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ABSTRACT

Currently, within the aviation industry there has been a large focus on enhancing the
fatigue life ofthin-walled aircraft structuresuchas 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 techniquesre said to provide a more substantial
improvemento the treated materiagh comparison to shot peening. Laser shock peening
relies on a more focused and precise peening process, whereas shot pieda
multitude of shots (small spherical metal/plastic/glass bemkich are projected towards

a mateial surface(via a high pressujyewhich randomly impacts the material surface to
create compressive residual stresses and thus improve fatigue life.

Samples of AA605@ 4 Aluminium alloyused for integral structurewjth a thickness of
3.2mm were usedo represent a thiwalled component These were usedor
comparative testing of material properties after Laser Shock Peening and Shot peening
had been executed on the test piecEbie material properties investigated were material
deflection, surfaceroughness, micrbardness and residual stressgsvarious laser
intensities and shot peening pressureaser shock peening had shown the best results,
with higher deflections betweeh12 to 3times higher than shot peening, a smoother
surface finish(roughness value2-2.5 times less than shot peenindgeper hardness

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

1.0Introduction

Tensilestresses arseen as one of the most common modes of material f&lur@his

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
leadto corrosion and t@rack growth or propagatipneducingfatigue life of the structure

or component and leads to an early failure of the maigril to a catastrophic failure or
costly repair proce$s Structures or components which have an induced casipee

layer, were seen to slow crack growth significantiyth deeperinduced compressive
layers foundto further reduce crackrowth and extend the lifef the structureor
componert'™? . 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 conegsive stresses into a material.

1.1 Historyand Background

1.11 Shot Peening

Shot peening is not@ew concept, as it has been around for centuries. People have long
known that work hardening and ps&ressing a metal, enables it to be more durable and
harder. Lockheed Aircraft in Burbank was the first to discauenl patat the shot
peening process (Californih,at e 194006s) . Jim Boerger, was
realized he needed stiffer wing panels, as a weight saving initiative. While working on
an Almen strip, he realized that the curvature createtth@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 manufacfurocess for inducing curvatures in

fully machined aerodynamisaneld®. The extension of the Almen strip has been widely
used thorough out industry, but aerospace being its greatest user.



Shot peerforming has been used to induce compressivesstsesn a material structure,
to change its stress pattern, magnitude and depth to deliberately creatge iohhe in
the product shapé&”. The first aircraft to use peeforming techniques was the
Constellation seen iRigure 1.1,

Figurel.1: Lockheed Constellatioff

The shot formingprocessis performed at room temperature or in certain cases the
substrate is warmed to obtain maximum benefit. The surface of the work piece
undergoing shopeeningis subjected t@ 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 eates a compressive layer of residual stresses within the work
piece where shot peening had occurrétiis combination of compressive residual stress

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

convex curvaturemthe peened side of the work piéte



1.1.1.1 Shot peen forming: panel curvattite
For obtaining panel curvature, three methods were U$eslincludes

1 Chordwisecurvature whichwas 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.

1 Strain peening, where the work piece is held imidirectional prestressed state
and peeed on the tensile stressed surface, once released a greater curvature is
created, as the compressive stress is greater in one direction than the other.

1 Simultaneous peeningvhich was achievedn both side of the work piece, giving

elongation

Curving

Figurel1.2: Chordwise curvature using shot peeriihg

Stress Peening

—>

Figure1.3: Strainpeeningcurvature using shot peenity



>
Stretching

-
g

Figurel.4: Simultaneous bt peening on both side, elongatidn

fiPeen forming methods makes them particularly suitable for aircraft components, be they
fuselage, wing, otail planeitems. They are however very accurate in their shape and
because peen forming is carried out dblelreproduc bi 1 i ty of fo¥ming i s

1.2.1Laser

Albert Einsteindescribedhe theoryof stimulated emission in 191Which had become

the basisof lasé. He st ated that, fAwhen the popul atio
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
radi &% Omywihin the 1958 were ways discovered to use stimulated emissions

within devices. American physicists Charles H. TowneadaA.L. Schawlow had

construced sucha device using optical light. Two Soviet physicists haalsoproposed

related ideasndependently of each other. The initial laser, constructed in 1960 by
Theodore H. Maiman of the United States, used a rod ofastaylasting medium which

was stimulated using high energy of flashes of intenselfight

This process of laser consttiom 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 tis creating laser shock peeniti® 1. The progression of laser

development over the years can be seen in Appenfiix A



1.2.1.1 Operations of Lasers

OLi ght Ampl i fiecdat Emins shiyo nS(LASER),Rseaddevace thai n 0
creates ancamplifies electromagnetic radiation of a specific frequency through the
process oftimulated emissiol®. The radiation emitted by a laser consists of a coherent
beam of photons, all in phase and with the same polarization. Ther&asanits 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/@aneton
randomly distributed. The waves are precisely in step/ in phase, with one other (and with
the same polarization, such light is called cohereAt).of the photons which make up

the laser beam are in the same quantum state.

Coherent light formedyblasers are done through a process caltedulated 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. YAén 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
frequerty. If this photon encounteranother atom with an excited electron, it will
stimulate that @ctron 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 cimdber 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 calledpopulationinversion) 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 forndation.

diagrammatic repsentation of the laser process can be se€igurel.5.
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1.2.2 Laser Shock Peening

Shot peening was one of the of the first methodsof creating residual stresses within
aircraft structures, but the two dowrfalls of this method ves the shallow depth of
residual stress created (around 0.25mm) and the non-uniform residual stress
distribution in the matrial, which also leads toan uneven/rough suface with random
low and Hgh peaks. *”

The developmentof laser shockpeening was developedas a cold working processfor
the teament of suface mderias, which produced deeoer residual stress within a
material; a moreevenly distributed residual $ress and aonsistent sdace finish with
thead of alaser. The mainadvantage of inducing elatively deep compressve residual

stresses ito a magria is the improvement of mechanical behaviors against fatigue

9
cradking intiation and crack growth . Due to the deeper residual stress created by

laser shock peening, crack tips degoer than 0.25mmwould be slowed down, whereas
in the case of shotpeeaning theeffect of theresidual $ress would havéttle impad on

slowingcrack growth.

Surface finish was accompished via the laser overlapping pattern, which solvedthe
issue of uneven areas of non-uniform residual compressve stress distribution. Due to
intensity of the laser to be varied in this process, it allows for compressve residual
stressto reach up toa depth of Imminto the magrial, indicaing a depth of up to four
timesdeger thanthe conventional shotpeening processes. Laser shack peaning can be
used on more comgdex and smaller geometies such as on rivet holes, where

conventional shotpeening isunable too.



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 theld processes. In aerospace there has been an increase in interest in the use
of laser shock peening over normal conventional shotipgenWith the increasing
numberof aircraft and the importance of reducing weight and prolonging the lifespan of
aircrét 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 beéound 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 giowing 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 againstvemtional shot peening, to analyses the pros and
cons of these processes, and to analyse the material properties and compare to other
existing results for materialssed in the aerospace industis no tesing results were

found on AA6065-T4 aduminium aloy (a thin agospace material currenty being used

within theindusty) at a thicknessof 3.2mm, for matrial properties after shotpeening or

laser shockpeening processeshad been condicted on it, thus was selected for testing

for this disserdtion.



1.4 Research Objectige

To evaluate the material properties between shot peening and laser shoclg peenin

specifically

1 Compressive residual stressef\l6056 T4 of thickness 3.2mmandthe depth of
stress induced on the material via these peening processes.

1 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 peeningsand la
shock peening will beepresentedor AA6056-T4. In chapter twothe literature review

for the two peening processes and the material properties of AABDaEe discussed

In chapter 3 the variousnethodsused to evaluate deflection, surface rougsne
microhardness and residual stress withi test material will be presente@hapter four
shows the data collectednd evaluatedor the different material properties. The
discussion and conclusion of the evaluatmfnthese material properties isegented

chapter five.



CHAPTER TWO

2.0 Introduction

In this chapter, the literature review of shot peening and laser shock peenirzge will
evaluated. Four featurelsie to these peening processes, will be evaluyagedurvature
induced on an Almen szl test piecesurface 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
stressfulproduction process, atoms on the surface of the worked piece would have been
left with residualtensile stressShot peeing is a cold work process used to relieve these

surface stresses and increases surface hardening of the metal comfonent

is a pocess of subjecting a specific component with an array of small spHeécahots

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 offisigffiace
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 strengthticg 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 compres$idi®!. The depth of the depression left

by the shot is within the range of 0.00810 incheg0.127%0.254nm) and the metal the

peened surface is left in compressiofihis process can be seenHigure 2.12.1 and

Figure .
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¢¢¢¢¢ Multiple shots
¢¢¢¢ “M“MM*“ Compressed Material

Figure2.1 Stepby-Step shot peening process

\ \
et

Figure2.2 Overview of Shot Peening Process

Depending on a specific part being treated, peening caf*:

= =4 4 A4 -4 -2

Increase fatigue strength

Preventrackingdue to wear, hydrogen dmittlement, corrosion and stress
Enhancdubricity by creating small pores in which lubricants can accumulate
Prevent fretting

Prevent galling

Create a uniformly textudg 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 formimg.can permit the use of
very hard steels by reducing brittlesse

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 th@ab%

Increasalrive pinion life up to 400%
11



1 Increaserankshaft lifefrom 100% toaround1000%
1 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 metalapartcan be
regarded as a negtestructive process as no physical contact between any two metals
occuf*¥. This is done via the aid of a high energy pulse laser beam. Thigésatsin

high amplitude stress waves which are induced on the material and reswdatimgr
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 th material subjected to this process is covered with an opaque

layer (black pent/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 alosbs 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
protectiontote mat er i al . AThe plasma gas i s trapeg
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 conmf i fpsakstresshe dymamie Wetd sttess of the metal is
created by the shock wave and t hplesicalyhe met a
deformed at? the surface. o

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 istodbheat or melt the materialhe

12



compressive residual stress layer hasnbeeen to be more than four times tbat

conventional shot peeninghis process can be seerFigure2.32.3.

Pulsed Laser Beam

¥

Tamping Material High Pressure Plasma

<«— Opaque Layer

=
Compressed Zone
e

Shock Wave —» _

Metal Component

Figure2.3 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, wiravels at the speed of sourithe

stress at therént of the wave is found to e shock yield strengtbf the material

known as Hugoniot Elastic Limit (HELY®. The HEL of a material is related to the

dynamic yield strength (,) and Poisson Rati®) as seen iEquation2.1:
"0 — Equation2.1

The waves which follow the initial elastic compressive wave, propagate at a slower rate
and are known athe plastic compressive wavebhe plastic compressivevave has

higher stress values at the wave frtmn the elastic compressive waudis 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*®l.

13



This debrmation 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 spotsgiaecoveragdaser beam intensityna

pulse duratiof?.

Spot size refers to size of the laser beam spot created on the surfacevofkiipeece.

Smaller spot sizes result in localised compressive residual stresses in the work piece,
whereas spot sizes result in greater depth of rdstdnapressive stressSpot coverage is

the number of laser impact spots pef@n 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 greatee density of spots/cm The overlap percentage can

be seen irrigure2.4.

67% Overlap 50% Overlap 30% Overlay

Figure2.4: Overlap percentage of spot covergﬁ]e

Laser beam intensity, is the eggrcreated 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 elapdadng laser beam projections on the work

piece. The exposure time is measured in nanoseconds.

14



Effects of the laser beam parametérk

For deeper penetration of compressive residual stresses, higher density lasers can
be used.

Bean intensity has airédct 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 aséngkening 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 presure required to do cold work on the material. The material is plastically

deformed and compressed due to the shockwhus inducing compressive residual

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

[21]

Advantayes of Laser shock peenilg:

= =4 4 A -

Deeper residual compressive stes 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 Whereeano
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.

15
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Aln the aerospace industry, redt mang aerospdte c k
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 aircraftasid refurbishing
fastener holes in old aircraft, where the possible initiation of cracks may not be

di scernible by®normal inspection. o
2.3 Evaluation of Material Properties

Shot peening and laser shock peenibmih induce compressive stresses withimwork

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 mgethsumi with an

Almen gauge. The results can be compared to an Almen strip and against each of the
peening processes. The peening proaésscreate different surface finishes, this can be
evaluated via surface roughness testinddaterial hardness alsehanges due to
compressive stresses induced on the material, and can be measured using microhardness
tesing to evaluate the change in hardness across the thickness of the work piece.
Residual stresseme of the key factors for using the peening praeesan 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.

16
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2.3.1 Almen Strip Testing

Almen strips are used in industry to asre shot peening intensity}WWhen 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)mdine Al
strips arc height is a function of the energy of the shot stream aretyigepeatable.
Therefore, in order for thélmen strips to provide reliable and repeatable irtgns
verification, it is importanthat they are consistent in thickness, flagnasd hardnedg’.

The conventional Almen strip is made from spring tool steel with dimensions 3inches
(76.2mm)by %inches(19.05 mm) as seen ifrigure2.5.

< 3inch (76.2mrg)

I% inch (19.05mm)

Thickness

v
4

Figure2.5: Almen Strip Dimensions
The different types of thickness of Almen Strips are:

.031linches

ONO Strip

A

O0AO Strip .051linches

6Cd Strip . 094 inches

The 0C06 st r i p thesotq echiderinaustiiHigh imtensity applinations),
the ONOG6 strip is wused for | oand nttheensd Ad
the aviation sectofmedium intensity application$}®. The strips are mounted into a
Standard HardeneB| ock wi t h four mounting Screws

shot is prevented from impacting the reverse side of the strip in order to achieve the "Arc
17
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Hei ght o. The effect of the induced compr es
curving orarching 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 fixtuFeguhe

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 measiagirc InFigure, the

shot peening process and deflection measurement is demonstrated.

Almen strip

Measuring Dial

n/

Shat Stream
Sinch

Alnen Test Strip
. N\ Hardened

10:32 \ Biall
SCREWS ‘I Suppotts
. 1 "If
Arc 1 — =g
Height U &rc Height
N Strip Removed, Arching due =trip mourted for Arc
to Residual Stresses Mmeasurement
(&) pesning =) (9]

Rracess

Figure2.7: Shot Peening Process and Arc Measureffint
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2.3.2 Surface Roughness

Surface roughness or surface finish, is the surface irregesarigift behid after a
machining processush adinely 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 measemnestylus across the testing surface, but
the stylus has to be run perpendicularly to the surfac&iglre , the stylus can be seen

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

Stylus
x Center of stylus radius

| : - Travel and measurement

direction

Figure2.8 Stylus dragged across surface to create profile chart of sanfaae
2.3.2.1Arithmetical Mean Roughness (R&)

AfARad is the most common parameter used to m
across a sampling length which measures the average length between peaks and valleys

on the material surface, and ttheviation 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 tseen inFigure .
The equation used to measure ARaod i s:

14+ - We Mo Equation 22
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Figure29 Sampl e Length for calculating ARao,

2.3.2.2Mean Roughness Depth (R%)

ARzO0 1is calculated by measur peakgto thehlavesy er t i c a
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 equaiahdiagram representing the

calculatonof ARz 0 c &igureB.80. seen i n

I i I i o Lo Lo Loy Lo .
4 e = === ®  Equation2.3

A il )
X

[ . 7 ]
Ypl i A |
.- L I|.' Lﬂ\lYpZ‘ ; 'II I‘Y\pS‘ r{: Uy'p4 A wJ |ﬁYp5 | ‘l/
7 H A A ! A : E ¢ I‘i: . 4 = ;
yvi H' Yy2 ! v | §Y _v_l‘.." UIYV4 ﬂl", pﬁ.’tv5 I|

Y ¥, L A I
; \ v

Lo : Height of the lowest 5 valleys within the sampling length
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2.3.3Hardness Measurement

Hardness is not a fundamentally physical property but the characteristic of the material
29 It is theproperty of the material to resist plastic deformation andesistance of the
materid to be indented/penetrated, which determined by measurirtpe permanent
depth of an indentation created by a force/load and an indeiitee term could also

relate to stiffness/temper or the resistance to scratching, abrasion or €itting

Within material science, four different type of hardness testindnadstare which are
mainly used are (shown with their applicable lodtf)

Vickers Microhardnes$est: 1@f (grams of forcl 10kgf (kilograms of force)
Knoop hardness TestOgf1kgf

Brinell Hardness TestLkgf-3000kgf

Rockwell Hardness Test5kgf-150kgf

= =/ A =4

2.3.3.1Vickers Microhardnes$est

The Vickers MicrohardneséHV) is determined by measuring the diagonal lengths of an

indent left on the test material, via a diamond indenter with a dived Y. The

diamordusedm t he i ndentation process is pyramidal
from the horizontal) between the opposite faces of the diamond (which is set on a square

unpeene) as seen ifrigure *3.

136cbetween

opposite faces

Pyramid shaped diamond
Figure2.11 Diamond indenter
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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 indentatiosusechea
across the diagonals of the diamond shape (seEigime ) and the sloping surface of

the diamond.

In the case of indentatiorha smaller the indentain created on the test ar¢he harder

the material. This test is mostly used for small parts andctiaptes. ASTM E384 is

the microhardness test procedure, which specifies the range of light loads using a
diamond indenter to make the indentatihjch is measured and calculatedyteld the
hardness value. This process candstéed on almost any material.

D1

D2

Figure2.12 Vickers Microhardnesmeasurement, 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 andsstuted into the equation seenThe

dimensions are measured in millimeters and the force in kgf.

22



Or

& o rifm—

Chaladmth A s

T 8r
AL
I = o af A
e 8 iy 0 %N OA & T 1
|'|'8|'|' 0o
The Vickers Microhardneses u mber i s represented by OHVO, a

(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 M 0.3 representing just the force us&

2.3.3.2Knoop Hardness Testing

This test was developed as an alternative to \Mlekers Microhardnesslesting, to
overcome cracking in brittle materials and to test thin layers. The diamond in this test are
notsymmetrical but elongated. The Knoop hardness (HK) is calculated by measuring the
long diagonals lengths created through indentdffon The dent is seen as an elongated

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

Figure2.13 Knoop Hardness Testift

0 & ¢ 0PI Qe & DU kgf/mm? Equation2.6

23



2.3.3.3Brinell Hardness Testing

This test uses tungsten carligteelballs 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 inhomogesestructure, such as casting or fordfity

The Brinell hardnesstesting process and equation can be seefkigure 2.14 and

Equation2.7.
|<{d}~|
Figure2.14 Brinell hardnessestingt¥
01 "QEAIN Qe & W QIO0 = - On 6 W& ¢
-00 MO Q

C

2.3.3.4Rockwell 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 Hardnegst*”

Theindenterns positiored 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 thimon load applied

== =4 =4 =2

Figure6 shows the Rockwell hardness process.
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PENETRATOR

to which
penetrator

I
I
to which I
~ penetrator is forced by
Major Load /j

~ is forced by
k \ Minor Load after recovery
Increment in depth due to ~
\ increment in load is the linear -~ -~
\ measurement that forms //
Surface the bass of Rockwell 7 ”~
of w(m hardness tester / 7~
\ re.nong\
~

\\\\\\

Figure6: Rockwell Hardness Testit’

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

reference position as a result of the application of the majod [ad

For testing condwcted on the thin auminium aloy, micro testng was selected to
determine thenonlinea behavior of hardness created across the thickness of the
material due to the peening processes. Due to non-brittle matrial being used, the

Vickers Microhardnestestwas slected.
2.3.4Residual Stress

After a solid material had been subjected to any external force which induces plastic
deformation or temperature gradients woraterial phase transformation (structural
change), thestresses which remain behind and upon material equilibargrknown as

residual stresséd”. These stresses can be beneficial ormemeficial to the material.
Non-beneficial stress is undesired and uncontroll€dese 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 comprdsssges 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 compresgesidual sesses within anaterial. The

breakdown of the residual stress testing methods can be SEainl@?2.1 .

Table2.1: Residual Stress Testimgethods®

Restrictions

Technique to Materials | Penetration | Spatial Resolution | Accuracy Comments
Combined often with
X-Ray p>Y 6| Hn>Y RSLI layer removal for
Diffraction Crystalline | pn>Y Lateral +20MPa greater depth
Synchrotron Bpnn> wn>YyY €I
Diffraction M a1 n > Y | incident beam, 1Imn| + 10x1C° Triaxial stress, access
(Hard Xrays) Crystalline Al parallel to beam strain difficulties
4mm (Ti), Triaxial, low data
Neutron 25mm (Fe), +50x10° | acquisition rate, access
Diffraction Crystalline | 200mm (Al) pnn>Y strain difficulties
Curvature/Layer 0,1-0,5 of Stress field not uniquely
Removal None thickness 0,05 of thickness determined
Flat surface needed (fo
~1,2xhole straingauges) semi
Hole Drilling None Diameter pn>Y 5S1| #50MPa destructive
Slitting (crack Flat surface needed,
compliance) None N/A 1mm Depth destructive
Simple and cheap, suit
well for welds,
Surface contour None N/A destructive
Metals,
Ultrasonic Ceramic >10cm 5mm 10% 0,510 MHz
Magnetic Magnetic 10mm 1lmm 10% Microstructure sensitive
Raman/ Not applicable directly
Fluorescence/ Ceramics, FM>Y for metals(Feasible by
Birefringence Polymers FM>Y approximately 50 MPa using proper coating)

Residual stress testing methods consistdestructive 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 methddaxording tothe

researchrequired across the thickness bétmaterial and the ndimear 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 tiNeutron diffractionequipment being located in

other parts of the world andnlited access grantddt the time of this research project
none of these facilities were available in South Afridagle drilling residual testing
machine was selected for testing purposes in this dissertation, as it was also a new
purchase at the Univetg of the Witwatersrand and allowed for ease of access in

comparison to other testing methods.
2.3.4.1Hole Drilling Residual Stress Testift}

The most modern procedure for measuring residual stress is thériiolg 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 determif@es areconnected 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 demonstrateBigure76.

Strain Gage
Rosette

.—‘4\-—:
\ 4% Hole / :

N\
\ e

S~————

Figure76: Example of hole drilling alignment through a monocular

After zerobalancing the gauge circuits, a small, shallow hol@rided through the
geometriccenter(drilling point) of therosette. Readingare taken of the relaxed strains,
corresponding to the initial residual stredsing special dateeduction relationships, the
principal residual stresses and their angular orientation are calculated from the measured

strains.
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2.3.5Material Specifications

Aluminium alloys are widely used in industry, with a large amount being umséuke
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 depeolen lighter

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

Aluminium on its own is a very ductile material, with a low melting point of €0

The introduction of alloys into pure aluminum enhances its maafgoperties to suit its
desired use, and unlike most composite material aluminum alloys can be recycled. The
material selected to hesed in thee test were 0AA6056-T4 Aluminium aloy. Itis a

6xxx seriesAluminium alloy.

This type of series isrtown 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 tempéef8turéhe properties

and material strength can be seeMable2.2. This material has been tested to have an
ultimate tensile tsength of 405 MPa and a yielttength of 230 MPa.

Table2.2: Chemical composition of the AB056T4 (wt %)Y

Si Mg Cu Mn Fe Zu Zr
0.70 0.60 0.50 0.40 0.10 0.07
AA6065 | 1.30 1.20 1.10 1.00 <0.50 |0.70 0.20
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2.3.6PreviousFindings forShot peening vs. Laser Shock peening

Previous research domempared the residual stresses withimaterial after it had been
shot peened and laser shock peeriakting found through researclwere conducted

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

Figure8, Figure9 andFigure 10, the tested datéor residual stress analysi$ Inconel
718, Aluminum 737577351, Ti-6Al-4V and Ti6Al-2Sn4Zr-2Mo can be seen

respectively.

|'_'| -
- DEPTH Shot Peened |Laser Shot Peened
= )

% 250 - ? "I'E"'"' "'I ' 0 -875 -1083
-ﬁ- 0.025 -900 -1150

-500 - 0.0625 -720 -1125
@ Laser peened
‘ﬁ 0.125 -334 -850
= -750 - 0.3 -125 -667
3 0.5825 0 -350
% -1000 + 0.875 -208
x 1.083 167

'125‘0 T T !

0 0.25 0.5 0.75 1 1.25
Depth below surface (mm)

Figure817: Residual Stress Results of Inconel £8

In Figure 217, The hser shot peeningatais seen to have a higher compressive residual
stres (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 Figure9.18, the residual stress of Aluminium 70T%351, for laser shock peening is

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

shot peening residualtress results reached back to material normalization i.e. OMPa,

indicating no stresses act within the material from this poMihereas 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

penetrabn of shot peening.

Residual stresses (MPa)

50!! ‘.T_FT[I!TEIII[ L

| —®— 3 impacts
-\ —+}— shot-peened

0.2 0.4 0.6 0.8 1
depth (mm)

Figure9.18 Residual Stress Results 75773511

Depth, mm
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Figure10: Residual Stress Results of@AI-4V and Ti6Al-2Sn4Zr-2Mo 1“4
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In Figure10, the residual stress of graph of@Al-4V and Ti6Al-2Sn4Zr-2Mo shows

residual stresses for both-BAI-4V and Ti6Al-2Sn4Zr-2Mo similar residual stress
curves for both shgieening 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 materrarmalisationat around 0.2mm into the depth of the
material,and laser shock peening continues pastrit into the material depthFrom

these observations compressive residual stresses subjected into the work piece are
expected to penetrate much deepdo ia work piece for laser shock peening in

comparison to shgieening.

Microhardness testing was also done in previous research, comparing shot peening results
to laser shok peening for Aluminium alloy AA6082651, 7075T7351 and A356l6.

From the results seen frigure 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.
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Figure11.20: Microhardness results of precipitatibardened aluminum alloy AA6082
T6514°

In Figure1221, shot peening result of both 76073351 and A35616, 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.
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Figure12: Hardnessesting of 707577351 and A35676 [“°)
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Figure13: Max Stress Curve of 70767351%

In Figure13 the maximum stress curves are seen before and after the material of
Aluminium Alloy 7075T7351 is subjected to shot peening and laser shock peening.
Both peening processes increase the mam stress of the material, but laser shock

peening is seen w@ive a higher maximum stress.
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CHAPTER THREE

3.0Introduction

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