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ABSTRACT 

Currently, within the aviation industry there has been a large focus on enhancing the 

fatigue life of thin-walled aircraft structures, such as the fuselage.  In the past decades, 

shot peening was seen to aid in accomplishing this goal.  In more modern and recent 

times, laser shock peening techniques were said to provide a more substantial 

improvement to the treated material, in comparison to shot peening.  Laser shock peening 

relies on a more focused and precise peening process, whereas shot peening utilised a 

multitude of shots (small spherical metal/plastic/glass beads) which are projected towards 

a material surface (via a high pressure), which randomly impacts the material surface to 

create compressive residual stresses and thus improve fatigue life.   

Samples of AA6056-T4 Aluminium alloy used for integral structures, with a thickness of 

3.2mm were used to represent a thin-walled component.  These were used for 

comparative testing of material properties after Laser Shock Peening and Shot peening 

had been executed on the test pieces.  The material properties investigated were material 

deflection, surface roughness, micro-hardness and residual stresses at various laser 

intensities and shot peening pressures.  Laser shock peening had shown the best results, 

with higher deflections between 2.12 to 3 times higher than shot peening, a smoother 

surface finish (roughness values 2-2.5 times less than shot peening), deeper hardness 

penetration and deeper residual stress into the aluminum alloy test pieces.   
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CHAPTER ONE 

1.0 Introduction 

Tensile stresses are seen as one of the most common modes of material failure 
[2]

.  This 

mode tends to stretch and pull surface material of a structure or component, to a point of 

crack initiation.  Thus exposing the material to environmental conditions which could 

lead to corrosion and to crack growth or propagation, reducing fatigue life of the structure 

or component and leads to an early failure of the material ( i.e. to a catastrophic failure or 

costly repair process).  Structures or components which have an induced compressive 

layer, were seen to slow crack growth significantly, with deeper induced compressive 

layers found to further reduce crack growth and extend the life of the structure or 

component
[1],[2]

 .  In this introductory chapter, an overview of the history and background 

of shot peening and laser shot peening will be highlighted as the surface enhancement 

methods used for inducing compressive stresses into a material. 

1.1. History and Background 

1.1.1 Shot Peening  

Shot peening is not a new concept, as it has been around for centuries.  People have long 

known that work hardening and pre-stressing a metal, enables it to be more durable and 

harder.  Lockheed Aircraft in Burbank was the first to discover and patent the shot 

peening process (California, late 1940ôs).  Jim Boerger, was working on an aircraft, and 

realized he needed stiffer wing panels, as a weight saving initiative.  While working on 

an Almen strip, he realized that the curvature created on the strip could be induced on a 

wing panel.  With trial and error, they found that the required curvature could be 

produced.  Once the patent had expired, all other aircraft manufacturers adapted to using 

this process as the most cost effective manufacturing process for inducing curvatures in 

fully machined aerodynamic panels
 [3]

.  The extension of the Almen strip has been widely 

used thorough out industry, but aerospace being its greatest user.   
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Shot peen-forming has been used to induce compressive stresses on a material structure, 

to change its stress pattern, magnitude and depth to deliberately create a change in the in 

the product shape 
[3]

.  The first aircraft to use peen-forming techniques was the 

Constellation seen in Figure 1.1
 [3]

. 

 

Figure 1.1: Lockheed Constellation 
[4]

 

The shot forming process is performed at room temperature or in certain cases the 

substrate is warmed to obtain maximum benefit.  The surface of the work piece 

undergoing shot peening is subjected to a pressurized blast of small round/spherical in 

shaped steel shots.  Each shot which impacts the surface of the work piece, acts as a tiny 

hammer on the surface, thus producing an elastic deformation of the upper surface area.  

This plastic deformation creates a compressive layer of residual stresses within the work 

piece where shot peening had occurred.  This combination of compressive residual stress 

and stretching/plastic deformation of the material create a compounded material with a 

convex curvature on the peened side of the work piece 
[3]

.   
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1.1.1.1 Shot peen forming: panel curvature 
[3]

 

For obtaining panel curvature, three methods were used. This includes: 

¶ Chordwise curvature, which was obtained by peening only one side of the work 

piece, creating the change in shape of the work piece, with a limitation of only 

small curvatures can be created. 

¶ Strain peening, where the work piece is held in a unidirectional pre-stressed state 

and peened on the tensile stressed surface, once released a greater curvature is 

created, as the compressive stress is greater in one direction than the other. 

¶ Simultaneous peening, which was achieved on both side of the work piece, giving 

elongation.  

 

Figure 1.2: Chordwise curvature using shot peening 
[3]

 

 

Figure 1.3: Strain peening curvature using shot peening 
[3]

 

Stress Peening 

Curving 
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Figure 1.4: Simultaneous shot peening on both side, elongation 
[3]

 

ñPeen forming methods makes them particularly suitable for aircraft components, be they 

fuselage, wing, or tail plane items. They are however very accurate in their shape and 

because peen forming is carried out cold the reproducibility of forming is very goodò
 [3]

. 

1.2.1 Laser  

Albert Einstein described the theory of stimulated emission in 1917, which had become 

the basis of laser 
[5]

.  He stated that, ñwhen the population inversion exist between upper 

and lower levels among atomic systems, it is possible to realize amplified stimulated 

emissions and the stimulated emissions has the same frequency and phase as the incident 

radiationò 
[5]

.  Only within the 1950s were ways discovered to use stimulated emissions 

within devices.  American physicists Charles H. Townes and A.L. Schawlow had 

constructed such a device using optical light 
[5]

.  Two Soviet physicists had also proposed 

related ideas independently of each other.  The initial laser, constructed in 1960 by 

Theodore H. Maiman of the United States, used a rod of ruby as a lasting medium which 

was stimulated using high energy of flashes of intense light 
[5]

.   

This process of laser construction was later enhanced with the aid of an intense laser 

pulse used to produce a significant pressure on the surface of an irradiated target; this was 

done by the material creating a momentum impulse/pressure on the surface due to rapid 

evaporation, and thus creating laser shock peening 
[5], [6], [7]

.  The progression of laser 

development over the years can be seen in Appendix A
 [8]

. 

Stretching 
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1.2.1.1 Operations of Lasers 

óLight Amplification by Stimulated Emission of Radiationô (LASER), is a device that 

creates and amplifies electromagnetic radiation of a specific frequency through the 

process of stimulated emission 
[10]

.  The radiation emitted by a laser consists of a coherent 

beam of photons, all in phase and with the same polarization.  The laser transmits a thin, 

intense beam of nearly monochromatic infrared light that can travel extended distances 

without diffusing.  Most light beams consist of many waves traveling in more or less the 

same direction, but the phases and polarizations of each individual wave/photon are 

randomly distributed.  The waves are precisely in step/ in phase, with one other (and with 

the same polarization, such light is called coherent).  All of the photons which make up 

the laser beam are in the same quantum state.   

Coherent light formed by lasers are done through a process called stimulated emission.  

The laser is contained within a chamber in which atoms of a medium such as a synthetic 

ruby rod or a gas are excited, bringing their electrons into higher orbits with higher 

energy states.  When one of these electrons jumps down to a lower energy state (which 

can happen spontaneously), it gives off the extra energy as a photon with a specific 

frequency.  If this photon encounters another atom with an excited electron, it will 

stimulate that electron to jump down as well, emitting another photon with the same 

frequency as the first (and in phase with it).  This effect cascades through the chamber, 

constantly stimulating other atoms to emit more coherent photons.   

Mirrors at both ends of the chamber cause the light to reflect back and forth within the 

chamber, sweeping across the entire medium.  If a sufficient number of atoms in the 

medium are maintained by some external source of energy (in the higher energy state, a 

condition called population inversion) then the emission is continuously stimulated, and a 

stream of coherent photons develops.  One of the mirrors is partially transparent, 

allowing the laser beam to exit from that end of the chamber, thus the laser formation.  A 

diagrammatic representation of the laser process can be seen in Figure 1.5. 
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Figure 1.5: Laser Process 
[11]  
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1.2.2 Laser Shock Peening 

Shot peening was one of the of the fi rst methods of creating residual stresses within 

aircraft structures, but the two downfalls of this method was the shallow depth of 

residual stress created (around 0.25mm) and the non-uniform residual stress 

distribution in the material, which also leads to an uneven/rough surface with random 

low and high peaks. 
[10]

 

The development of laser shock peening was developed as a cold working process for 

the treatment of surface materials, which produced deeper residual stress within a 

material; a more evenly distributed residual stress and a consistent surface finish with 

the aid of a laser. The main advantage of inducing relatively deep compressive residual 

stresses into a material is the improvement of mechanical behaviors against fatigue 

cracking initiation and crack growth 
[9]

.  Due to the deeper residual stress created by 

laser shock peening, crack tips deeper than 0.25mm would be slowed down, whereas 

in the case of shot peening the effect of the residual stress would have little impact on 

slowing crack growth. 

Surface finish was accomplished via the laser overlapping pattern, which solved the 

issue of uneven areas of non-uniform residual compressive stress distribution.  Due to 

intensity of the laser to be varied in this process, it allows for compressive residual 

stress to reach up to a depth of 1mm into the material, indicating a depth of up to four 

times deeper than the conventional shot peening processes.  Laser shock peening can be 

used on more complex and smaller geometries such as on rivet holes, where 

conventional shot peening is unable too. 
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1.3 Motivation 

With more modern techniques being found to prolong the life of materials, more 

investigations are required to understand the advantages and disadvantages between the 

new and the old processes.  In aerospace there has been an increase in interest in the use 

of laser shock peening over normal conventional shot peening.  With the increasing 

number of aircraft and the importance of reducing weight and prolonging the lifespan of 

aircraft components, more interested has been invested into upcoming technology and 

processes, thus laser shock peening is seen within these lines.   

Aircraft structures such as the fuselage are made up of thin walled aluminium alloy, but 

research has only been found for thicker materials such as Inconel, thus creating a gap in 

the understanding of material behavior for thinner materials such as alloys.  Within South 

Africa there are only two facilities that are certified to conduct shot peening processes, 

but growing interest has been shown for material improvement methods using modern 

technological processes such as laser shock peening.  

Thus, a direct comparison between emerging processes and the old processes need to be 

done i.e. laser shock peening against conventional shot peening, to analyses the pros and 

cons of these processes, and to analyse the material properties and compare to other 

existing results for materials used in the aerospace industry.  As no testing results were 

found on AA6065-T4 aluminium alloy (a thin aerospace material currently being used 

within the industry) at a thickness of 3.2mm, for material properties after shot peening or 

laser shock peening processes had been conducted on it, thus was selected for testing 

for this dissertation.   
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1.4 Research Objectives 

To evaluate the material properties between shot peening and laser shock peening 

specifically: 

¶ Compressive residual stresses in AA6056-T4 of thickness 3.2mm and the depth of 

stress induced on the material via these peening processes. 

¶ Test strip deflection at varying intensities, comparing the arc heights created at 

the different intensities.  

¶ Surface roughness induced on the material at the various intensities.  

¶ And Microhardness, to test the depth at which the two process affect the material 

and the material hardness (properties of the material). 

 

1.5 Organisation of the Dissertation 

Within the chapters to follow the comparison process between shot peening and laser 

shock peening will be represented for AA6056-T4.  In chapter two, the literature review 

for the two peening processes and the material properties of AA6056-T4 are discussed.  

In chapter 3 the various methods used to evaluate deflection, surface roughness, 

microhardness and residual stress within the test material will be presented.  Chapter four 

shows the data collected and evaluated for the different material properties.  The 

discussion and conclusion of the evaluation of these material properties is presented 

chapter five. 
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CHAPTER TWO 

2.0 Introduction 

In this chapter, the literature review of shot peening and laser shock peening will be 

evaluated.  Four features due to these peening processes, will be evaluated, i.e. curvature 

induced on an Almen sized test piece, surface finish, material hardness across the 

thickness of the material and residual stress evaluation induced into the material. 

2.1 Shot Peening 

When a metal has been subjected to grinding, welding, heat treatments or any other 

stressful production process, atoms on the surface of the worked piece would have been 

left with residual tensile stress.  Shot peeing is a cold work process used to relieve these 

surface stresses and increases surface hardening of the metal component
 [12]

.   

is a process of subjecting a specific component with an array of small spherical-like shots 

at room temperature.  These shot can be metal spheres, glass beads, cut wire or ceramic 

beads.  These shots are selected according to the type of material used or surface finish 

required.  The residual stresses are removed by striking the metal surface with these shots 

at a high velocity, thus creating compressive stresses.  As each shot strikes the surface of 

the metal, the metal is stretched beyond its yield strength, creating a convex plastic flow 

of the material in a spherical direction around the shot.  After the shot bounces off the 

metal, the surface is left in residual compression 
[13],[53]

.  The depth of the depression left 

by the shot is within the range of 0.005-0.010 inches (0.127-0.254mm) and the metal the 

peened surface is left in compression.  This process can be seen in Figure 2.12.1 and 

Figure  . 
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Figure 2.1: Step-by-Step shot peening process 

 

 

 

 

Figure 2.2: Overview of Shot Peening Process 

Depending on a specific part being treated, shot peening can 
[14]

: 

¶ Increase fatigue strength 

¶ Prevent cracking due to wear, hydrogen embrittlement, corrosion and stress 

¶ Enhance lubricity by creating small pores in which lubricants can accumulate 

¶ Prevent fretting 

¶ Prevent galling  

¶ Create a uniformly textured, finished surface ready for immediate use or for paint 

and coatings can be used to curve metal or straighten shafts without creating 

tensile stress.  This process is known as Peen forming. This can permit the use of 

very hard steels by reducing brittleness  

¶ Close up surface porosity in coatings  

¶ Allow for the substitution of lighter materials without sacrificing strength and 

durability  

¶ Increase spring life 400% to 1200%  

¶ Increase gear life more than 75%  

¶ Increase drive pinion life up to 400%  

Multiple shots 

Compressed Material 
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¶ Increase crankshaft life from 100% to around 1000%  

¶ And increase the fatigue strength of damaged parts extending the wear and 

delaying replacement cost. 

2.2. Laser Shock Peening  

Laser Shock Peening, is another process of cold working a metal part, and can be 

regarded as a non-destructive process as no physical contact between any two metals 

occur
[15]

.  This is done via the aid of a high energy pulse laser beam.  This beam results in 

high amplitude stress waves which are induced on the material and result in creating 

compressive stresses on the material.  This process increases the compressive residual 

stresses and the fatigue life of the material. 

Before laser shock peening can be used, the material has to be prepared for the process.  

The initial surface of the material subjected to this process is covered with an opaque 

layer (black paint/metal foil/ tape).  The opaque layer is covered with a tamping material 

layer, which in most cases is flowing water.  When the laser strikes the material the 

opaque layer absorbs the pulse energy, which in turn heats up and vaporizes, thus 

creating high temperature plasma on the surface of the material.  The opaque layer is also 

used to improve the creation of plasma behind the water layer and provides thermal 

protection to the material.  ñThe plasma gas is trapped between the work piece surface 

and the transparent water layer limiting the thermal expansion of the gas.  As a result the 

gas pressure increases to an extremely high value.  The high pressure is transmitted to the 

work piece material producing a shock wave, which travels through the part material and 

generates compression stress.ò 
[16]

 ñA peak stress the dynamic yield stress of the metal is 

created by the shock wave and thus the metal yields, and is ñcold workedò or plastically 

deformed at the surface.ò
[17]

 

The water in this process is not used to cool the plasma but to confine the high pressure 

plasma gas, and the effect of this process is not to heat or melt the material. The 
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compressive residual stress layer has been seen to be more than four times that of 

conventional shot peening. This process can be seen in Figure 2.32.3. 

 

 

 

 

 

 

Figure 2.3: Laser shock Peening diagram 

The initial wave sent through the material which generates the compressive stress in the 

material is called the elastic compressive wave, which travels at the speed of sound. The 

stress at the front of the wave is found to be the shock yield strength of the material, 

known as Hugoniot Elastic Limit (HEL) 
[19]

. The HEL of a material is related to the 

dynamic yield strength (◐) and Poisson Ratio (ὺ) as seen in Equation 2.1: 

                                               ὌὉὒ ◐                                    Equation 2.1 

The waves which follow the initial elastic compressive wave, propagate at a slower rate 

and are known as the plastic compressive waves. The plastic compressive wave has 

higher stress values at the wave front than the elastic compressive wave. This stress is 

higher than the HEL of the material and will thus yield and plastically deform as the 

wave propagates through it, and in the process induces the residual compressive stresses 

in the material 
[18]

. 

Opaque Layer 

Compressed Zone 

Shock Wave 

High Pressure Plasma Tamping Material 

Pulsed Laser Beam 

Metal Component 
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This deformation occurs up to the depth where the wave no longer exceeds the HEL of 

the material.  Multiple parameters can be changed to produce the best required properties 

for the test piece.  These parameters are spot size, spot coverage, laser beam intensity and 

pulse duration 
[19]

. 

Spot size refers to size of the laser beam spot created on the surface of the work piece.  

Smaller spot sizes result in localised compressive residual stresses in the work piece, 

whereas spot sizes result in greater depth of residual compressive stress.  Spot coverage is 

the number of laser impact spots per cm
2
 on the work piece.  Overlap is also included in 

this parameter, as the percentage of the next laser impact spot to cover the previous spot.  

The higher the overlap the greater the density of spots/cm
2
.  The overlap percentage can 

be seen in Figure 2.4. 

 

 

Figure 2.4: Overlap percentage of spot coverage 
[20]

 

Laser beam intensity, is the energy created by the laser beam which is projected on the 

work piece, which is directly related to the power supplied to the laser.  Increased laser 

intensity leads to a deeper layer of compressed residual stress. 

Pulse duration, refers to the time elapsed during laser beam projections on the work 

piece.  The exposure time is measured in nanoseconds. 

 

   67% Overlap                           50% Overlap                                  30% Overlap 
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Effects of the laser beam parameters 
[19]

: 

¶ For deeper penetration of compressive residual stresses, higher density lasers can 

be used.   

¶ Bean intensity has a direct impact on the depth of compressive residual stress 

achieved in the work piece. 

¶ Higher intensity laser will be used for thicker materials and lower intensities 

lasers for thinner materials. 

¶ Spot size can be altered to change the area affected by the laser peening process. 

¶ Smaller spot sizes result in weaker shockwave propagate through the work piece 

and would not reach the same depth as a larger spot size. 

The laser shot peening process is setup, such that the shockwave strength is larger 

than the pressure required to do cold work on the material.  The material is plastically 

deformed and compressed due to the shockwave, thus inducing compressive residual 

stresses in the material/work piece and increasing the fatigue life of the work piece 

[21]
. 

Advantages of Laser shock peening 
[22]

: 

¶ Deeper residual compressive stresses enabling better resistance. 

¶ Low cycle, high stress situations (LCF) 

¶ High cycle, low stress situations (HCF) in a deteriorating surface environment 

¶ Erosion, strike damage, fretting and corrosion.  

¶ Considerably less cold work enables greater retention of residual compressive 

stress in high load and/or thermally challenging conditions. 

¶ Lack of shot particles using ñcleanò technology enables applications where 

contamination and/or media staining cannot be tolerated. 

¶ Original surface finish and topography more easily maintained and controlled. 

¶ Allows for excellent process and quality control. 
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ñIn the aerospace industry, laser shock peening can be used to treat many aerospace 

products, such as turbine blades and rotor components discs, gear shafts and bearing 

components.  In particular, laser shock peening has clear advantages for treating 

components of complex geometry such as fastener holes in aircraft skins and refurbishing 

fastener holes in old aircraft, where the possible initiation of cracks may not be 

discernible by normal inspection.ò
[23] 

2.3 Evaluation of Material Properties 

Shot peening and laser shock peening both induce compressive stresses within a work 

piece, both peening processes create curvature on a material when only one side of the 

flat work piece is peened.  This curvature can be evaluated using Almen strip sized test 

pieces and subjecting them to the respective peening process and measuring them with an 

Almen gauge.  The results can be compared to an Almen strip and against each of the 

peening processes.  The peening process also create different surface finishes, this can be 

evaluated via surface roughness testing.  Material hardness also changes due to 

compressive stresses induced on the material, and can be measured using microhardness 

testing to evaluate the change in hardness across the thickness of the work piece.  

Residual stresses one of the key factors for using the peening processes can be evaluated 

using a residual stress testing method, this would allow for direct comparison to evaluate 

and compare the differ impacts on a specific material, and establish the overall best 

process. 
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2.3.1 Almen Strip Testing 

Almen strips are used in industry to measure shot peening intensity.  When an Almen 

strip is shot peened, the residual compressive stress causes the Almen strip to bend or arc 

toward the peened side (i.e. the side subjected to the shot peening process).  The Almen 

strips arc height is a function of the energy of the shot stream and is very repeatable.  

Therefore, in order for the Almen strips to provide reliable and repeatable intensity 

verification, it is important that they are consistent in thickness, flatness and hardness 
[24]

.  

The conventional Almen strip is made from spring tool steel with dimensions 3inches 

(76.2mm) by ¾ inches (19.05 mm), as seen in Figure 2.5 .   

 

 

 

 

Figure 2.5: Almen Strip Dimensions 

The different types of thickness of Almen Strips are: 

óNô Strip = .031inches  

óAô Strip = .051inches 

óCô Strip = .094 inches  

The óCô strip is generally used in the motor vehicle industry (High Intensity applications), 

the óNô strip is used for low intensity applications, but seldom used and the óAô strip in 

the aviation sector (medium intensity applications) 
[23]

.  The strips are mounted into a 

Standard Hardened Block with four mounting screws to secure the Almen Strip.  ñThe 

shot is prevented from impacting the reverse side of the strip in order to achieve the "Arc-

3 inch (76.2mm) 

¾ inch (19.05mm) 

Thickness 
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Heightò.  The effect of the induced compressive stress on the strip results in bowing, 

curving or arching of the test strip.  The "Arc Height" is measured with an Almen Gauge; 

this is done by placing the strip at the bottom end (measuring end) of the device, which is 

magnetised, in order to retain the metal strip to the bottom of the test fixture.  In Figure   

the test block can be seen holding the Almen strip in place for the shot peening process 

and an Almen gage which is used after the process to measure arc height.  In Figure , the 

shot peening process and deflection measurement is demonstrated. 

 

 

 

 

Figure 2.6: Standard Hardened Test Block holding an Almen Strip and an Almen gage 
[26] 

 

Figure 2.7: Shot Peening Process and Arc Measurement 
[27]

 
  

Almen strip 



19 

 

2.3.2 Surface Roughness 

Surface roughness or surface finish, is the surface irregularities left behind after a 

machining process, such as finely spaced micro irregularities left behind by a cutting tool.  

A close approximation of the roughness height can be calculated from the profile chart of 

the surface.  This is done by dragging a measurement stylus across the testing surface, but 

the stylus has to be run perpendicularly to the surface.  In Figure  , the stylus can be seen 

to be dragging over the surface creating the profile chart of the testing area. 

 

 

 

 

 

Figure 2.8: Stylus dragged across surface to create profile chart of surface area. 

2.3.2.1 Arithmetical Mean Roughness (Ra) 
[28]

 

ñRaò is the most common parameter used to measure surface roughness.  It is calculated 

across a sampling length which measures the average length between peaks and valleys 

on the material surface, and the deviation from the mean line within this sampling length.  

This calculation averages all peaks and valleys so that the extreme peaks in the sample 

length are neutralised and have no significant impact on the result.  An example of the 

sample length can be seen in Figure  .   

The equation used to measure ñRaò is: 

                                               ╡╪
■᷿
ȿ█●ȿ▀●
■

                           Equation 2.2  

Travel and measurement 

direction 

Center of stylus radius 
Stylus 
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Figure 2.9: Sample Length for calculating ñRaò, Arithmetical Mean Roughness 

2.3.2.2 Mean Roughness Depth (Rz)
 [28]

 

ñRzò is calculated by measuring the vertical diatance of the highest peak to the lowest 

vally within 5 sampling lenghts, and then the average of these lenghts.  Only the 5 highest 

peaks and the 5 lowest vallys are used in this calculation.  The extream peaks would 

make a significant difference in the results.  The equation and diagram representing the 

calculation of ñRzò can be seen in Figure 2.10 . 

╡◑
ȿ╨▬ ╨▬ ╨▬ ╨▬ ╨▬ȿȿ╨○ ╨○ ╨○ ╨○ ╨○ȿ

        Equation 2.3 

 

Figure 2.10: Diagrammatic representation of how peaks and valleys are measured for Rz. 

╨▬░ȿ░ : Height of the top 5 peaks within the sampling length. 

╨○░ȿ░ : Height of the lowest 5 valleys within the sampling length 
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2.3.3 Hardness Measurement 

Hardness is not a fundamentally physical property but the characteristic of the material 

[29]
.  It is the property of the material to resist plastic deformation and the resistance of the 

material to be indented/penetrated, which is determined by measuring the permanent 

depth of an indentation created by a force/load and an indenter.  The term could also 

relate to stiffness/temper or the resistance to scratching, abrasion or cutting 
[30]

.   

Within material science, four different type of hardness testing methods are which are 

mainly used are (shown with their applicable loads) 
[30]

: 

¶ Vickers Microhardness Test: 10gf (grams of force)ï100kgf (kilograms of force) 

¶ Knoop hardness Test: 10gf-1kgf 

¶ Brinell Hardness Test: 1kgf-3000kgf 

¶ Rockwell Hardness Test: 15kgf-150kgf 

2.3.3.1 Vickers Microhardness Test 

The Vickers Microhardness (HV) is determined by measuring the diagonal lengths of an 

indent left on the test material, via a diamond indenter with a given load 
[31]

.  The 

diamond used in the indentation process is pyramidal in shape, with an angle of 136ę (22ę 

from the horizontal) between the opposite faces of the diamond (which is set on a square 

unpeened), as seen in Figure   
[32]

. 

 

 

 

 

Figure 2.11: Diamond indenter 

Pyramid shaped diamond 

136ę between 

opposite faces 
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o
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A force is applied to the diamond indenter as it makes contact with the material, for a 

dwell time of between 10 to 15 seconds.  When the force is released and the indenter 

removed, an indentation is seen in the shape of a diamond.  This indentation is measured 

across the diagonals of the diamond shape (seen in Figure  ) and the sloping surface of 

the diamond.    

In the case of indentation, the smaller the indentation created on the test area, the harder 

the material.  This test is mostly used for small parts and thin chapters.  ASTM E-384 is 

the microhardness test procedure, which specifies the range of light loads using a 

diamond indenter to make the indentation, which is measured and calculated to yield the 

hardness value.  This process can be tested on almost any material. 

 

 

 

 

Figure 2.12: Vickers Microhardness measurement, dimensions of diamond formed on 

material surface after the indentation process. 

The dimensions of the diamond are averaged (or the area of the diamond used) and the 

area of the sloping surface calculated and substituted into the equation seen.  The 

dimensions are measured in millimeters and the force in kgf. 
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Or 

╥░╬▓▄►▼ ╗╪►▀▪▄▼▼ ╗╥
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The Vickers Microhardness number is represented by óHVô, and is written in the form 

(Calculated Hardness Value).HV.(Force used)/dwell time, i.e. for a calculated value of 

100kgf/mm2 at a force of 300 grams for a dwell time of 10 seconds will be written as 

follows: 100HV300/10 or HV 0.3 representing just the force used 
[32]

. 

2.3.3.2 Knoop Hardness Testing 

This test was developed as an alternative to the Vickers Microhardness Testing, to 

overcome cracking in brittle materials and to test thin layers.  The diamond in this test are 

not symmetrical but elongated.  The Knoop hardness (HK) is calculated by measuring the 

long diagonals lengths created through indentation 
[31]

.  The dent is seen as an elongated 

diamond shape.  In Figure  , the hardness process and equation can be seen. 

 

Figure 2.13: Knoop Hardness Testing 
[33]

 

ὑὲέέὴ ὌὥὶὨὲὩίί ὔόάὦὩὶὌὑ
Ȣ

 kgf/mm
2                       

Equation 2.6 
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2.3.3.3 Brinell Hardness Testing 

This test uses tungsten carbide/steel balls of 1, 2.5, 5 and 10mm in diameter, to press into 

the test material and measure the impressed diameter left behind.  This test is done for 

larger samples with a coarse or inhomogeneous structure, such as casting or forging 
[31]

. 

The Brinell hardness testing process and equation can be seen in Figure 2.14 and 

Equation 2.7. 

 

Figure 2.14: Brinell hardness testing 
[34]

 

ὄὶὭὲὩὰὰ ὌὥὶὨὲὩίί ὔόάὦὩὶὄὌὔ
Ὂ

“
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2.3.3.4 Rockwell Hardness Testing 

This test differs from the other test, by only measuring the depth of the indent left behind 

by the indenter.  The larger the depth the softer the material.   

Principles of the Rockwell Hardness Test 
[35]

 

¶ The indenter is positioned on the surface of the test piece 

¶ A minor load is applied and a zero reference position is established 

¶ A major load is applied for a specified time period (dwell time) beyond zero 

¶ The major load is released leaving the minor load applied 

Figure 6  shows the Rockwell hardness process. 
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Figure 6: Rockwell Hardness Testing 
[36]

 

ñThe resulting Rockwell number represents the difference in depth from the zero 

reference position as a result of the application of the major loadò 
[35]

. 

For testing conducted on the thin aluminium alloy, micro testing was selected to 

determine the non-linear behavior of hardness created across the thickness of the 

material due to the peening processes.  Due to non-brittle material being used, the 

Vickers Microhardness test was selected. 

2.3.4 Residual Stress 

After a solid material had been subjected to any external force which induces plastic 

deformation or temperature gradients or material phase transformation (structural 

change), the stresses which remain behind and upon material equilibrium are known as 

residual stresses 
[37]

.  These stresses can be beneficial or non-beneficial to the material.  

Non-beneficial stress is undesired and uncontrolled.  These occur when there is an initial 

crack formation.  When an external tensile force is applied to the material, an increase in 

localised tensile stress occurs, thus causing the crack to propagate and leading to fracture 

and material failure.  Compressive residual stresses are seen as a beneficial stresses, as an 

external tensile stress would need to be larger than the compressive stresses formed in the 
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material before a crack can propagate.  This type of stress is used on turbine engine fan 

blades, and to toughen glass displays used on cellular phones.  Laser shock peening and 

shot peening are seen to induce compressive residual stresses within a material.  The 

breakdown of the residual stress testing methods can be seen in Table 2.1 . 

Table 2.1: Residual Stress Testing methods 
[38]

 

Technique 
Restrictions 
to Materials Penetration Spatial Resolution Accuracy Comments 

X-Ray 
Diffraction Crystalline 

р˃Ƴ ό¢ƛύΣ 
рл˃Ƴ ό!ƭύ 

нл˃Ƴ ŘŜǇǘƘΣ мƳƳ 
Lateral ±20 MPa 

Combined often with 
layer removal for 

greater depth 

Synchrotron 
Diffraction 
(Hard X-rays) Crystalline 

Ҕрлл˃ƳΣ 
млл˃Ƴ ŦƻǊ 

Al 

нл˃Ƴ ƭŀǘŜǊŀƭ ǘƻ 
incident beam, 1mm 

parallel to beam 
± 10x10-6 

strain 
Triaxial stress, access 

difficulties 

Neutron 
Diffraction Crystalline 

4mm (Ti), 
25mm (Fe), 
200mm (Al) рлл˃Ƴ 

± 50x10-6 
strain 

Triaxial, low data 
acquisition rate, access 

difficulties 

Curvature/Layer 
Removal  None 

0,1-0,5 of 
thickness 0,05 of thickness   

Stress field not uniquely 
determined 

Hole Drilling None  
~1,2xhole 
Diameter рл˃Ƴ 5ŜǇǘƘ ±50 MPa 

Flat surface needed (for 
strain gauges) semi-

destructive 

Slitting (crack 
compliance) None   N/A  1mm Depth   

Flat surface needed, 
destructive 

Surface contour  None  N/A     

Simple and cheap, suits 
well for welds, 

destructive 

Ultrasonic 
Metals, 
Ceramic >10cm 5mm 10% 0,5-10 MHz 

Magnetic Magnetic 10mm 1mm 10% Microstructure sensitive 

Raman/ 
Fluorescence/ 
Birefringence 

Ceramics, 
Polymers ғм˃Ƴ 

ғм˃Ƴ 
approximately 50 MPa 

Not applicable directly 
for metals(Feasible by 
using proper coating) 

Residual stress testing methods consist of destructive methods and some without 

detrimental alteration of the component being tested.  Material restrictions and spatial 

resolution can be seen to differ from the different testing methods.  According to the 

research required across the thickness of the material and the non-linear residual stress 

distribution expected, only two sets of equipment could be used, i.e. Neutron diffraction 
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method and hole drill testing.  With the Neutron diffraction equipment being located in 

other parts of the world and limited access granted (at the time of this research project 

none of these facilities were available in South Africa), hole drilling residual testing 

machine was selected for testing purposes in this dissertation, as it was also a new 

purchase at the University of the Witwatersrand and allowed for ease of access in 

comparison to other testing methods.  

2.3.4.1 Hole Drilling Residual Stress Testing [39] 

The most modern procedure for measuring residual stress is the hole-drilling strain gauge 

method.  A special three or six element strain gauge rosette is mounted on the test piece 

at the location point, where residual stress is to be determined.  Wires are connected from 

the connection points on the strain gauge rosette, to a multichannel static strain indicator.  

A milling guide/monocular is part of the apparatus used to accurately center the drilling 

target on the rosette.  As demonstrated in Figure 76.  

 

 

 

 

 

Figure 76: Example of hole drilling alignment through a monocular 

After zero-balancing the gauge circuits, a small, shallow hole is drilled through the 

geometric center (drilling point) of the rosette. Readings are taken of the relaxed strains, 

corresponding to the initial residual stress. Using special data-reduction relationships, the 

principal residual stresses and their angular orientation are calculated from the measured 

strains.   
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2.3.5 Material Specifications 

Aluminium alloys are widely used in industry, with a large amount being used in the 

aviation/aerospace sector.  The properties of aluminum alloys provide for a lighter 

material in comparison to steel and other metals and have a high material strength.  These 

are key factors for aircraft manufactures, as aircraft design is dependent on a lighter 

aircraft or weight reduction, which enables increased efficiency and less fuel used.  Pure 

Aluminium on its own is a very ductile material, with a low melting point of 660 ºC.   

The introduction of alloys into pure aluminum enhances its material properties to suit its 

desired use, and unlike most composite material aluminum alloys can be recycled.  The 

material selected to be used in these test were of AA6056-T4 Aluminium alloy.  It is a 

6xxx series Aluminium alloy.   

This type of series is known to have high strength, good formability and good weld-

ability.  Its high silicon percentage helps to increase the alloys strength, high magnesium 

to allow for the control, recovery, recrystallization and grain growth of the strengthened 

precipitate.  Copper is one of the elements which contribute to the enhanced hardness and 

refinement of the microstructure.  T4 in the name of the alloy indicates that it had been 

thermally treated, quenched and naturally aged at room temperature 
[40]

.  The properties 

and material strength can be seen in Table 2.2 .  This material has been tested to have an 

ultimate tensile strength of 405 MPa and a yield strength of 230 MPa.   

Table 2.2: Chemical composition of the AA6056-T4 (wt %) 
[41]

 

  Si Mg Cu Mn Fe Zu Zr 

AA6065 

0.70-

1.30 

0.60-

1.20 

0.50-

1.10 

0.40-

1.00 <0.50 

0.10-

0.70 

0.07-

0.20 
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2.3.6 Previous Findings for Shot peening vs. Laser Shock peening 

Previous research done compared the residual stresses within a material after it had been 

shot peened and laser shock peened. Testing found through research, were conducted 

mainly for thick materials, and for thinner material could not be located. 

In  

Figure 8, Figure 9 and Figure 10 , the tested data for residual stress analysis of Inconel 

718, Aluminium 7375-T7351, Ti-6Al-4V and Ti-6Al-2Sn-4Zr-2Mo can be seen 

respectively.   

 

Figure 817: Residual Stress Results of Inconel 718 
[42] 

In Figure 2.17, The laser shot peening data is seen to have a higher compressive residual 

stress (i.e. up to 5 times higher than shot peening) and seen to penetrate deeper into the 

material when compared to normal shot peening (seen to be more than 2 times the 

material penetration). 

 In Figure 9.18 , the residual stress of Aluminium 7075-T7351, for laser shock peening is 

also seen to penetrate deeper into the material, where after 0.2mm into the material depth, 

shot peening residual stress results reached back to material normalization i.e. 0MPa, 

indicating no stresses act within the material from this point..  Whereas the residual stress 
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is seen to penetrate past 0.8mm and further into the material i.e. more than 4 times the 

penetration of shot peening.   

 

 

Figure 9.18: Residual Stress Results of 7075-T7351 
[43] 

 

Figure 10: Residual Stress Results of Ti-6Al-4V and Ti-6Al-2Sn-4Zr-2Mo 
[44] 
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In Figure 10 , the residual stress of graph of Ti-6Al-4V and Ti-6Al-2Sn-4Zr-2Mo shows 

residual stresses for both Ti-6Al-4V and Ti-6Al-2Sn-4Zr-2Mo similar residual stress 

curves for both shot peening and laser shock peening.  Laser shock peening is still seen to 

penetrate deeper into then shot peening but up to 5 times, as the residual stress results of 

shot peening reaches material normalisation at around 0.2mm into the depth of the 

material, and laser shock peening continues past 1 mm into the material depth.  From 

these observations compressive residual stresses subjected into the work piece are 

expected to penetrate much deeper into a work piece for laser shock peening in 

comparison to shot peening. 

Microhardness testing was also done in previous research, comparing shot peening results 

to laser shock peening for Aluminium alloy AA6082-T651, 7075-T7351 and A356-T6.  

From the results seen in Figure 11.20, Laser shock peening is seen to have a higher 

microhardness value in comparison to shot peening, and is also seen to penetrate deeper 

into the material.  

 

Figure 11.20: Microhardness results of precipitation-hardened aluminum alloy AA6082-

T651 
[45 

In Figure 1221, shot peening result of both 7075-T7351 and A356-T6, show a higher 

hardness value, whereas laser shock peening results show minor changes in hardness 
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within the material.  This could indicate material hardness differs within different 

material for the two peening processes.
 

 

Figure 12: Hardness testing of 7075-T7351 and A356-T6 
[46] 

 

Figure 13: Max Stress Curve of 7075-T735 
[46] 

In Figure 13  the maximum stress curves are seen before and after the material of 

Aluminium Alloy 7075-T7351 is subjected to shot peening and laser shock peening.  

Both peening processes increase the maximum stress of the material, but laser shock 

peening is seen to give a higher maximum stress.  
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CHAPTER THREE  

3.0 Introduction 

Shot peening and Laser shock peening both serve to improve the fatigue life of materials 

by inducing compressive residual stresses.  These processes in addition, change the 

material surface roughness, and introduce a deflection/curvature to a test piece.  The 

curvature differs at the various intensities used during each process.  In this chapter the 

study method and design can be seen, thereafter the following properties will be 

evaluated and data captured through experimentation for both shot peening and laser 

shock peening processes: 

¶ Compressive residual stresses in AA6056-T4 of thickness 3.2 mm 

¶ Deflection 

¶ Microhardness 

¶ Surface roughness. 

3.1 Apparatus  

3.1.1 Shot Peening 

The approximate blasting area used by South African Airways Technical (SAAT) for its 

shot peening process, consist of an inside peening area of 10 feet (å 3.048m) wide by 12 

feet (å 3.657m) long and 14 feet (å 4.267m)  high.  These shot peening room facilities are 

used for large work pieces.  Compressed air was the moving force which was responsible 

for the functioning of the system.  The room consists of one door, a viewing window and 

two arm holes (i.e. manual operating process). 

All internal walls are rubber coated.  Within the Chamber was a rotating table with a 

maximum turn table speed of 10 revolutions per minute for ease of peening larger parts.  

This table had extendible arms to increase the diameter of the table up to 9 inches (å 
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228.6mm) to allow for larger components to be shot peened.  Blast generators are used to 

deliver shots at a controlled feed rate under the required pressure through the blast 

nozzle. 

Each blast generator contains its own shot pressure chamber, where the shots are 

contained and maintained under a pressure from a separate supply of compressed air.  

The blast generators contain the shot feed valve, to monitor the amount of shot from the 

shot pressure tank, into the blast hose and to the nozzle.  There was a reclaiming system 

that separates the unusable shots and dust from the remains, which was recycled back to 

be used by the system.  The system used separators with vibrating screens to sort out the 

required shots size being used.  These are sent to a storage hopper, and stored there until 

the blast generator was ready for it.  Figure   shows a schematic of the layout seen at 

SAAT. 
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3.1.1.1 Shot peening Equipment details: 

Manufactured by: Vacu-Blast Corporation 600N. Washington Abilene, Kansas 

Manufacturers Serial Number: 8-9626-R2 

Year Built:    1980 

Efficiency:    70% 

Max Allowable pressure:  125 psi 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Schematic of Shot peening setup used at SAAT 
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