplified and filtered to remove the background noise before being 

sent to the data processing unit. Vacuum grease was used as the coupling media between the 

sensor and the ball holder. The force and acoustic emission signals were collected in real time 

during the test for post analysis. Sliding wear processes were monitored using the AE signal 

acquisition software and processing package AEWin [30]. The AE sensor has a 125 kHz 

resonant frequency and was connected to an 18 bit PCI-2 data acquisition board incorporated 

into a PC. The data was passed through a preamplifier that was set to a 40 dB gain. The threshold 

was set to 25 dB. 

 on a wear 

track, L is the load applied in Newton and S is the sliding distance in meters. 

The investigated AE signals include amplitude, counts, RMS and absolute energy. 

TecPlot data smoothing function was used to compress the raw AE signals. 
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5.4  Results and Discussion 

5.4.1  Friction Coefficient at Different Lubrication Conditions 

Figure 5.7 shows the CoF variation during the tests at the high and low viscosity 

conditions. For both viscosity conditions, the 10% D surface has the lowest CoF, while the 20% 

D surface shows the highest CoF value. Both the 10% DP and 20% DP surfaces slightly reduce 

CoF when compared to the smooth (S) surface. It can be noted that the removal of pile-ups result 

in a lower CoF for both dent densities at both lubricated conditions when compared with the 

reference CoF of the smooth surface. 

 

Fig. 5.7  The effect of surface patterning on Cof 

 

The CoF trends have a tendency to stabilize much earlier and provide a smoother 

transition from the run-in stage into steady-state stage at the high viscosity lubrication condition. 

The 10% D surface considerably reduces CoF of 0.419 of a smooth surface to 0.34 at the 

viscosity lubrication condition. Polishing increases CoF for the 10% DP surface, while the 20% 

(a)  High viscosity lubricant (b)  Low viscosity lubricant 
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D surface negatively affects CoF increasing its value to 0.49. The reduction of COF for the 20% 

DP surface shows a benefit of post-peening polishing for surfaces of high dent density. This 

behavior could be correlated with the characteristics of pile-up and lubricant properties. For the 

10% D surface, the pile-up effect is considerably low when compared to pile-up effect on the 

20% D surface. 

The dents may entrap wear particles and enhance the load sustaining capabilities when 

using high viscosity lubricant. On the 20% D surface, the larger pile-up creates higher surface 

waviness affecting surface roughness and consequently damaging the thin lubricant film. Surface 

waviness breaks the thin lubrication film and, therefore, results in a larger surface contact and an 

increase of CoF. The polishing process acts toward reduce surface waviness. Both the 10% DP 

and 20% DP surfaces have similar CoF at both high and low viscosity lubricants. The post-

peening polishing increased CoF for the 10% DP surface, but decreased CoF for the 20% DP 

surface. 

Comparing the effects of lubrication conditions, it could be generalized that high 

viscosity lubricant is more suitable to withstand the stresses induced by the 5N load and result in 

a lower CoF value. The low viscosity lubricant has an unsteady behavior due to the lack of 

sustaining load capabilities. Comparing CoF of the 20% D surfaces at both high and low 

viscosity lubricants, a small reduction of CoF was recorded for the high viscosity lubricant. The 

small difference suggests that the high density pile-up mainly affects the surface interaction via 

minimizing the lubrication effect. When the pile-up was polished away, the lubrication effect 

was visible for tests on the 20% DP surfaces. The tests on the 10% D surfaces at high and low 

viscosity lubricants suggest that the combination between high viscosity lubricant and 10% PD 

surface results in the highest reduction of CoF and shows a much stable linear trend. 
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At the low viscosity lubrication, the 10% D surface slightly decreased CoF compared 

with that of the smooth surface. The smooth and 10% D surfaces showed an increased CoF over 

the testing time. The 20% D surface increases the CoF value but shows a decreasing trend over 

the time. In addition, the 10% DP and 20% DP surfaces showed a decreased CoF trend over the 

half testing time when compared to the smooth surface. 

 

5.4.2  Wear Rate 

Galling as a form of wear is the main wear process between sliding metals and is 

characterized by microscopic, usually localized, roughening and creation of protrusions. Figures 

5.8 and 5.9 show the 2D wear track profiles obtained from scanning across the wear track using 

the Dektak II Profiler. The optical images of the wear tracks are also presented. The wear track 

profile is shallower but wider for tracks at the high viscosity condition, and deeper but thinner 

for tracks at the low viscosity condition. For the low viscosity lubrication condition, the wear 

track is approximately 2 times deeper when compared to that at the high viscosity lubrication 

condition. The wear track at the high lubrication condition is approximately 1.5 to 2.5 times 

wider than that at the low viscosity case. The high viscosity lubricant tends to increase the wear 

track width. The trapped wear particles in the interaction zone form additional wear tracks. The 

low viscosity lubricant shows the low load carrying capability and result in deeper depths. 

Figures 5.10 and 5.11 show the wear rate variations calculated by the Archard’s equation 

(1). For both lubrication conditions, the wear rate for the 20% D surface has the largest value. 

The 10% D surface has a lower wear rate in comparison to the smooth surface. For both dent 

densities, polishing reduces wear rate when compared to that of the smooth surface. 

Additionally, the wear rate was reduced by polishing when compared to those of the dented 
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surfaces. It could be concluded that high peening density leads to higher wear rates. Surface 

topography is a major factor which affects tribological performance, especially in the lubricated 

sliding contact. LSP has a relatively low effect on surface roughness, but surface waviness was 

affected, especially for the surfaces of high dent density. The wear rate for the 20% D surface 

has the larger value at both lubrication conditions. Polishing decreases surface waviness and, 

therefore, reduces wear rate at both lubrication conditions. It could be concluded that polishing 

has a positive effect on wear rate. 
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Fig. 5.8  2D Profiler for wear track cross sections at high viscosity conditions 

(c)   20% D 

380 µm 

1.4 µm 

Galling 

Galling 

(a)  Smooth S 

260 µm 

1µm 

250 µm 

(d)   10% DP 

1.5 µm 

(b)   10% D 

295 µm 

1.5 µm 

Galling 

(e)   20% DP 

380 µm 

1.3 µm 



99 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.9  2D Profiler for wear track cross sections at low viscosity conditions 
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Fig. 5.10  Wear rate at high viscosity lubrication conditions 

 

 

Fig. 5.11  Wear rate at low viscosity lubrication conditions 

 

5.4.3   AE Signals 

The time domain AE signal parameters in Figures 5.12-5.15 were used to correlate with 
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focused: AE absolute energy and particle size, AE counts and cumulative counts and the number 

of particles generated during the tests, RMS signal and CoF, AE amplitude and wear rate.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.12  Pile-up effect on AE signals at the high viscosity conditions (10% D and DP surfaces) 
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Fig. 5.13  Pile-up effect on AE signals at the high viscosity conditions (20% D and DP surfaces) 
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Fig. 5.14  Pile-up effect on AE signals at the low viscosity conditions (10% D and DP surfaces) 
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Fig. 5.15  Pile-up effect on AE signals at the low viscosity conditions (20% D and DP surfaces) 
 

(d) 

                 S 

                 20% DP 

                 20% D 

   

   
 

 

 

(c) 

                 S 

                 20% DP 

                 20% D 

(a) 

                 S 

                 20% DP 

                 20% D    
   

   
   

(b) 

                 S 

                 20% DP 

                 20% D    

   



105 
 

5.4.3.1  Absolute Energy 

Absolute energy was determined from the integral of the squared voltage signal divided 

by the reference resistance (10 k-ohms) over the duration of a waveform packet. Absolute energy 

is a good parameter for monitoring continuous signals as it is independent of a hit based activity. 

It could also be a good indicator of wear particle size since it could be correlated to the 

dislocation energy. Figures 5.12a-5.15a show the levels of AE absolute energy of the five 

different types of surfaces. 

Absolute energy levels for the 10% D and 10% DP surfaces at the high viscosity 

condition indicate low particle size generated when compared to the smooth surface. For the 

20% D surface, a higher absolute energy level occurred when compared to those of the smooth 

surface. However, the absolute energy of the 20% DP surface is lower. These trends are also 

consistent with those of the wear rates. For the low viscosity lubrication condition, the testing 

results suggest particles of small size were generated by the 10% D, 10% DP, and 20% DP 

surfaces when compared to the smooth surface. Tests on the 20% D surface generated the largest 

particle. Large particles could be the result of the large contact zone due to the high surface 

waviness created by the pile-ups. 

 

5.4.3.2  AE Counts 

AE count measures the number of signal excursions over the AE threshold. AE counts in 

the time domain could provide information about the intensity of the particle generation process, 

while the cumulative AE counts could provide information about the degree of wear and total 

particle number during the tests. Figures 5.12b-5.15b present the AE count versus time. Figure 

5.16 shows the cumulative AE counts. 
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In the real time domain, AE count signal shows a stable variation for the smooth surfaces 

at high viscosity condition and an increased trend at the low viscosity condition. The 10% DP 

and 20% DP surfaces at high viscosity condition demonstrate a low value of AE count signal 

which could signal the positive effect of polishing. For tests at both lubrication conditions, the 

20% DP surfaces present an increase in AE counts values due to the higher pile-up density 

concentration under the interaction zone. 

 

a. Cumulative counts at high viscosity lubricant 

 

b. Cumulative counts at low viscosity lubricant 

 
Fig. 5.16  AE cumulative counts at high and low viscosity conditions 
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By comparing the AE cumulative counts in Figures 5.16a and 5.16b with the wear rate in 

Figures 5.10 and 5.11, a consistent trend could be established between AE cumulative counts and 

wear rate. The correlations suggest that AE cumulative counts could be a useful parameter to 

characterize the wear volume and consequently the wear rate. 

 

5.4.3.3  Amplitude 

Amplitude is the maximum AE excursion during an AE hit. The amplitude is expressed 

in decibels by 

        db = 20log (Vmax

The amplitude signal could be correlated with wear rate. It might also provide real time 

information about wear progression. 

/1µ-volt)-(Preamplifier Gain)       (5.2) 

As shown in Figures 5.14c and 5.15c, the smooth surfaces show a stable variation of AE 

amplitude at the low viscosity condition. For the 10% DP and 20% D surfaces, the amplitudes 

decrease to the middle of testing time and then increase. For the 10% D surface, the amplitude 

gradually increases. 

At the high viscosity condition, the amplitudes in Figures 5.12c and 5.13c of the smooth 

surface also show stable variations. For the 10% D and 20% D surfaces, the amplitude decreased 

toward the end of the test, while for 10% DP and 20% DP the amplitude trend suggests a gradual 

increase of the wear rate. 

 

5.4.3.4  AE RMS 

The AE RMS (root mean square) signal is a measure of the continuously varying and 

averaged voltage of the AE signal. The RMS signals in Figures 5.12d-5.15d show a weak 
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correlation with the CoF trends in Figures 5.7a and 5.7b due to the fluctuation of normal force as 

a result of surface roughness. However, mean RMS values still have a good correlation with the 

CoF trends. 

 

5.4.3.5  AE Count vs. Absolute Energy 

Figure 5.17 presents AE count versus absolute energy distributions for the investigated 

surfaces. To interpret the distributions, the count with energy over 400000 aJ will be referred as 

the representation of large size particles while counts with energy below 400000 aJ will be 

considered as small size particles. Accordingly, the distributions in Figure 5.17 indicate an 

increase in the generation of large size particles for the DP surfaces when compared to the 

smooth surface. A decrease in the number of large size particles is also observed for the 10% D 

surface when compared to the 10% DP surface. 

At the low viscosity condition, a small amount of large size particles were generated for 

the 10% D and 10% DP surfaces compared to the smooth surface. A considerable amount of 

large size particle was generated for the 20% D and 20% DP surfaces. These results could 

indicate the detrimental effect of high density peening on wear performance. 
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(a) high viscosity conditions                (b) low viscosity conditions 

Fig. 5.17  AE counts vs. absolute energy at the different viscosity conditions 
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This study focuses on evaluating the tribological performance of micro dent arrays by 

LSP on Ti-6Al-4V surfaces. Sliding contact testing was performed with the on-line acoustic 

emission sensor to evaluate the effects of surface microstructures on wear. The main conclusions 

are summarized as follows: 

5.5  Conclusions 

• The SEM image of the dent cross-section shows no LSP-induced thermal effect 

on the subsurface microstructure. The pile-up formed around the dent was 

estimated to represent 40% of the volume of compressed material. The pile-up is 

the result of radial pressure exerted by expanding plasma on the surface. 

• The CoF value was reduced by low dent density but increased for high dent 

density. It was observed that wear rate coefficient correlates closely with the CoF 

trends. The results suggest that the 10% dent density reduces the wear rate while 

the 20% dent density increases wear rate. The 20% dent density produces a larger 

pile-up zone which increases CoF. When surface waviness was increased due to 

the pile-up effect, the lubrication effect was minimized and high values of CoF 

were measured. 

• The post-peening polishing of the pile-up has a positive effect for the 20% dent 

density surface by reducing CoF and wear rate. However, polishing resulted in a 

higher CoF and a lower wear rate for the 10% dent density surface. Polishing 

could be useful in reducing the pile-up effect for the high dent density surface and 

to reduce CoF. Polishing also has a positive influence on the reduction of wear 

rate for the surfaces of both dent densities at low and high viscosity lubrication 

conditions. 
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• AE count and absolute energy provide significant information with respect to 

wear particle number and wear particle size generated. AE cumulative counts are 

consistent with the experimental measurements on wear rate coefficient. AE 

amplitude provides information regarding wear progression. AE RMS signal 

trends are consistent with those of CoF profiles. The results showed the potential 

of AE as an on-line monitoring tool to shed light on the wear and friction 

processes if proper correlations are established based on the material properties 

and testing conditions. 
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CHAPTER 6 

SUMMARY 

 

This study focuses on the effect of fabricated dent arrays by µ-LSP on surface 

tribological performance. Surface integrity for fabricated dents by micro-LSP on Al 6061-T6 and 

Ti-6Al-4V was investigated.  Surface integrity including surface topography, microhardness, 

residual stress, and microstructure, has been characterized. A comprehensive 3D surface 

topography characterization for dent arrays on Ti-6Al-4V surface was carried out. Tribology 

tests were carried out on peened surfaces with 10% and 20% dent density using the pin-on-disk 

tests at low and high viscosity lubricated conditions. Real-time wear process monitoring was 

accomplished using an acoustic emission sensor. The main conclusions are summarized as 

follows: 

• Dents manufactured on Al 6061-T6 surfaces show an increased hardness within 

the center by approximately 55%, while for Ti-6al-4V surface hardness increases 

about 37% as a result of hardening induced by high strains and high strain rates. 

• µ-LSP is a reliable surface patterning technique of fabricating micro dent arrays 

with different densities. The dent depth increases with laser power. The highest 

depth of approximately 1 micron was achieved for a 3W laser power. The dent 

diameter also increases with power increase. SEM investigation on the dent cross-

section reveals no thermal effect in the subsurface. A detrimental pile-up effect is 
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formed around the peened zone as a direct result of the pressure in the radial 

direction by expanding plasma on the surface. The induced residual stress on the 

surface is very compressive. An increase in compressive residual stress on the 

surface was found after removing the pile-up effect by mild polishing. 

• The CoF was reduced on the surface with low dent density, but increased for the 

surface with high dent density. It was observed that wear rate correlates closely 

with the trend of CoF. Results suggest that the surface with 10% dent density 

reduce the wear rate while the surface with 20% dent density increases wear rate. 

The surface with 20% dent density produces a higher pile-up zone which has a 

negative effect on CoF. When surface waviness is increased due to the pile-up 

effect, the lubrication effect is minimized and high values of CoF are recorded.  

• A post-peening polishing was used to reduce the pile-up effect. The post-peening 

polishing process has a positive effect on the surface with 20% dent density by 

reducing the CoF and wear rate. For the surface with 10% dent density, the post 

peening polishing process resulted in the increase of CoF and the decrease of 

wear rate. Post-peening polishing could be useful method to reduce the 

detrimental pile-up effect in order to reduce the CoF value. The post-peening 

polishing has a positive influence on wear rate reduction for both peening 

densities and lubrication conditions. 

• Fabricated dent arrays are instrumental to load sustaining at low viscosity 

lubrication conditions. 

• Acoustic emission signals generated during the sliding tests were investigated. 

RMS signal provides a good correlation to the CoF. Cumulative AE counts are 
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consistent with the wear rate coefficient. AE counts and absolute energy provide 

rich information with respect to the number and size of wear particles. AE 

amplitude provides insightful information regarding wear progression. The results 

obtained during the experiments show the potential of AE as a non-invasive 

monitoring tool in evaluating the wear and friction processes if proper 

correlations are established based on the material properties and testing 

conditions. 
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