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ABSTRACT
The University of Manchester
Abstract of thesis submitted by Linda Suzanne Clitheroe for the degree of Doctor of
Philosophy entitled The Physical and Microstructural Properties of Peened Austenitic
Stainless Steel
September 2010
Surface treatments used to improve the life of a material known as peening are already
extensively used in industry. The main aim of peening is to introduce compressive residual
stress to the surface and subsurface of a metallic material, however literature also includes
a number of microstructural and mechanical effects that peening introduces to a material
when the compressive residual stress is established.
The aim of this dissertation is compare and contrast the mechanical and microstructural
effects of a current industrial peening method called shot peening, with three new
increasingly competitive surface treatments. These are laser shock peening, ultrasonic
impact treatment and water jet cavitation peening. The surface finish, any changes in
microstructure, hardness depth profile, residual stress depth profile and plastic work depth
profile of the four surface treatments are analysed. The effect of the peening parameters on
the material is also determined, such as length of time of treatment, shot size, step size,
direction of treatment, and irradiance per centimetre squared.
The effect of peening on the residual stress depth profile of a gas tungsten eight pass
grooved weld is also determined. Welding is a known region of early failure of material,
with one of the factors affecting this being the introduction of tensile residual stress to the
surface and near surface of the weld. An analysis to determine if peening the welded
region alters the residual stress was carried out.
In all experiments in this dissertation, the material that was used was austenitic stainless
steel, as this material is highly used, especially within the nuclear industry.
The results of this dissertation show that different peening types and peening parameters
produce a variety of surface, microstructural and mechanical effects to austenitic stainless
steel. Peening of an austenitic stainless steel welded region results in the near surface
tensile residual stress to alter to compressive residual stress.

DECLARATION
No portion of the work referred to in the thesis has been submitted in support of an
application for another degree or qualification of this or any other university or other
institute of learning
COPYRIGHT
i The author of this thesis (including any appendices and/or schedules to this thesis
owns certain copyright or related rights in it (the “copyright”) and she has given The
University of Manchester certain rights to use such copyright, including for
administrative purposes.
ii Copies of this thesis, either in full or in extracts and whether in hand or electronic
copy, may be made only in accordance with the copyright, designs and patent act
1988 (as amended) and regulations issued under it or, where appropriate, in
accordance with licensing agreements which the University has from time to time.
This page must form of any such copies made.
iii The ownership of certain copyright, patents, designs, trade marks and other
intellectual property (the “intellectual property”) and any other reproductions of
copyright works in the thesis, for example graphs and tables (“reproductions”),
which may be described in this thesis, may not be owned by the author any be owned
by third parties. Such intellectual property and reproductions cannot and must not
be made available for use without the prior written permission of the owner(s) of the
relevant intellectual property and/or reproductions.
iv Further information on the conditions under which disclosure, publication and
commercialisation of this thesis, the copyright and productions described in it may
take place is available in the University IP policy (see
http://www.campus.manchester.ac.uk/medialibrary/policies/intellectual.property.pdf)
, in any relevant thesis restriction declarations deposited in the University library, the
University Library’s regulations (see
http://www.manchester.ac.uk/library/aboutus/regulations) and in the University’s
policy on presentation of Theses.

18

This is dedicated to my Nan, Beryl Wall
She fills the heart of everyone who knows her with happiness and kindness

ACKNOWLEDGEMENTS
Firstly I would like to deeply thank the patience, experience and guidance from my
academic supervisor, Professor Phil Withers. He has an uncanny amazing ability to guide
anyone through all the many stages of a PhD. I would also like to thank my sponsors.
I would also like to thank my friends and family who have supported me on this epic
journey, especially Sanjay. Other people who I have had many a discussion about this
thesis, who have also been studying at the same time as me, are Rhea, Julia and Daniela.
Thanks for those many evenings and lunches comparing notes on the life of a postgraduate
being in different departments with many a shriek of laughter or a gasp of disbelief.
I would also like to thank a great number of people who have assisted me academically, be
it a quick chat (or more likely a lengthy chat) about many a topic, or in-depth guidance
with equipment. I would have been lost without the help of Professor Ben Mori (my
walking materials science encyclopaedia and dear friend), Dr. Chris Gill (ever so patient),
Dr. Mark Turski and Dr. Alex Evans who both had a great depth of knowledge and
experience in the field I was studying and were immensely helpful and guiding throughout
my studying years. Dr. Richard Moat and Dr. John Francis were also great assistance and
endless rocks of support and information. I would also like to thank Dr. Francisco GarciaPastor and Dr. Kuveshni Govender for many a chat, be it work related or not. I would also
like to thank the rest of the many individuals who are too many to name from the SDC and
MPC groups of the materials science school at Manchester University. I would also like to
mention the dedication and perseverance of many a scientific technician who greatly
assisted me in my experimental measurements, mainly Dr. Darren Hughes whilst at the
ILL in Grenoble, and Gary Harrison and Judith Shackleton at the Materials Science centre
at Manchester University.
I would also like to acknowledge the treatment of materials by Metal Improvement
Company, Mr Ben Hayes, Mr Peter O’Hara, Mr Ian McGeachie and Dr. C Rodopolous and
Dr. H Soyama. Their surface treatments of the samples were invaluable and most
appreciated.

19

Chapter one: Introduction
This dissertation presents research on a family of surface treatments known as peening,
which are used on metals to improve the lifetime of the material, thus improving economic
viability by limiting early failure. By increasing a materials lifetime, the costs are
significantly altered, especially when the cost is high when producing the initial or
prototype part. Peening has been used in industry as a surface treatment for many decades
to improve the length of life of a material. There are two main categories of surface
treatments used on metals, chemical and mechanical.
Chemical surface treatments include, for example, the use of carbon or nitrogen on steels
by atomic interstitial addition or substitution, which provide a surface and near surface
hardened layer. The hardened layer improves the length of life of the metal by increasing
the wear resistance and its fatigue strength. For example, gear teeth are often carburised
(use of carbon), so that when gear teeth interlock the wear of the teeth is reduced due to the
hardened layer, and a higher tensile strength when compared to un-carburised gear teeth.
Mechanical surface treatments (from here on in written as surface treatments) increase the
life of a material by non-uniform, near surface, in-plane, tensile plastic straining (but
usually below the upper tensile strength of the material). An in-plane compression in the
near surface region is a residue of the surface treatment and is known as compressive
residual stress (CRS). In materials science and engineering, residual stress can be present
in a material as a result of non-uniform plastic straining. Residual stress must balance
internally within the treated object, thus compressive residual stress and tensile residual
stress (TRS) must both be present. Normally, a surface treatment creates a CRS at the
surface of a treated material, which diminishes in magnitude into the depth of the treated
metal and is counterbalanced by a tensile residual stress depth profile further into the
material (provided the thickness of the material allows for residual stress
counterbalancing).
Surface treatments that introduce compressive residual stress to a surface and sub-surface
of a material create a beneficial stress state. The compressive residual stress is known to
hinder or possibly prevent crack initiation, which when the material is for example under a
cyclic load, below its plastic limit, it improves the length of the life of the material
significantly (Nikitin 2004, Kim et al. 2005, Prevey et al. 2001, Gill 2008).
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A number of surface treatments are available to improve the life of a material through the
introduction of surface and near surface compressive residual stress, increasing the surface
and near surface hardness, and possibly improving the surface finish of a metal. Some
surface treatments are already used in industry, however newer surface treatment
techniques are emerging that can improve the surface finish, increase the maximum
compressive residual stress, increase the depth of compressive residual stress or change the
microstructure of a treated material more so than currently used methods (King 2004,
Prevey et al. 2001, Altenberger et al. 1999, 2004, 2005, Soyama et al. 2007, Kim et al.,
2005). It is evident that from a literature review of current studies on surface treatments
(chapter two), that detailed comparisons of existing and emerging industrially used surface
treatments have not yet fully been undertaken. It is also evident from literature research
that the majority of materials that have been previously peened and studied are aluminium
alloys, titanium alloys and ferritic steels. The study of surface treatments on austenitic
stainless steels is limited. Austenitic stainless steel is a heavily used material in industry,
particularly in the nuclear industry, due to its good corrosive resistance. The aim of this
dissertation is to fill the gap by comparing existing and emerging peening methods in
terms of residual stress, hardness, microstructure and surface finish on austenitic stainless
steel, and the application of these methods to multi-pass welded samples; as this is a
known source of failure due to tensile residual stress present at the surface of the weld
when post weld heat treatments are not an viable option.

Thus, the primary aim of the research outlined in this dissertation was to compare one
surface treatment abundantly used in industry, one emerging industrially applied method
and two emerging methods. These methods are shot peening (SP) and laser shock peening
(LSP), ultrasonic impact treatment (UIT) and water jet cavitation peening (WJCP)
respectively. The research described in the thesis determines the effect each surface
treatment has on the surface finish, hardness depth (thickness) profile, microstructural
effects, residual stress depth (thickness) profiles and plastic work depth (thickness) profiles
of austenitic stainless steel.
A second aim of the research was to determine if changing the peening parameters (such as
length of treatment time, or spot size etc) affects any of the mechanical or microstructural
changes that each surface treatment introduces to austenitic stainless steel.
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The third aim of the work was to determine the efficacy of surface treatments on the
residual stress state arising in an austenitic stainless steel weld, by measurement of the
residual stress depth profile before and after peening the welded surface. Welds are known
to introduce tensile residual stresses to the surface, which contributes to failure, as this
encourages crack initiation and propagation. A surface treatment to a welded region may
eliminate this problem by altering the residual stress at the surface of the welded region.
All samples used in this dissertation were nuclear grade 304 or 304L austenitic stainless
steel. This is due to an interest of increasing the structural integrity and lifetime of pressure
vessel components, due to new nuclear builds expected to occur in the UK in the next
decade.
Chapter two reviews the current state of the art of peening methods studied in this
dissertation along with other surface treatments available for use. The chapter focuses on
the physical and microstructural influences of peening, and some specific details with
respect to austenitic stainless steel. Chapter three describes the experimental
methodologies used in this dissertation, outlining specific measurement techniques and
settings for the analysis of peened material. Chapters four, five and six are presentation and
discussion of results for three groups of samples. Chapter four presents the surface finish,
microstructure, hardness, residual stress and plastic work of four peening methods and
peening parameters on austenitic stainless steel. The four peening methods are shot
peening (SP), laser shock peening (LSP), ultrasonic impact treatment (UIT) and water jet
cavitation peening (WJCP). The peening parameters are steel shot size, laser irradiance,
pressure of probe, length of time of treatment and number of layers of treatment. Chapter
five presents the study in further detail of the effect on raster pattern of ultrasonic impact
treatment on the surface finish, microstructure, residual stress profile and plastic work of
austenitic stainless steel. Chapter six presents the application of three of the surface
treatments (SP, LSP and UIT) to a welded region of an austenitic stainless steel plate and
the affect of each surface treatment has on the residual stress state of a welded plate.
Chapter seven is a chapter of conclusions and of recommended further work.
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CHAPTER TWO: Literature Review of
Microstructural and Mechanical Effects of
Peening
2.1 Description of peening and why it is used
Peening is the impingement on a material’s surface with a mechanical or shock wave
impact. The main goal of peening is to introduce an in-plane compressive residual stress
(CRS) to the surface and sub-surface of said material, and delay failure of the material
from fatigue or corrosion failure. Thus, peening is used on materials that are safety critical,
or sensitive parts, high wear loading or fatigue loading such as gear teeth. For example, the
roots of fan blades have been laser peened to improve the fretting fatigue life of the parts,
whilst ensuring aerodynamic efficiency (King 2004).
The peening surface treatment method uses media or a shock wave to create a compressive
strain normal to a materials surface, which results in a localised in-plane tensile strain,
which is above the yield of the material being treated. Once the media or shock wave has
completed its impact of the material, a recovery of the strain introduced occurs. The
material will compress the atoms in the plastically deformed tensile region to maintain
compatibility with the elastically deformed region below. The contraction of the atoms in
the region results in a compressive state, which is counterbalanced by a tensile region
beneath it as seen in figures 2.1. The compressive residual stress at the surface can hinder
crack formation, which reduces or eliminates early failure.

Figure 2.1: Residual stress depth profile from peening (Withers et al. 2001a)
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2.2: Types of peening methods
A variety of peening methods are currently available for material surface treatment, with
the majority involving direct contact of a media to the surface of the material. The different
types of peening that have been studied in a laboratory environment, or used in industry,
include shot peening (C.A.Chayne of Buick from Fuch 1981, Almen 1963 and
Champaigne 2001), fine particle shot peening (Inoue et al.2008), low plasticity burnishing
(Prevey et al. 2004a), deep rolling (Altenberger et al. 2002), laser peening (Masse 1995),
ultrasonic impact treatment (Statnikov 2004), Ultrasonic impact peening (Mordyuk et al.
2007), water peening (Ju et al. 2002), water jet cavitation peening (also known as
cavitation shotless peening) (Soyama 2007) and one individual case of oil peening
(Grinspan et al. 2006). Each peening type is described in the following section. This is
followed by a review of previous studies carried out using these peening methods, on what
materials, along with any comparative analysis of peening types. The review discusses the
peening parameters and peening types effect on the mechanical and microstructural effects
of metals. The review is split into the surface finish, microstructural effects, hardness,
residual stress and plastic work that peening introduces, with some specific points in
relation to austenitic stainless steel.
2.2.1 Shot peening (SP)
SP is the commonly used surface treatment in industry due to its economical impact, ease
of use, and ability to use the treatment on site (MIC website, Inoue et al. 2008). Peening
has existed since the age of metal forming, through the use of hammer peening parts or
tools into shapes. The hitting of a hammer results in CRS at the surface of a material,
which prolongs its use (Marsh 1993). The first type of peening used industrially, was the
use of SP. Previously known as shot blasting, shot peening was noticed to improve the life
of materials, such as spring coils in the 1920’s (Fuchs 1981). Shot media can be made out
of either cast steel shot, cut wire shot, ceramic or glass beads, depending on the
morphology and the material type requiring treatment and the diameter of the shot can
range from 50 microns to 6mm in diameter. The small diameter shot is also known as fine
particle shot peening (FPSP) and is used for intricately shaped parts. Cast steel spherical
shaped shot is the most widely used form of media and can be 180 to 1000 microns in
diameter. If the introduction of ferrous contamination is a disadvantage to the surface of
the material being treated, chrome shot is used (Hammersley et al. 2000, Champaigne 2001
and 2005, O’Hara comm. 2010). The shot media is propelled at a material via a centrifugal
spinning wheel or an airblast nozzle, as seen in Figure 2.2. Cast shot is available in a range
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of hardness, so as to ensure that the shot is harder than the material being treated, to allow
the energy to be transferred to the material rather than used in breaking of the shot. For
example S170R is a steel shot (S) of 0.017′′ diameter, with a hardness of R, which is
regular 45-52HRc.

a)

b)

c)

d)

Figure 2.2: Common forms of machines that propel shot media for SP (Champaigne 2001)
a) Wheel blast machine, b) Gravity nozzle machine, c) Suction induction nozzle machine
and d) Direct pressure machine
The 1940’s saw many studies to ‘standardize’ shot peening via the efforts of Almen,
Zimmerli, General Motors and the U.S. army (Champaigne 2005). The SAE (Society of
Automotive Engineers) has many historical papers and documents that discuss the
refinements of the SP parameters, such as the methods of measuring the intensity and
residual stress produced through the shot peening method (Champaigne 2005). The current
method of peak intensity measurement is with flat spring steel strips, which are shot
peened whilst fixed in place on a support block. Once the peening is complete, the spring
steel is released and the curvature that occurs of the strip is measured and related as a
measure of intensity, as outlined by Almen in the 1940’s (Champaigne 2005). The current
method uses the curvature of spring steel, and a visual observation of the surface having
been treated to determine a sufficient result (Champaigne 2001, Hammersley at el. 2000).
The ‘knee’ of an intensity saturation curve, as shown in Figure 2.3 at the point ‘T’,
measures the length of time required to peen a material. This ‘knee’ is classed as the point
when the arc height is less than 10% if the peening length of time is doubled. This method
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allows consistency between different pieces of the same material to be peened to the same
optimum peening ‘intensity’. The ‘knee’ allows a maximum work hardening and residual
stress state to be introduced with a minimal cost of production. The optimum Almen
intensity is determined by the saturation curve, and arc heights measured in inches on strip
steel, with classes A, N and C (various thickness) are used to determine repeatability of the
shot peening. For example, 8-10A is 0.008 to 0.010′′ as a saturation curve will have been
determined that 9A is the ‘knee’ of the curve. To date, the peening strips consist of spring
steel with varying thickness to obtain curvature and intensity arcs, with respect to the
hardness of the strips. No current data is available about using other material as the
‘standard strip’ in relating optimal peening length of time to maximum intensity.

a)

b)
Figure 2.3: a) Almen intensity peening gauge and b) intensity saturation curve
(Champaigne 2001)
Alongside the use of the Almen strip to ascertain peening time with intensity, an inspection
of the material having been peened is conducted. For example, several peening methods
include visual inspection via magnification of an area to determine percentage coverage of
an area. Another common method for quantifying shot peening coverage is the use of
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fluorescent dyes that are sprayed onto the materials surface prior to treatment. The
elimination of this dye ensures 100% coverage, with a further spraying of the dye for a
higher coverage percent (Champaigne 2001, O’Hara comm. 2010).

2.2.2 Low plasticity burnishing (LPB) and deep cold rolling (DCR)
LPB and DCR are based on the same concept of treatment, which is a roller ball placed on
the surface of the material to be treated. A pressure is applied and the roller ball is rastered
across the surface. The extent of CRS introduced is regulated by the ball diameter and the
pressure exerted on the material by the ball. The variance in the two methods is that LPB is
a patented method by Lambda Technologies that uses a constant measurement of the force
being applied to ensure that the plastic work (cold work) is limited, but enough to
introduce to compressive residual stress (Prevey 2004)(Figure 2.4). DCR is not a regulated
form of treatment and the amount of cold work introduced into a material is significantly
higher than LPB (Zhuang et al. 2001).

Figure 2.4: LPB (Prevey et al. 2001)
As LPB and DCR are limited to surface treat flat areas of materials, along with LPB being
a patented technology this surface treatment, they will not be included in the treatment of
any material in this thesis; as there are many restrictions to the use of these techniques
when compared to current industrially used methods, such as commonly used SP and LSP.
It has been noted here as significant surface treatments due to the considerable depth of
CRS introduced and the surface finish the processes also provide.
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2.2.3: Laser shock peening (LSP)
Laser shock peening (LSP) has become increasingly used in industry, due to an increase in
interest into the research of this type of surface treatment in the 1990’s. LSP was
developed initially in the USA in the 1970’s (Masse 1995), but until the 90’s LSP was not
seen as a viable form of surface treatment to introduce sufficient CRS without damaging
the material being treated. A Q-switched laser, at a high power density, vibrates to a
threshold and pulses towards a target material (Montross 2002). The Q-switch method
allows high power (GW), and short pulse length (nS) of laser to be directed at material.
There are three methods that have been studied, direct uncovered ablation, confined
ablation and confined ablation with a sacrificial layer (Masse 1995, Montross
2002,Y.Sano et al. 2006, 2007, Akita et al. 2005). In all cases, the laser produces a shock
wave, which propagates into the material creating a plastic deformation and tensile stress
due to volume expansion of the region. This is counterbalanced by a compressive stress to
limit the expansion, resulting in a compressive residual stress at the surface after the
treatment. The current method commonly used is the confined sacrificial layer treatment.
Care must be taken with the LSP treatment parameters, such as the laser spot shape. Masse
discusses that the spot size should be square in nature, so as to eliminate central tensile
stress if a circular spot shape were to be used (Figure 2.5). It has also been shown that the
larger the spot size is, the larger the plastic deformation depth is, thus increasing the depth
of the compressive residual stress (Warren 2008). However, it has been determined that the
fundamental aspect of laser shock peening that introduces the largest compressive residual
stress is the power per area, i.e. the Giga watt per centimetre squared, also known as
irradiance (McGeachie comm. 2010).

Figure 2.5: superficial residual stress profiles after circular and square laser shocks (Masse
1995)
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One of the commonly used methods of LSP treatment, uses a Q-switched neodymiumdoped glass (Nd: glass) or an yttrium aluminium garnet (YAG) crystal laser system. This
system allows a laser pulse of short duration, with a high power density large enough to
introduce a shock wave with enough energy to produce a CRS zone on a treated sample.
The laser is directed at an ablative layer, normally black paint, with a confining layer of
water (Figure 2.6). The black paint transforms to a plasma of ions, which is confined to the
surface region by the water layer, thus resulting in the energy from this plasma to
propagate into the material in the form of a shock wave. This method is used, as the
confinement layer ensures an increase in the shock wave energy two fold, and the
sacrificial layer prevents degradation of the surface of the material being treated.

Figure 2.6: Schematic of laser shock peening with a sacrificial ablative layer and a
confinement via a water layer (Masse 1995)
An alternative method developed over the past decade, is the use of high-powered laser
peening (LP), and covering the material to be treated in water. The energy of the laser
pulse is radically reduced from over 100J to 0.1J, the number of pulses per area is
increased and the sacrificial layer is not present. Sano and Akita et al. (2005, 2007
respectively) have shown that this method does introduce CRS to a surface without
detrimental effects to the surface finish of the material. Earlier experiments showed when
the energy output of the laser was as high as LSP (with a sacrificial layer) resulted in
unsatisfactory surface damage (Sano 2005). However, this treatment does not appear to
have been researched outside of Japan. Therefore further study would be required of this
peening method for industrial international confidence.
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2.2.4 Ultrasonic impact surface treatment (UIT) (UIP)
There are two forms of surface treatment that uses the ultrasonic speed of pins to directly
impact the surface of a material to improve the life of a material. The two methods are
ultrasonic impact peening (UIP) (Prokopenko 2005) and Ultrasonic impact treatment (UIT)
(Statnikov 2004). Statnikov initially developed Ultrasonic impact treatment (UIT) for the
ship building industry in the 1970’s in Russia (Statnikov et al. 2004 2006); and
collaborated with Applied Ultrasonics to patent ‘esonix UIT’ in the US in the 1990’s for
commercial application of the surface treatment process (Applied Ultrasonics website).
UIP has also been developed since the 1970’s by Prokopenko (Statnikov 2004), but uses a
slightly different treatment method than UIT.
UIT uses a magneto-restrictive transducer to create ultrasonic vibrations that provide the
movement of an indenting pin (Weich et el. 2007). This pin can be of varying diameter and
length, and is applied to a material’s surface and rastered across it. The surface must be flat
enough for the treatment to be uniform. Figure 2.7 is a schematic of the hand held UIT
equipment, and Figure 2.8 show images of the hand held tool in use, alongside a range of
pins that can be used, and fixed UIT equipment.

Figure 2.7: UIT head schematic (Statnikov 2004)

Figure 2.8: Different UIT pin heads and application milling and on a lath (Statnikov 2004)
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UIP uses an ultrasonic generator, a piezo-ceramic transducer and an ultrasonic Ti-alloy
horn, which transfers the energy to a number of pins that rest on the surface of a material to
be treated. The difference in UIP to UIT is that this form of treatment has several pins
impacting the surface at the same time, and the pins can be rotated in plane to the surface,
or in-plane laterally to the surface if required. The UIP process is used to improve the
surface finish of ultrasonically impacted material (Mordyuk et al. 2007). Figure 2.9 shows
the impact heads for UIP treatment.

Figure 2.9: UIP Impact heads a) flat sample and b) round bar. (Mordyuk et al. 2007)
1-sample, 2-pin(s), 3-head body, 4- ultrasonic horn.
Both forms of treatment are confined to large flat materials. However, the hand held UIT
equipment has recently been used in applications of welded areas, comparing two different
impact treatment methods, with some promising results (Weich et al. 2007 and Roy et al.
2003). The hand held equipment would allow more complex shaped materials to be
treated, which can be seen as a competitive method of surface treatment with other surface
treatments such as SP, LSP and WJCP.
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2.2.5 Water peening and oil peening
Using a fluid, to introduce compressive residual stress to a specimen, has been researched
for many decades. The majority of research has focused on the use of water as the fluid
used to improve the life of a part. The three types of water peening (surface treatments)
are, water droplet peening (WDP), water jet cavitation peening in water (WJCPW) and
water jet cavitation peening in air (WJCPA), which is also known as cavitation shotless
peening (CSP) in some literature. There has also been one line of research in the use of oil
as the fluid used in surface treatment with the processing shown in figure 2.10 (Grinspan
2006). Water droplet and oil peening use high-pressure jets to impact the material surface
requiring treatment. Upon impact, the energy from the water droplets is transferred to the
material, improving the life of the material by introducing compressive residual stress of
the material (Arola et al. 2002, Kunaporn et al. 2004)(Figure 2.11). Problems that arise
with water droplet peening are, the pressure is very high, and the probability of material
erosion is also high. Thus the use of bubbles within water is seen as a more viable option to
reduce these problems.

Figure 2.10: Oil droplet jet peening schematic (Grinspan 2006)
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Figure 2.11: Water droplet jet diagram (Kunaporn et al. 2004)
Water peening, with the use of air bubbles formed within the water medium, are jetted
towards the surface of a sample. A lower pressure can be used when compared with single
water jet peening methods. This lower water pressure jet is used in conjunction with a
second water pressure in an outer shell (Figure 2.13) of approximately 0.33MPa and
20MPa respectively, which results in less erosion of the surface. This will allow a longer
time of treatment and a larger depth of compressive residual stress to be created in the
material. The energy (surface energy and bubble composition) that is required to retain an
air bubble or an air and vapour bubble within a liquid media is transferred to a material,
similar to LSP treatment. The impact of the bubble on the materials surface plastically
deforms the region in question when a large number of very small sized bubbles impact the
materials surface (N.Stevens comm. 2009). The smaller the bubble size is, the greater the
surface energy of the bubble is, and a larger transfer of energy from the bubble to the
treated material occurs. This energy transfer allows compressive residual stress at the
surface to occur, along with a significant depth of CRS through the materials thickness,
(Soyama 2007, Ju et al. 2002) when compared with water droplet peening.
Soyama and Ju et al. have extensively studied the two methods of bubbles within water.
Both research groups have studied the use of a water jet being applied to a material that is
submerged in a water tank, and both groups have observed favourable results to improve
the life of the materials treated. Soyama (2004, 2007) however, has furthered the use of
water jets, by observing the effects of the pressure changes between the water tank and the
water jet and has developed a method that uses a double-layered jet system to project two
different pressures of water out of the nozzle (Figure 2.12 and 2.13). The pressure change
develops the bubbles, and his recent work has shown that the use of the new jet system can
be used without submerging the material to be treated in a water tank. The potential of the
new double-layered jet water system is that it may be used as a mobile piece of equipment.
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Figure 2.12: Schematic of water jet peening with two pressure gauges with a water tank
(Soyama 2007)

Figure 2.13: Schematic of water jet with a double-layered (barrelled) jet system (Soyama
2007)
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2.3 Surface Finish
The surface finish of a material can be a fundamental factor when choosing a surface
treatment. In some instance’s, a rough surface finish may result in early failure by
cracking due to stress concentrations or corrosion pitting. The surface finish can be
determined numerically or visually. The surface is quantified via two main methods, Ra
and Rz and are numerical values applied to the finish of a surface after processing.. In
some literature the surface of a material can also be described as texture, but in this
dissertation it is always described as surface roughness. There are three main surface
factors that are measured. These are the surface roughness, waviness and form (Figure
2.14). Most researchers quantify surface roughness, but care must be taken in the length of
the measurement and the size of the surface changes across the area or linear direction of
measurement. The ISO standard for surface roughness measurement has a predetermined
measuring length that must be repeated five lengths and averaged, to ensure a correct
average linear roughness (Ra). The cut off lengths are shown in table 2.1 below. The
surface roughness of a material is obtained from linear measurements taken across an
average of the samples surface using general equation 2.1 for the changes in height Z to
obtain an average linear roughness Ra of the sample.
Another factor that can affect the result of surface analysis, other than the measurement
length scale, is the size of the stylus (or laser) measuring the change in height. A stylus
with a large diameter that has contact with a surface may miss fine features, whilst the
same can be said for poor resolution of a laser spot size diameter as it rasters across a
samples surface. In the case of digital (laser) instrumentation the roughness of a surface is
not measureable when the Ra is less than twice the resolution of the spot size. Digital
measuring equipment is also capable of producing 3-D images with specific parameters to
highlight particular variations on the surface. The equipment also allows 2-D graphical
imagery of the surface roughness, waviness and form of a material. 2-D and 3-D images
are also useful tools to determine surface finish of a peened material as two samples may
have the different surface morphologies but different Ra values (Figure 2.15).
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Figure 2.14: Surface (texture) of the topographical aspects of the material (Taylor Hobson
2006)
Table 2.1: Recommended cut-off selection (ISO 4288-1996)
Periodic

Non-periodic profiles

Cut-off

profiles

Roughness

Roughness

sampling

evaluation

length

length

Spacing

RZ (µm)

Ra (µm)

lc (mm)

lr (mm)

ln (mm)

0.013-0.04

To 0.1

To 0.02

0.08

0.08

0.4

0.04-0.13

0.1-0.5

0.02-1

0.25

0.25

1.25

0.13-0.4

0.5-10

1-2

0.8

0.8

4.0

0.4-1.3

10-50

2-10

2.5

2.5

12.5

1.3-4.0

50

10

8

8

40

distance
Rsm (mm)

Ra =

Z1 + Z 2 + ........+ Z n
n

Equation 2.1
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Figure 2.15: Profiles having the same Ra value but a different shape and peak to valley
ratios (Taylor Hobson 2006)
Further analysis of the surface roughness can include the complete surface area, average
surface height known as Rs and Rz respectively. Rz is the top ten values of the maximum
and minimum height of a surface in the direction of Z, averaged. A root mean square of the
surface values can also be determined when using the results in a statistical approach. In
literature, the surface finish has been quoted by all of these numerical values, which makes
it difficult to compare results from one researcher to another. Industry predominately uses
Ra as the value to be determined, with many companies offering analysis of the surface
roughness of the material as a commercial service (Ben Hayes comm. 2010).
With the above techniques, the measurement of a materials surface finish, are with a range
of contact and non-contact equipment. The original method used a contact stylus and as
new technologies have evolved many other measurement methods for surface finish
analysis have been proposed, including laser triangulation, atomic force microscopy,
confocal microscopy and scanning interferometry (Taylor Hobson 2006). All methods use
the same basic approaches to measure the surface finish according to ISO standards (table
2.1) but are capable of finer detail than the original stylus method.
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2.3.1 Surface finish of peening methods
Peening’s effect on the surface finish and the surface roughness of the material being
treated has been heavily investigated. For example Wagner et al. (1981) determining the
influence of shot peening on the fatigue behaviour of titanium alloys, noted that the surface
roughness (Ra) increased from 0.15µm of an electrolytically polished condition to 2.3µm
as the treatment time increased and saturated after 4 minutes of treatment with a 0.6mm
diameter steel shot and an Almen intensity of 13A (0.35mm). No comment was made on a
saturation point or percentage of coverage. A comparison of SP (see section 2.2.1) and
laser shock peening (LSP) (see section 2.2.3) on aluminium alloys by Peyre et al. (1996)
showed that LSP treatment produces a far lower Ra value than SP treatment (Table 2.2),
whilst Altenberger describes the surface roughness of several surface treatments in a 2002
paper as seen in table 2.3. Altenberger states the surface roughness values as RZ, therefore
the values stated would be assumed to be an average height (Z) of maximum and minimum
values of a surface treatment (Hobson-Taylor 2006). It shows that roller burnishing (also
known as deep cold rolling, section 2.2.2), LSP (section 2.2.3) and water peening (section
2.2.5) has the lowest surface roughness. The values in table 2.2 are an amalgamation of
several workers on several different materials and should only be used as a guide as to how
surface treatments can affect the surface finish of a material. To date there have been no
surface finish examples of UIT, but there has been some surface finish values of UIP
(section 2.2.4) and limited surface finish data for WJCP (section 2.2.5). Mordyuk et al.
(2007) states that the Ra of UIP treated 316L stainless steel with a 4 minute treatment can
produce a surface roughness of 2-3µm, whilst Soyama (2004) states that WJCP in air can
produce a surface roughness Ra of 0.10µm compared with a SP treated aluminium alloy of
1.01µm and supports his findings with images of the surface finish (figure 2.16).
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Table 2.2: Comparison of SP and LSP surface roughness (Ra) on Aluminium alloys (Peyre
et al. 1996)
Material and processing

Ra (µm)

A356 as milled

0.7

A356 LSP (2GW/cm2, two impacts)

1.1

A356 SP (F38-50N, 0.3mm beads)

5.8

7075 as milled

0.6

7075 LSP (4 GW/cm2, three impacts)

1.3

7075 SP (20-23A, 125% 0.6mm beads)

5.7

Table 2.3: Surface roughness (Rz) of various surface treatments of various metallic
materials (Altenberger 2002)
Surface Treatment

Surface roughness (RZ)

Roller burnishing

≈1µm

Water peening

1-2µm

Shot peening

4-8µm

Ultrasonic shot peening

>>5µm

Laser shock peening

1-5µm
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Figure 2.16: Surface finish of an Aluminium alloy WJCP in air treated sample (c)
compared with an untreated sample (a) and a SP treated sample (b) (Soyama 2004)
It is evident that different surface treatments produce different surface finishes and
roughness values depending on the measurement technique and the peening parameters of
the peening method used. The majority of the surface finish, topography and surface
roughness data are stated as Ra values, however some are stated as RZ values and all are on
different materials and different surface treatments with different surface treatment
parameters. In conclusion, previous research can be used as guideline to the level of
surface roughness of a material will be after a specific treatment, as Altenberger (2002)
states, but it may not be used as an exact value due to changes in the peening parameters
and what material has been treated. For example, shot peening an aluminium sample, and
shot peening a steel sample will produce a different surface roughness due to the materials
difference in yield and mechanical properties such as the ductility of the material. Soyama
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(2004) is one of the very few researchers who have also included a surface image of the
treated sample in conjunction with the Ra value. This can be seen as advantageous to the
reader, as it supports the surface roughness of a treated material further than just stating
values.
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2.4 Microstructure
The following section is focussed specifically on austenitic stainless steels, as this is the
focus of this dissertation. It discusses the composition of stainless steels and what phases
can be present in the material from peening 304 or 304L austenitic stainless steel.
2.4.1 Composition of austenitic stainless steel
When alloying elements are added to plain carbon steels, the elements are categorised into
two groups, austenite (γ) stabilisers and ferrite (α) stabilisers (Honeycombe 1995). A
specific group of stainless steels, known as the 300 series, have a particular amount of
chromium and nickel in the material and as known as the 18/8 group, as there is always
approximately 18% chromium and 8% nickel in the steel. The combination of these two
elements in a low carbon steel, retards the γ to α transformation by opening and enlarging
the γ loop of the Fe-C phase equilibrium diagram (figure 2.17). This results in a stable
austenitic F.C.C (face centred cubic) crystal structure at ambient temperature. If chromium
is solely present in a plain carbon steel it is a ferrite stabiliser (figure 2.18a) seen by the
larger ferrite loop, but when carbon is added to 0.4 wt% C then the austenite phase is
stabilised and retained (figure 2.18b and c) by the expansion of the austenite loop phase
and the reduction of the ferrite loop phase. Therefore the addition of chromium and nickel
along with a carbon content of more than 0.05% encourages stabilisation of the austenite
by expanding the appropriate loop on phase diagrams thus suppressing the austenite to
ferrite transformation. Care must be taken to ensure the correct percentage of alloy
additions to the steel, to eliminate non- austenitic phases such as delta ferrite or
transformed martensite occurring in the final room temperature state of the metal. These
may affect the strength and length of life of a material by changing the mechanical
properties, thus fatigue capabilities of the material. The Schaeffler diagram (figure 2.19)
represents Cr and Ni compositions required to produce a fully austenitic parent material at
room temperature of a carbon steel (Honeycombe and Bhadeshia 1995). Table 2.4 shows
the alloy contents of conventionally used 300 series austenitic stainless steels. Note that if
an L is present it denotes a low carbon content of the commonly used 300 series stainless
steels, which reduces the sensitisation of the material. Sensitisation occurs due to carbon
diffusion to grain boundaries when the material is tempered at a lower temperature than
solution annealing. Sensitisation may encourage cracking due to the carbon depositions
producing a harder region at the grain boundary (NPL guide stress corrosion cracking
(website)).

42

Figure 2.17: Iron carbon phase diagram and a) and b) open and expanded austenite loops
(Honeycombe 1995)

43

a)

b)

c)

Figure 2.18: a) Fe-Cr equilibrium diagram, b) effect of carbon on the Fe-Cr diagram at
0.05Cwt% and C) 0.4C wt% showing an in creased stabilised austenite phase with increase
in carbon (Honeycombe 1995)
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Figure 2.19: Schaeffler diagram (Honeycombe 1995)
Table 2.4: 300 series austenitic stainless steel compositions (Honeycombe 1995)
Composition (wt%)
AISI type
Element
C

301

302

304

310

316

321

347

0.15 max 0.08 max 0.08 max 0.25 max 0.08 max 0.08 max 0.08 max

N

0.03

0.03

0.03

0.03

0.03

0.03

0.03

Cr

16-18

17-19

18-20

24-26

16-18

17-19

17-19

Ni

6-8

8-10

8-12

19-22

10-14

9-12

9-13

Mo

2-4

Ti

5X%C

Nb
Mn

10X%C
1.5

1.5

1.5

1.5

1.5

1.5

1.5

Manganese and nitrogen are also classed as γ stabilisers, and also improve the corrosion
cracking of the steel, along with the chromium oxide layer that is produced at the surface
(Honeycombe and Bhadeshia 1995). Although austenitic stainless steels are used heavily
for their corrosion resistance, corrosion can occur under deleterious environmental
conditions, especially within chlorine ion environments, such as in a nuclear cooling tower
system where the cooling water may have chlorine present. This environment can result in
an early failure of the stainless steel by stress corrosion cracking propagated by chlorine.
One method to overcome stress corrosion cracking is to introduce a CRS to the surface of
the stainless steels via peening, thus reducing or eliminating early failure.
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Austenitic stainless steel can be produced into a rolled bar form, which is hot or cold rolled
from a forged billet state. The rate of cooling or quenching the metal and the alloy
compositions will also dictate the microstructure and parent phase of the steel. For
example, to obtain a parent phase of austenite, the rate of cooling cannot be too fast, and
the composition of the stainless steel must have a particular range of chromium and nickel
present. If the rate of cooling from its liquid state is too fast then there is an increase in
martensite formation from austenite. The temperature at which martensite starts the
transformation from austenite to martensite is known as the Ms temperature, and this is
highly dependent on the alloy additions of the austenite, where for example, nickel highly
stabilises the austenite phase and lowers the temperature for martensite formation is to
occur at. Therefore a controlled specific cooling rate with the presence of carbon and
nickel restricts the formation of martensite and austenite remains as the parent material at
room temperature.
The Schaeffler diagram dictates that the amount of chromium and nickel in a carbon steel
can also produce delta ferrite (δ-α) in the finished plate. This is a common phase in
austenitic stainless steels that is present from the liquid stage to the ambient temperature
stage and is named delta ferrite due to its nature of being present at all times throughout the
heating and cooling of the stainless steel. The amount of delta ferrite can increase if the
alloying composition is not strictly adhered to. The presence of martensite or ferrite will
affect the mechanical properties of the stainless steel, such as its yield point and it proof
stress, and when applied industrially, this could have detrimental effects. However, as long
as the presence of the phases are known they could be used as an advantageous property by
increasing the ductility or increasing the strength of the material. For example, martensite
can increase the strength of the material, and may be produced via a deformation method.
As austenite is an FCC crystal structure the stacking fault energies of this crystal structure
can be low, and when under deformation this allows a non-diffusion shear of austenite to
martensite. The martensite produced can be epsilon (ε) (HCP) or alpha (α’) (BCC)
martensite. The alpha martensite is produced in a lath (block) shaped shear found within
the grains of austenite, whilst epsilon martensite tends to form at the grain boundaries and
then transform to alpha martensite (Figures 2.19 and 2.20)(Honeycombe 1995 and Higo et
al. 1974). In the figure below the epsilon martensite are the edges of plate like shapes that
run through the grain. Martensite can also be found to be present in the form of twin
structures, which can easily be confused with other forms of twinning.
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a)

b)

Figure 2.19: a) Formation of martensite plate, showing two types of lattice deformation:
slip and twinning and (Honeycombe 1995), b) SEM of deformation martensite bands with
the 1-2, 1-3, 1-5 and 1-6 being α′ martensite and the striations being ε martensite (Higo et
al. 1974)

Figure 2.20: Etched steel (4Ni 0.4%C) showing raised martensite (Honeycombe 1995)
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The transformation of martensite via plastic deformation and low stacking fault energies of
the FCC austenitic stainless steel is defined as occurring below the Md temperature, which
is above the Ms temperature. The presence of δ-ferrite may be seen as a disadvantage or an
advantage and will form globular string formations (Figure 2.21) in the direction that the
plate has been rolled (Kim et al. 2003). This may have an effect on the load applicable to
the material if a large amount of δ-ferrite is present with a direction to it.

Figure 2.21: Three dimensional delta ferrite, delta ferrite produced by a potentiostat
etching technique to remove the austenite with an etching solution consisting of 3.6N
H2SO4 and 0.1N NH4SCN with a 80mV applied for 10 minutes (Kim et al. 2003)
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2.4.2. Measurement of microstructural changes in austenitic stainless steel arising
from peening
To determine the effects of peening on the austenitic stainless steel microstructure a
number of measurement techniques may be used. The techniques include surface and subsurface analysis, which are destructive and semi-destructive. One technique is the use of
magnetics to determine the presence of ferro-magnetic structures within the material.
Analysis using MAPS (Kelleher 2006), can be used to determine the amount of ferromagnetism through the depth of the material, however the closer to the surface the
measurements are made the more difficult it is to obtain sensitive enough data values with
the small samples and amount of martensite present in a small depth (i.e. SP samples)
When alpha martensite is present, along with any presence of ferrite, they are both BCC
crystal structures and are ferro-magnetic (Higo et al. 1974, Sato et al. 1976, Mori comm.
2010). Hence if an austenitic stainless steel is magnetic before treatment there is a
significant amount of delta ferrite to create a magnetic field. If however the austenitic
stainless steel is showing low or no magnetism when a magnet is applied to the material,
but does so after peening the surface of the material, then it is assumed to be due to the
presence of alpha martensite.
A second method to measure microstructural effects arising from peening is optical
microscopy of the surface, by lightly etching the surface having been treated. Limitations
of surface etching are that if a significantly rough surface has been produced from peening,
then uneven etching may occur. A third method is the use of X-ray diffraction of
crystalline structures, which is discussed further in section 2.5.1.2.2. The crystal structure
of the material is determined by measurement of the peak intensity of known diffraction
angles for specific crystal planes. Changes in the crystal structure can be compared with an
untreated sample’s crystal structure. Problems arise in the volume fraction of martensite or
delta ferrite present in the material when compared with the volume fraction of austenite as
the parent material along with the morphology of the deformed martensite when being
measured by laboratory X-ray diffraction methods. As seen in figure 2.19 the alpha
martensite is present in small block like quantities whilst the epsilon martensite is in a plate
form, which if measured along the edge face of the phase would not diffract a large amount
due to the size of the plate edge.
Destructive techniques to determine metallurgical factors include EBSD (electron back
scattered diffraction) via SEM, and microstructural changes via SEM (scanning electron
microscopy), laboratory optical microscopy or TEM (transmission electron microscopy). A
new surface is created through the depth (cross-sectional) of a treated or untreated
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material, by cutting through the thickness dimension of the material. The new surface is
then polished to a mirror finish with grinding discs and silica diamond paste discs of
diminishing crystal silica size. For optical microscopy an appropriate etchant is used to
allow grain definition (boundaries) to be observed under the microscope. SEM and optical
microscopy allows the observation of the grain size, grain direction, and microstructural
points of interest to be noted, such as for example twinning of grains from strain or heat
treatment processing. TEM allows the observation of dislocations and nanocrystalline
features from peening.
If a high texture has occurred from surface treatment, EBSD can be used to measure this
and be presented through pole figures. A high texture could result in anisotropic
mechanical and metallurgical properties of the material due to directionality of the grain
structure. If applied incorrectly to a material in industry could result in early or
catastrophic failure. If a surface treatment increases the near surface texture of a material,
even if just on the surface, then this peening method may not be appropriate to material
with a low yield that is highly malleable. For example, DCR (deep cold rolling) could
potentially be a detrimental method of surface treatment on some materials (see section
2.2.2) depending on the amount of plasticity introduced.
Evidence of surface treated austenitic stainless steel microstructures arising from peening
in previous studies is limited. However there are a select few images of the effect of
peening on some materials. For example Soyama (2004) shows optical images of the
surface as seen in figure 2.16 on a hot tool steel alloy known as H13 or SKD61. Chu et al.
(1998) etched surface SEM images of SAE1010 low carbon steel (3mm2 spot size and
irradiance of 2.4 TW/cm2) before and after LSP treatment, and Thomas et al. (2008) shows
the effect of 230R (0.020′′ diam.) SP treatment on Ti-834 alloys microstructure, stating the
presence of mechanical twins present from surface treatment in the subsurface region of
the treated area (figure 2.22).
Three other researchers have discussed the effects of peening on the microstructure of
austenitic stainless steel. A paper by Peyre et al. (2000) discusses surface optical
micrograph images of LSP and SP treated 316L austenitic stainless steel. The discussion
shows evidence for an increase in twins and “persistent slip bands” (PSB) as LSP laser
intensity and number of impacts is increased and also states that SP treated 316L also has a
densely packed PSB array. The PSB’s may be interpretated as deformation induced
martensite or may be purely twins (figure 2.23), which is inconclusive, but was deemed
stating in this study due to limited microscopic effects of peening present within the
literature.
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Figure 2.22: Cross-section microstructure of SP treated Titanium alloys using a light
micrograph of a) as received, b) SP 1200% coverage, c) 200% coverage and d) SP CP-Ti
for relevance (Thomas et al. 2008)
b) and c) were peened by MIC with 230R steel shot and a 6-10A Almen intensity

a

b

c

Figure 2.23: Optical micrographs of a) laser peened surface (4GW/cm2), b) laser peened
surface (8GW/cm2) and c) shot peened surface (F16Almen and 300% coverage) with
PSB’s and defects from surface treatment of 316L stainless steel (Peyre et al. 2000)
The two other researchers who have made important microstructural observations of
peening austenitic stainless steel are Nikitin and Altenberger. In a number of papers (1999,
2002, and 2004) cross sectional SEM and TEM images of SP, LSP or DCR surface treated
304 austenitic stainless steel are presented that show strain induced martensite (Figure
2.24) and the dislocation density of a peening method. A statement that a nanocrystalline
layer is present is also discussed, and that no deformation induced martensite was present
in the LSP treated samples (Figure 2.25). Altenberger also shows a phase analysis graph
of alpha martensite content comparing deep rolling with a shot peened sample. It does not
however include an unpeened sample, therefore although informative, it can only be used
as a comparative tool for the specific surface treatment parameter settings of the DCR and
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SP samples in this particular paper (Figure 2.26). Evidence of UIT or WJCP treated
microstructures is not currently available and only one paper by Nikitin and Altenberger
(2004) compares any microstructural changes arising from peening in austenitic cross
sectional through depth analysis. Nikitin and Altenberger discuss the effect of peening
more in relation to the dislocation density present using TEM images. This dissertation
involves a detailed examination of cross-sectional peened microstructures as a function of
peening type and peening parameters given the small amounts of literature already present
in relation to the changes in near surface microstructure from mechanical surface
treatments.

Figure 2.24: Cross-sectional SEM of shot peened AISI 304 stainless steel (Altenberger
1999) (S170R coverage 98% 0.175 or 0.120mmA (4-6A) and a glass bead peen as a final
surface treatment to avoid local contact corrosion)

Figure 2.25: TEM microstructure of a) unpeened, b) laser shock peened (10 Gw/cm2,
200% coverage spot size 2.5mm) and c) deep cold rolled (rolling pressure 150 bar with
ball 6.6mm diam.) 304 austenitic stainless steel (Nikitin et al. 2004)
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Figure 2.26: Alpha martensite depth profile of shot peened (0.175mmA) and deep rolled
304 stainless steel (pressure 150bar) (Altenberger 1999)
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2.5 Residual stress, Plastic work and Hardness
When an austenitic stainless steel is surface treated via peening, the changes that improve
the materials length of life can be from non-uniform plastic deformation of the material. A
polycrystalline material such as austenitic stainless steel has a classic stress-strain profile
of an elastic region related via Young’s Modulus and Hooke’s law (Eq. 2.2) (Honeycombe
1984).

σ = Eε

Eq.: 2.2

Where σ is stress, ε is strain and E is the Young’s modulus of the material.
When a material is peened on the surface there is a non-uniform plastic deformation of the
metals surface and near sub surface, which dissipates in magnitude through the thickness
of the material. The number of dislocations is increased near the surface to accommodate

€

the large amount of plastic deformation of the treatment. The dislocations are defects with
associated stored elastic energy, and they interfere with the movement of one another,
which results in work hardening (Honeycombe 1984). Stainless steel can accommodate a
larger amount of work hardening when compared with other materials such as high carbon
steels or titanium alloys, thus can accommodate a larger amount of plastic work introduced
to the material from peening. The non-uniform plastic deformation of peening work
hardens the material as the strain surface treatment is continued due to the interaction
between of the dislocations. Peening plastically compresses the normal direction to the
sample and creates an associated in-plane tensile plastic elongation near the surface. The
mis-fitting in-plane tensile region is constrained by the elastic region below this in the
material, which results in generating compressive stresses near the surface after treatment
and balanced by tensile stresses elsewhere in the material.
Residual stress can be classified according to the ‘type of the misfit’ or the ‘scale of the
misfit’. The type of misfit required to produce a residual stress in a material is discussed in
detail by two papers by Withers and Bhadeshia (2001a, 2001b). Figure 2.27 shows the type
or source of the misfit from these papers. The scale of misfit is discussed in many papers
and documents, including Cullity (2001) or Hutchings et al. (2005). The scale of residual
stress (RS) is classed as RSI, RSII and RSIII (Noyan and Cohen 1987)(Figure 2.28). RSI is
the macro scale of residual stress present, which is the long range stress across the whole
sample, treating the material as if it were a homogenous continuum. RSII and RSIII are also
known as micro scale length scales and are the residual stress across a number of grains
54

and across a number of atoms respectively. The length scale of residual stress is depicted
below to clearly show that the scale of the measurement of residual stress affects the
outcome. In this dissertation of peening methods, the focus is on the macro RSI plastic
misfit as this is believed to be responsible for many of the beneficial effects of residual
stress (Withers 2007).

Figure 2.27: Sources of misfit giving rise to residual stresses (Withers et al. 2001a)

Figure 2.28: Scale of residual stress (Withers et al. 2001a)
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The non-elastic misfit strain, also known as the eigenstrain (Mura 1986) can have different
origins. The sources of non-elastic strain are plastic strain, thermal expansion, phase
transformations and misfit strains (Withers et al. 2001a,b, Mura 1986). When an
eigenstrain is constrained by its surroundings the eigenstress (or residual stress) is
calculated. The residual stress is a stress state present in the material in the absence of any
external forces, that is a self-equilibrating stress that has a zero resultant force (Lu 1996).
The elastic constants of a material are the Young’s modulus (E) and the Poisson’s ratio (ν).
The relationship of elastic stress and elastic strain is shown in equations 2.3 a, b and c
below.
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Eq. 2.3 c
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The subscripts of x, y and z denote the three dimensional directions of the stress and strain
(Hutchings et al. 2005).
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2.5.1 Measurement of residual stress, plastic work and hardness
2.5.1.1 Measurement of hardness
The presence of the high dislocation density, plastic strain, work hardening and residual
stress from peening an austenitic stainless steel can be determined by many experimental
measurement techniques. One quick and easy technique is the measurement of the
hardness of the material having been peened. The hardness of the material can be
measured, for example, via micro-hardness indentation, Vickers hardness indentation,
Brinell hardness indentation, or nano-hardness indentation (Dieter 1986, Askeland 1998).
Each test is appropriately applied according to the dimension of the material being tested,
the hardness expected of the material and the size and placement of the indentation
according to ASTM standard requirements.
The two main testing areas for the hardness of a peened material are the surface that has
been treated, and the depth profile of the material through the thickness of the material.
The limitations of these two methods of hardness profiling are that for a surface hardness
test to be valid the surface has to allow a complete and clean lined (no curve, bowing, etc)
indentation to be introduced and the through thickness hardness test requires cutting the
sample with care to limit any further work hardening. The other limitation is application
of the appropriate measurement technique through the thickness of the material. For
example, shot peening is known to affect the material properties only over a few hundred
microns into a material (e.g. Wagner 1981). This incurs a limitation for any microhardness
scaled testing, as according to ASTM standard E9-82 (2003), that an indentation must be
two and a half times its width away from another indentation, and two and a half times the
indentation width away from the edge of the sample being tested. Therefore,
microhardness testing and Vickers testing for example are appropriate for surface
measurements, but nanoindentation is the most appropriate method to use through the
thickness of the material.
There have been a number of researchers reporting the hardness of the material after
surface treatments, and they all tend to use microhardness Vickers testing (Hv). Some
measurements are on the surface of the treated surface and some are cross sectional
through depth hardness profiles of peened material as seen further into this section. A 2002
paper by Altenberger reports a table showing the percentage increase in metallic materials
surface hardness, which can be used as a template. It states that shot peening can increase
the hardness of 304 AISI stainless steel by 150% and SAE 1045 steel by 60%, and that
LSP treatment can increase the hardness to a range of percentages, depending on the
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material and the peening parameters. For example an increase in 40% for 2024 Al, 30% for
7075 Al, 92% for AISI 316L stainless steel, 80% for a plain carbon steel or even 130% for
a maraging steel. The large increase in hardness of steels is expected due to its ability to
work harden to large amounts as discussed previously. Unfortunately SP and LSP
parameters for the treatments are not stated in the paper but it gives an overview of some
surface treatments and the change in hardness at the surface of a peened material. Masse et
al. (1995) also states that LSP treatment of a hypoeutectoid steel with a yield of 600MPa
shows no detectable hardness increase at a treated surface with a treatment fluence of up to
10 GW/cm2. For hardness depth profiles of peened samples a number of researchers have
carried out measurements but all have been with Vickers hardness testing, and several
discuss having problems measuring near the surface. This is because during polishing the
cross sectional face of the sample, curvature of the edge is easy to introduce. The
adherence of having an indent two and half times the width of the indent away from the
edge also requires a small indent to be used to measure the hardness of material near the
edge of a samples surface. This results in a much higher error of reading. Thus, the use of
Vickers indentation for hardness measurement near the edge of a sample, even with a low
weight such as 0.1Hv (which is 100g) or even a 50 g weight results in poor results. In this
dissertation it was deemed more appropriate to apply nanoindentation for hardness depth
profiles for accurate and repeatable results. This is discussed further in chapter three.
Examples of hardness depth profiles of SP, LSP, UIT, DCR and WJCP treated samples can
be seen in figures 2.29 to 2.33. Kim et al. (2005) in Figure 2.29 shows a comparison of the
hardness depth profile with the integral width of a diffraction peak as discussed further in
section 2.6, in relation to the plastic or cold work introduced to a material from SP. It also
shows that SP treatment of UDIMET 720Li with 110H steel shot, with a 200% coverage
and an Almen intensity (see section 2.2) of 6-8A result s in a change in hardness up to an
approximate depth of 100 microns and a maximum Hv0.5 of 670. Rodopolous et al. (2007)
SP treated a 2024-T351 Aluminium alloy with a S110, coverage of 100% and an Almen
intensity of 4A. The paper compares the SP with UIT and LSP treated Aluminium alloy
with LSP treatment of 10 GW/cm2 and three layers of treatment and a sacrificial layer, and
the UIT sample was treated at a pressure of 3kg with a 5mm pin diameter and an impact
frequency of 260Hz. SP treatment results in approximately 200 microns change in
hardness from the original hardness of the sample which dissipates the further into the
material the measurements are made, whilst LSP treated material shows no change and
UIT treated has a change in hardness up to a depth of approximately 0.6mm. Although the
SP treatment is similar, using 110 size shot (0.010 inch diam.), it has a different Almen
intensity compared with Kim’s work and clearly shows a higher hardness value near the
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surface of the treated sample. Therefore, it is extremely difficult to compare differently
treated materials with differently treated peening parameters as seen when comparing
figures 2.29 to 2.32. To date, this is the only hardness depth profile reported for UIT
treated sample. Evidence of the difficulty of measuring near to the edge of a sample is
highlighted in the low Hv value recorded for the UIT treated sample. Only one hardness
depth profile has been reported for a WJCP treated sample, however the indent weight is
not stated in the paper by Kunaporn et al. (2004), therefore cannot be compared with other
researchers findings of other surface treatment hardness data. Altenberger, Nikitin and
Nalla have compared LSP and DCR treated Titanium alloy or 304 austenitic stainless steel
samples. A 2003 paper headed by Nalla states that there is a 10% increase for LSP and
DCR treated sample. However the weight used for the Vickers test is only 100 grams,
which suggest that the size of the error may be too large for valid measurements (figure
2.31). Nikitin and Altenberger (2007) compare the hardness of DCR and LSP as seen in
figure 2.32, clearly showing that DCR results in a much higher hardness near the surface,
whilst LSP treated 304 shows a limited hardness increase and to a depth of approximately
0.2mm with a 10GW/cm2 power and a 200% coverage. It is evident from the figures below
that hardness depth profiles made by appropriate techniques for accurate near surface
measurements are sketchy. Chapter 3 discusses the measurement techniques used in this
dissertation to measure the hardness depth profiles of peened austenitic stainless steel.

Figure 2.29: Hardness depth profile of UDIMET (Kim et al. 2005)
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Figure 2.30: Cross-sectional hardness depth profiles of shot peening (CSP), laser shock
peening (LSP) and ultrasonic impact treated (UIT) 2024-T351 (Rodopolous et al. 2007)

Figure 2.31: Hardness depth profiles of laser shock peened and deep cold rolled Ti-6Al-4V
(Nalla et al. 2003)
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Figure 2.32: Hardness depth profiles of laser shock peened and deep rolled AISI 304
stainless steel (Nikitin et al. 2007)
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2.5.1.2 Measurement of residual stress via elastic residual strain
The residual stress can be inferred from elastic strain present in the material, which can be
measured via diffraction. The residual stress is calculated by the application of the elastic
constants (E and ν) to the elastic strain of the material (equation 2.3a b and c). Plastic
strain is also present but must be measured separately. The elastic and plastic strain present
from peening can be measured using a number of methods, ranging from destructive to
semi-destructive and non-destructive techniques (ND). The measurement of residual stress
from peening can be via strain relaxation measurements, such as hole drilling (incremental
or full), deep hole drilling, slitting, the contour method, or X-ray laboratory diffraction
(Gill 2008, Johnson 2008, King 2004, Evans 2007). These methods are all destructive or
‘semi’ destructive methods. ND measurements of residual or plastic strain can use neutrons
or X-ray (synchrotron) diffraction and, in some cases by magnetism when ferrous materials
are being measured (Kelleher 2006).
2.5.1.2.1 Stress relaxation residual stress measurement techniques
Stress relaxation methods are based on the fact that when a material with a residual stress
is cut through, drilled into, or a layer removed that the new face or dimensions of the
sample created results in a change in quantity of residual strain present in the material. For
example, using the contour method the sample is sliced into two equal halves and the
surface profilometry of the two new surfaces created is measured in fine detail (Prime
2001). Hole drilling uses strain gauge rosettes (figure 2.33) placed on the surface of the
material and measures the relief of the strain occurring when the drilling occurs to create a
new surface (Lu 1996). Two methods can be used with hole drilling, where one
continuous hole is drilled (HD) through and in situ strain measurements are made. The
other is incremental hole drilling (ICHD), where strain measurements are taken at predetermined depths from the strain gauges placed on the surface around the hole drilling
site. Deep hole drilling (DHD) measures the change in strain of a cored piece of the
material, by initially drilling a narrow reference hole, accurately measuring the diameter of
the hole, wire electro discharge machining the reference hole and the surrounding material,
resulting in no residual stress present due to size of the core and comparing the two
reference hole diameters (VEQTER website) (figure 2.34). ICHD is applied in an effort to
overcome the issue of measuring the change in strain versus increasing distance from a
strain gauge as used in DHD. Slitting also uses strain gauge for changes in strain through
the depth of the sample, but uses two strain gauges on each face of the sample. The layer
removal method, in conjunction with a compensation equation for the change in dimension
of the material being removed (Moore et al. 1958 and Fry 2002), allows the use of
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laboratory X-ray diffraction of polycrystalline materials to measure the residual stress as a
semi-destructive measurement technique of the material through the thickness of the
material (Cullity 2001, NPL guide 2005, Krawitz 2001) see section 2.5.1.2.2 for further
details and chapter 3. All these methods destroy part of the sample, thus may not be
appropriate to use on material that is to be used in industry. Fathallah et al. 1994 also states
that hole drilling for a material that has undergone significant plastic deformation is an
unsuitable method of measurement.

Figure 2.33: Example of strain gauges used for strain measurements when hole drilling (Lu
1996)

Figure 2.34: DHD 1) reference hole, 2) probe to measure diameter of reference hole, 3)
EDM to remove core, 4) re-measurement of reference hole diameter. (VEQTER website)
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2.35: Schematic side view of slitting (VEQTER website)

2.36: Contour method schematic from (Prime 2001)
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2.5.1.2.2 Diffraction measurement techniques
Three measurement techniques use diffraction to determine the elastic residual strain in a
material. These are semi-destructive laboratory X-ray diffraction, neutron diffraction and
synchrotron diffraction. The material being measured for changes in the strain must be a
polycrystalline material, with the changes in d-spacing between planes of atoms used as an
internal strain gauge.
The fundamentals of using diffraction to measure the residual stress of the material first
became a valid measurement technique when German physicist Von Laue in 1912 had a
conversation with P.P.Ewald about Ewald’s PhD on the scattering of electromagnetic
waves by harmonic oscillators. Von Laue made the connection of repetitive atomic
structure of a polycrystalline material with the diffraction of X-rays and successfully
diffracted X-rays from copper sulphate onto an X-ray film. Von Laue expressed these
findings mathematically as seen in equations 2.4 a, b and c. That same year, W.L.Bragg
read Von Laue’s findings and further simplified equations 2.4a b and c to equation 2.5.
Bragg’s use of the relationship of the d-spacing and the wavelength of the X-rays used for
diffraction to occur at a particular angle has since been the foundation for all
polycrystalline diffraction techniques (figure 2.37) (Cullity 2001) (Bragg et al. 1912,
1913).

€

a(cosα − cos α 0 ) = hλ

Eq. 2.4 a

b(cos β − cos β 0 ) = kλ

Eq. 2.4 b

c(cos γ − cos γ 0 ) = lλ

Eq. 2.4 c

Where h, k, and l are one, two and three dimension integers respectively that refer to the

€

crystal planes in three dimensions

€

a, b and c are spacing distances between scatterer's and α, β and γ are angles.

nλ = 2d sin θ

Eq. 2.5

Where n is an integer, λ is the wavelength of the radiation, d is the spacing distance
between planes of atoms of the same plane (i.e. 211) and sinθ is the diffraction angle for
elastic constructive diffraction to occur.

€
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Figure 2.37: Bragg’s constructive law of diffraction (Hutchings et al. 2005)
The d-spacing discussed is the distance between neighbouring crystallographic planes that
satisfy Bragg’s law of diffraction. For a single crystal, when an incident beam diffracts at
the Bragg angle, then every plane of atoms that satisfy Bragg’s law will diffract the beam.
When diffracted onto an X-ray film, this produces a distinct darkened spot with respect to
the plane of atoms that has caused the diffraction. In a polycrystalline material, all planes
of atoms that satisfy Bragg’s law with the incident beam of energy results in diffraction
occurring. Due to the polycrystalline nature of the material, a ring of diffracted beams will
be seen on the x-ray film (Figure 2.38) (Cullity 2001).

Figure 2.38: Schematic of single crystal diffraction spots (left) and a powder or
polycrystalline material with diffraction rings (right) from Krawitz (2001) and Cullity
(2001) (King 2005)
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To measure residual stress the elastic strain of planes that satisfy Bragg’s law can be
determined in two ways. The first is at a fixed wavelength the change in diffraction angle
of a plane of atoms from an unstrained state is measured and the second is at a fixed
diffraction angle to measure the change in wavelength measured of a diffracted beam. In
both instances knowing the unstrained d-spacing of the plane of atoms or the average of
the unit cell being measured is required and can be acquire in a number of ways.

εhkl

€

0
dhkl − dhkl
=
= −cot θΔθ
0
dhkl

 t 
ε = 
 Δt 

Eq. 2.6

Eq. 2.7

Where ε is elastic strain, hkl is a reflection plane, d is d-spacing and d0 is the d-spacing in
an unstrained lattice, θ is the diffraction angle in radians, Δθ is the change in diffraction

€
angle compared
to the strain free scattering angle, t is the length of time of flight of the
neutron and Δt is the change in time of flight of a neutron. To determine the d-spacing the
De Broglie equation can be applied (Eq. 2.12). Equation 2.6 is used for a change in angle
at a fixed wavelength. Equation 2.7 can be used for time of flight neutron diffraction
measurements and is at a fixed angle and observes the change in wavelength. The dspacing of a material is related to equation 2.5, and in turn the elastic strain is related to the
residual stress via elastic constants E and ν and equation 2.3a b and c. For a specific
diffraction peak the hkl specific elastic constants should be used. Specific planes are
usually picked for their high multiplicity and structure factor. For 304 austenitic stainless
steel the preferred VAMAS recommended plane is (311), which the elastic constants are
E= 195 GPa and ν = 0.29 (Noyan and Cohen 1987) (VAMAS 2001).
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2.5.1.2.3: Factors to consider when using diffraction for strain measurement of a
polycrystalline material
As with most measurement techniques there are practicalities to understand and overcome,
according to the dimensions of the sample, the gradient of the residual stress to be
measured and the incremental measurement step size required. Three factors to consider
when choosing the appropriate diffraction measurement technique are the multiplicity
factor, the structure factor and the attenuation of the beam of energy. The three factors are
restricted by the dimensions and composition of the material being measured.
A peak with a high multiplicity is preferred, so that there are a large number of diffraction
peaks constructively contributing, thus improving the statistical representation of the data.
This results in a distinct peak, which is easily measureable for changes in elastic strain in
the crystal structure. The structure factor is the atomic positions in relation to one another
and correct selection of material will contribute to the strength of the diffraction peak. The
third factor to consider is the attenuation of the incident beam of energy into the material
being measured. Attenuation is the reduction in the intensity of the beam as it passes
through the material.
This is where the use of neutron diffraction has its advantages when measuring stainless
steel. The attenuation of laboratory X-rays is high and the beam will only penetrate a few
tens of microns into the austenitic stainless steel. However thermal neutrons have a much
longer path length and attenuation distance and can measure up to 12- 14 mm into an
austenitic stainless steel sample (Hughes comm. 2009). A combination of Laboratory Xrays, to measure at the surface and near surface via layer removal methods; and neutron
diffraction to measure at further depths into the sample non-destructively is advantageous
as seen in the following chapters. The main reasons are that spurious strains may occur
when measuring material with neutron diffraction near the surface, thus detailed surface
and near surface (layer removal method) measurements are supported by laboratory X-ray
diffraction as there are less experimental errors associated with this method (Table 2.6).

68

Table 2.6: Comparison of materials distances of intensity of neutrons, synchrotron X-rays
and Laboratory X-rays when beam attenuation is 63.2% (Hutchings et al. 2005)

Radiation
Thermal neutrons

Energy

Wavelength

(keV)

(Angstrom)

2.53

Attenuation length lµ(mm) for 63.2%
intensity decrease
Al

Ti

Fe

Ni

Cu

1.8

96

17

8.3

4.8

10

150

0.08

39

14

7

5

5

49

0.25

10

1.9

0.7

0.5

0.4

30

0.41

3.3

0.46

0.16

0.11

0.10

8.05

1.54

0.076

0.011

0.004

0.023

0.021

-5

x10
ID15 ESRF
X-rays
synchrotron
ID11 ESRF
X-rays
synchrotron
5.3 X-rays
synchrotron
Laboratory Xrays (Cu kα)
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2.5.1.2.4: X-ray diffraction measurement: sin2ψ method for residual stress calculation
When a potential difference is applied across a filament, X -rays are produced by electrons
impacting a metal target. The filament is usually tungsten and has a high potential
difference of between 20 and 50 kV applied across the filament, which is negatively
charged (cathode) and heated to a point that electrons are emitted and drawn towards the
anode target. This then emits both a white Bremsstrahlung radiation and kα characteristic
line peaks of the target anode. The X-rays (kα) diffract off the electron cloud surrounding
the atoms of the polycrystalline material that is being measured for the strain of the
material, and when Bragg’s law is satisfied a constructive coherent diffraction peak is
produced in relation to the plane being measured (Cullity 2001).
To determine the residual stress of a material, the d-spacing is used to determine the strain
of the point measured in a particular angle in relation to the surface being analysed. The
orthogonal coordinate directions for strain and stress determination (figure 2.39).

Figure 2.39: Orthogonal directions used for stress measurement in the phi (φ) psi (ψ)
angle/direction. Note that σ1(X) and σ2(Y) both lie in the plane of the specimen surface.
(NPL guide 2005)
Assuming the stress in the direction normal to the surface is zero (σ3(Z) = 0), and
Poisson’s ratio (ν), then:-

"x =

#$% y
E

and

"z =

#$
(% x + % y )
E

Eq. 2.8
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At an angle of phi psi, the stress acting in the phi angle is equal to the strain in the phi psi
angle

"#$ =

1+ %
%
(&1 cos 2 # + & 2 sin 2 # )sin 2 $ ' (&1 + & 2)
E
E

Eq. 2.9

And that the stress in the phi direction is

!

"# =

' d% & d0 *
E
)
,
(1+ $ )sin 2 % ( d0 +

Eq. 2.10

Where at d0 the stress is an unstressed value

!

The sin2ψ method tilts the detectors to a range of psi tilt angles. The 2-theta peak position
changes, or the d-spacing changes and is plotted versus the sin2ψ position (equation 2.11
and figure 2.40), where m is the gradient of the d versus sin2ψ plot.

% E (
"# = '
*m
&1+ $ )

!

Eq. 2.11

Table 2.7: Tilt angle examples (NPL guide 2005)
Material

2-θ angle

Ferrite iron

155.1 (Cr anode)

Austenite iron

152.3 (Mn anode)
128.8 (Cr anode)

Aluminium

139.3 (Cr anode)
162.6 (Cu anode)
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Figure 2.40: Example of d versus sin2ψ (NPL guide 2005)
The incident beam of X-rays is defined into a spot by collimators or slits, with the size
determined by the user for many instances.

2.5.1.2.5: Factors to consider using laboratory X-ray diffraction
Five factors are required consideration when using laboratory X-ray diffraction and the
sin2ψ method for strain measurement. They are the dimensions of the material being
measured, the diffraction angle required to measure a noticeable peak shift, grain size of
measurement point, texture of material and shear stresses.
If the materials surface is severely undulating or misshapen or highly curved, accurate
measurement using the sin2ψ method may prove problematic. For a highly curved sample,
such as a cylinder, the number of psi angles has to be reduced to measure accurately on
one point of the sample. This increases the statistical error of strain measurement due to
less measurement angles. The minimum recommended number of psi tilt angles to be
measured is five (Shackleton comm. 2010). The angle of diffraction used is usually
recommended to be the highest diffraction angle for the peak for the particular plane of
atoms as the larger the angle of diffraction (2-theta) the larger the peak shift and more
noticeable change in peak position is possible. If the surface of a sample is rough then the
diffracted X-rays may be clipped at some extreme psi tilt angles resulting in erroneous
readings of d-spacing or peak position change.
Having a grain size larger than the area defined by the collimator or similar size to the
collimator will result in a low number of grains being measured for diffraction. This results
in residual stress data not true to the whole material and a low intensity diffraction peak.
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To overcome this factor a larger collimator size, or oscillation of the sample to measure a
larger is required which reduces the sensitivity of the measurements and increases beam
divergence if the collimator size is increased.
If a material is textured, this can result in a change in peak intensity as the psi tilt angles
are moved through when using the sin2ψ method. Choosing a different family of planes to
be measured may overcome this (NPL guide 2005).
If shear stresses are present in the area being measured this will result in what is known as
psi splitting, which is when there is potential triaxial stresses present and the sin2ψ method
no longer can be applied correctly (figure 2.41). Software applications with laboratory Xray diffractometer's can compensate or eliminate or split the principal stresses and the
shear stresses if need be.

Figure 2.41: Examples of a) regular, b) ψ splitting and c) effect of texture on the d versus
sin2ψ plots of laboratory X-ray diffraction (NPL guide 2005)
All relaxation methods use the assumption that the residual stress of a surface is two
dimensional as there is no force being exerted on the third dimension, that is, the direction
perpendicular to the surface.
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2.5.1.2.6: Neutron diffraction methods for strain measurement and residual stress
calculation
There are two sources for neutrons, one is a continuous reactor and the other is a spallation
source. A continuous reactor provides neutrons through the fission of U235, which then pass
through a moderator to slow the neutrons to the thermal wavelength allowing the beam to
be used for diffraction purposes of polycrystalline material. Using a monochromatic crystal
a defined narrow wavelength can be produced to obtain diffraction for particular peaks in a
crystal. Or a chopper may be used to break the continuous flow of neutrons into pulses of
neutrons to acquire a full diffraction range of all peaks in the polycrystalline material that
satisfy Bragg’s law (POLDI). A spallation source provides neutrons by bombardment of a
metal target (i.e. tungsten at ISIS) by high speed protons, which drives neutrons from the
target metal. As the protons are grouped as they are accelerated, the release of neutrons
from the target metal is also pulsed (grouped).
To determine elastic strain of a material thermal neutrons can also be used as the source of
energy that is diffracted. The incident beam of neutrons diffracts off the nucleus of the
atom, which results in the neutron scattering being independent of the atomic size of the
material being measured. The penetration depth of the neutrons therefore varies as seen in
table 2.8. For diffraction of polycrystalline material to occur, the neutrons have to be of a
particular wavelength speed. The neutrons are passed through a moderator, which allows
‘thermal neutrons’ to pass through the medium. The wavelength of the thermal neutrons
are in the same range as the distance (in Angstrom) between neighbouring atoms within a
polycrystalline material (Cullity 2001). Neutrons apply the same method of diffraction
satisfying Bragg’s law as laboratory X-ray diffraction, but are able to penetrate further into
a material and is a volume of strain measurement rather than a point measurement (see
figure 2.42). To define the gauge volume that is used to measure regions of the strained
sample slits or radial collimators are used on the incident and diffracted beam before and
after measuring the sample. When using slits care must be taken that the sample is not too
far away from the slits so as to limit beam divergence. When using collimators, the time
for each measurement point must be taken into consideration as collimators are able to
accurately define a precise gauge volume, but also reduces the number of neutrons per unit
of time available for diffraction. Collimators are used when highly accurate gauge volume
and small gauge volumes are required.
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Figure 2.42: Schematic of a) slits or radial collimators used in neutron diffraction
(Hutchings 2005)
Table 2.8: Penetration depths of laboratory X-rays and Neutrons

Radiation

Energy

Wavelength

(keV)

(Angstrom)

Thermal

2.53

neutrons

x10-5

Lab. Xrays

8.05

Attenuation length (mm) for 63.2% intensity
decrease
Al

Ti

Fe

Ni

Cu

1.8

96

17

8.3

3.8

10

1.54

0.076

0.011

0.004

0.023

0.021
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2.5.1.2.7 Neutron diffraction measurement techniques: 2θ (theta) or Time of flight
(TOF) for residual stress calculation
Two methods are commonly applied, the first method uses a monochromatic beam and
observes the changes in peak diffraction angle 2θ by equation 2.6 at a fixed wavelength.
The second method has a fixed diffraction angle (often ninety degrees) and the time of
flight of a white beam of neutrons to diffract is determined and the De Broglie equation
determines the wavelength of a neutron that has diffracted (Eq. 2.7 and 2.12). Applying the
wavelength to Bragg’s law, with a fixed two theta angle allows the determination of the dspacing the peak being measured. If a wide enough range on the detectors is possible then
full diffraction peaks may be observed for all planes.

"=

ht
ml

Eq. 2.12

where λ is the wavelength, h is Planck’s constant, m is the mass of the neutron and l is the
path length with t being the time of flight and ε=Δt/t

!

2.5.1.2.8: Factors to consider with neutron diffraction
As with any measurement technique there are a number of factors that must be taken into
consideration to obtain valid and accurate results. In neutron diffraction the main criteria to
define are the gauge volume, d nought, spurious strains and spurious locations, grain size
and beam attenuation through the depth of a material being measured. The definitions of
gauge volumes in neutron diffraction must first be addressed.
The definition of defined gauge volumes is mentioned here to ensure the reader
understands the following section on factors to consider when using neutron diffraction as
a measurement technique. As according to VAMAS ISO/TTA 3:2001(E) neutron
diffraction measurement documentation care must be taken when setting up a sample for
neutron diffraction in relation to the gauge volumes defined. They are NGV (nominal
gauge volume), IGV (instrumental gauge volume) and SGV (sampled gauge volume). The
NGV is the volume of space defined by the intersection of the parallel beams of neutrons
with respect to the incident and diffracting beam. The IGV is the actual volume of space
defined by the incident and diffracted beam of neutrons taking into respect beam
divergence. The SGV is the actual volume of the IGV that is measuring the sample (i.e.
partial immersion at surface), which may be affected by partial filling of the IGV,
attenuation of neutrons within a specimen and wavelength distribution across the incident
beam.
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The grain size of a material must be taken into consideration when the defined size of the
measurement gauge volume is set since too few grains within a gauge volume would not
give a true representation of the average strain in that region measured. The elongation of
grains in a particular direction, for example, for heavily rolled aluminium, must also be
taken into consideration to allow a significant number of grains to be within the gauge
volume.
To measure the unstrained lattice d-spacing (d0) to determine the elastic strain present at
the measured position a number of methods have been developed to define this value and
are fully stated in the VAMAS neutron diffraction guidelines portfolio (VAMAS 2001).
The measurement techniques are far field, comb or small cubes, powder of the material or
self-equilibrating method (Withers et al. 2007). A far field measurement is a measurement
of a region on a bulk material where there is a known strain free region or a bulk material
that is completely strain free but of the same material as the strained samples being
measured. A comb, fine powder or small cubes of a sample can be used with the size of the
comb or cube being small enough for very low or no residual strain to be present.
Spurious locations are inferred when the three dimensional gauge volume is not fully
immersed when measuring near surface points (Hutchings et al. 2005). For example if a
gauge volume has a dimension of 1mm in the direction of the measurements, then the
centre of gravity of the gauge volume is 0.5mm. If the step size of the defined gauge
volume is small, for example every 200 microns, then the gauge volume at some points
will be partially immersed and the centre of the immersed part will be different to the
defined gauge volume. A compensation for this must be incorporated to the final results to
allow for accurate surface measurements (Figure 2.43).
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Figure 2.43: Spurious location effect of a) difference in centre of gravity as gauge volume
steps into a surface and partial immersion occurs and b) schematic of the change in
position of measurement when compensated for partial gauge immersion (King 2004)
Spurious strains also tend to occur at surfaces, mainly through four main factors, average
wavelength, incident beam divergence, geometric considerations and peak clipping. When
a measurement occurs the defined gauge volume has an average wavelength across the
defined gauge distance defined by collimators or slits. When the gauge volume is partially
immersed in the surface of the sample, the average wavelength is changed from the
average wavelength of a fully immersed gauge volume. This results in a shift in the
diffraction peak measured. The geometric shape of the amount of partially immersed gauge
volume also changes shape as it is stepped through the samples surface, this also results in
a peak shift. Peak clipping can occur when slits are used to define the gauge volume, and
beam divergence and average wavelength peak shift the slits on the diffracted beam can
clip some of the measurement, which further shifts the peak (Gill 2008, King 2004,
Hutchings et al. 2005).
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To reduce the effect of pseudo strain on neutron diffraction, Z-scans (King 2004),
collimators (Pirling et al. 2006) or an analyser crystal (Hutchings et al. 2005) have all been
used. To overcome spurious strains when partial immersion of the gauge volume occurs
measurement of an unstrained samples surface (or the folding technique) may be used. The
peak shift of an unstrained samples depth profile may be applied to compensate for the
spurious (pseudo) strains when measuring a strained (peened) sample through the surface
of the material (Gill 2008, King 2004, Hutchings et al. 2005)
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2.5.1.2.9 Synchrotron diffraction
Synchrotron diffraction can also be used for elastic strain measurements of a material.
Synchrotron X-rays are high energy X-rays and have a significant penetration depth into
polycrystalline material. Limitations of synchrotron diffraction compared with neutron
diffraction is that synchrotron measurements occur through a low angle diffraction
technique (due to the short wavelength) whilst neutron diffraction usually occurs around a
ninety degree angle which produces diffraction peaks easily at this angle. This results in an
elongated diamond shaped gauge volume for synchrotron diffraction compared with a
cuboid volume for neutrons, which may result in erroneous strain values when measuring
more than one direction of strain to calculate the stress of a region in the material (Figure
2.44). A further limitation of synchrotron diffraction measurement techniques for elastic
strain measurement is if the material being measured has a high atomic number as X-rays
diffract off the electron cloud, whilst neutron diffraction diffracts off the atom. High
atomic numbered material can result in higher errors of strain measurement.

Figure 2.44: Gauge shapes of diffraction measurement methods (Evans 2007)
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2.5.1.2.10 Previous studies of residual stress in materials from peening
As the introduction of compressive residual stress by peening a materials surface is one of
the most important features of this surface treatment, most journal papers discuss some
reference to the residual stress state from peening. Some are surface measurements, some
are cross-sectional measurements, some are at specific points in relation to the shape of the
indent or mark on the surface from peening and some residual stress measurements are
used to compare different surface treatments. There is also a large amount of research on
the fatigue properties of peened materials and the subsequent residual stress of a material
having been cyclically fatigued. All these residual stress measurements are discussed with
examples in this section below. The general conclusion of peening in relation to improving
the length of life of a material when it is under fatigue is that introduction of compressive
residual stress extends the life of a material when the fatigue is below the yield strain (high
cycle fatigue) of the material, but does not significantly improve the life of a material when
the cyclic strain is above the yield (low cycle fatigue) of the material. As the following
paragraphs show, a wide range of results are obtained for a number of materials and
peening parameters for SP, LSP, DCR and LPB treated samples. There are some
comparisons between these treatments, which is also discussed in this section. There are
also a number of papers on the residual stress of UIT and WJCP treated samples, but
limited comparisons with other surface treatments. In most cases if a peening treatment is
being compared with another surface treatment it is usually shot peening as this is the most
commonly used method in industry. To date the majority of peened material has been
measured with either neutron or laboratory X-ray diffraction, with a select few papers
measured via synchrotron diffraction (i.e. Evans et al. 2009).
Papers on peening can be sorted into three types of literature. The first type are focussed on
the variation of the peening parameters for a particular peening method in order to
determine the best settings for the measured material. The second type is of the effect that
peening has on the lifetime of a material under certain application, such as static loading,
cyclic loading, thermal effects etc. The final type is comparisons of different peening
methods and peening parameters along with application of peening to certain applications
(i.e. cyclic loading). The following paragraphs discuss the observations of each type of
residual stress analysis from peening.
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Two authors who have researched SP parameters are Kobayashi (1998), and Prevey et al.
(2002). These authors studied the percentage coverage of SP required to create a
compressive residual stress over the complete surface of a material that has received
treatment. Kobayashi studied the effect of static and dynamic impacts, ranging from a
single impact to thirty impacts and showed that for a single dynamic impact on a materials
surface, an in-plane tensile residual stress is present in the centre of the indent with an
outer compressive residual stress of the indent. Kobayashi discovered that for compressive
residual stress to occur on a materials surface from SP treatment, the indents are required
to have an overlap, so as to eliminate the central tensile residual stress (Figure 2.45).
Prevey and Cammett (2004) studied the number of indents as percentage coverage to
produce a compressive residual stress that is usually associated with SP treatment. Using
4340 steel, the study implies that a 20% coverage is required to obtain a uniform CRS in a
measured area of 5mm x 5mm (Figure 2.46). Current industrial methods require at least a
100% coverage, which implies that further study of the peening calibration methods is
required to improve industrial consumer confidence in shot peening coverage percentage.
Further possible studies of shot peening methods and treatment parameters should involve
the use Almen strips of the same material being peened, as the current method uses spring
steel only. The use of the same material for the Almen strip may result in an increase in
accuracy of the saturation point of peening. Other further studies could include the shot
peening of different materials with a range of peening intensities and peening coverage. A
catalogue of shot peening’s effect on the microstructural and mechanical properties of a
material from a range of peening parameters could be an extremely useful resource for the
general user of peening in industry, and a platform for further academic research.
Currently, there is limited comparative analysis data available microstructural and
mechanical properties effect of shot peening parameters. This could create a wider
knowledge of how shot peening settings should be applied with respect to the material
being treated and what outcome is desired.
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Figure 2.45: Effect of overlap indents on residual stress profile (Kobayashi et al 1998)
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Figure 2.46: Residual Stress depth distributions for various coverage levels. Coverage is
defined as the ratio of time to produce 100% surface impacts
(Prevey and Cammett 2002 and 2005)
In an effort to increase the CRS depth into a sample and improve the surface finish of a
surface treated material, research into the use of fine particles as the shot media used at a
high speed (200 m/s) is projected onto a materials surface (Inoue 2008). Table 2.9 and
figure 2.47 are results obtained by Inoue (2008) comparing FPSP and SP surface
roughness and residual stress values. A large amount of interest in the use of finer particles
is currently under study as it also significantly improves the fatigue properties of the
material due to a smoother surface finish than larger cast steel shot as discussed at the
international conference on shot peening (2008). As FPSP is still in the stages of research,
SP treated material would be best to use as a baseline for treatments previously used in
industry in vast quantities.
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Table 2.9: surface roughness and residual stress values of SP and FPSP aluminium alloy
7050-T7451 (Inoue, 2008)
Specimen

Polished

1.6µm machined

3.2µm machined

Residual

Condition

Ra/µm

Unpeened

0.2

-103

SP

4.6

-153

FPSP

0.9

-174

As machined

1.2

10

SP

4.8

-138

FPSP

1.4

-159

As machined

2.9

-48

SP

5.3

-169

FPSP

2.8

-187

stress/MPa

Figure 2.47: SP 0.6mm diameter or FPSP 0.06mm diameter treated aluminium alloy 7070T7451 (Inoue, 2008)
A number of investigations on the influence of shot peened materials fatigue life have been
reported, such as Wagner et al. (1981) and Martin et al. (1998). Wagner et al. discussed
that shot peening a titanium alloy can either improve or hinder the fatigue life of the
material depending on the length of time of surface treatment and the type of fatigue test,
be it a push-pull test or a rotational bend cycle test. The paper shows that if surface
treatment is too long the surface roughness increases and the hardness is reduced
(softening), thus reducing the fatigue life of a material. Martin et al. shows that the cyclic
deformation of SP 1045 steel introduces approximately 200 microns of CRS to the
material; and that the lifetime improvement of the SP steel is affected by the stress
amplitude of the cyclic fatigue applied to the material (figure 2.48 and figure 2.49).
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a

b
Figure 2.48: Residual stress and peak with (a) and (b) stress amplitude of 1045 steel
(Martin et al. 1998) (4-6Almen with S170R shot)

Figure 2.49: Effect of stress amplitude on residual stress depth profile of shot peened SAE
1045 (0.175mmA) 6Almen intensity N/2 up to point of failure fatigue cycle (Martin et al.
1998)
The effect of SP treated material under elevated temperatures and under cyclic fatigue is
discussed by Holzapfel et al. (1998) for AISI 4140 ferritic steel, whilst Kim et al. (2005)
discusses the effect of SP of UDIMET Li Ni superalloy at elevated temperature and
elevated temperature whilst under fatigue. Holzapfel found that SP (S170 98% coverage)
treated steel had a maximum CRS between -300MPa and -600MPa and a depth of CRS of
200-300microns depending on whether the material had been normalised or quenched and
tempered and that thermal relaxation of residual stress can be classed independently to
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fatigue relaxation of residual stress. Kim et al. shows that SP treatment of UDIMET
introduces a range of CRS depths and maximum CRS values depending on the temperature
that the SP (110H, 200% coverage 6-8A intensity) treated material was at as seen in table
2.10 and 2.11 and figure 2.50. The tables show that the percent of strain going from the
elastic to plastic region of a material is highly influential on the relaxation of the residual
stress. Also, the relaxation of the residual stress was also significant with respect to
temperature once it got to a significant temperature, with respect to material being treated.
At high temperatures there is little time dependency of temperature stress relaxation,
however at lower temperatures such as 350°C, compared with 700°C, there is a time
dependent rate of stress relaxation to be considered. In conclusion, the stress relaxation of
UDIMET appears to be time dependent at low temperatures (creep) but less time
dependent at higher temperatures, which is consistent with other researchers findings.
Table 2.10: Characteristic parameters of the shot peening residual stress state (Kim et al.
2005)
Testing

Surface stress

Maximum

Peak depth

Compressive

temperature

(MPa)

compressive

(µm)

zone (µm)

(°C)

stress (MPa)

As-peened

-600

-1200

45

175

350

-480

-1070

50

180

550

-260

-950

50

175

650

-200

-800

80

210

700

-120

-610

95

220

725

-60

-500

90

185
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Table 2.11: Summary of parameters characterizing the longitudinal in plane residual stress
profiles after 1.2% strain cycling (Kim et al. 2005)
Number of

Temperature

Surface stress

Maximum

Maximum

cycles

(°C)

(MPa)

compressive

compressive

stress (MPa)

stress depth
(µm)

As-peened
1

30
1000

-570

-1200

45

350

80

-510

40

650

100

-510

70

700

80

-460

60

350

410

-220

65

700

-90

-370

65

350

200

-470

50

650

-30

-220

45

700

-230

-320

55

Figure 2.50: Residual stress depth profile of UDIMET at different temperatures and length
of time at a temperature (Kim et al 2005)
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To date, with the exception of two papers by Odhiambo and Soyama (2003) and
Rodopolous et al. (2007); comparisons of peening methods are confined to SP with LSP
(i.e. Peyre et al. 1999), SP with LPB (i.e. Prevey 2003) or DCR (i.e. Altenberger et
al.1998), SP with LSP and DCR (i.e. Altenberger 2002) or SP with LSP and LPB (Prevey,
Zhuang 2003).
A number of authors have compared SP with LSP, ranging from LSP parameters, fatigue,
microstructure, mechanical properties and thermal relaxation. All comparison papers of
LSP with SP use shot peening as an example, to show the improvements of using LSP
instead of SP. For example, Hammersley et al. (2000) compares the residual stress depth
profile of LSP and SP Inconel 718 (Nickel (50%) Chromium (17%) superalloy) (figure
2.51). The general conclusion is that LSP treatment introduces a greater depth of CRS into
a treated material, however in this instance the maximum CRS of SP treatment is -140MPa
and LSP treatment is higher. There is no information of SP treatment parameters nor is
there LSP treatment parameters in this paper, such as intensity; therefore it can only be
used to observe the depth of CRS that LSP treatment introduces as other residual stress
measurements of LSP as for example SP UDIMET in figure 2.50 above. However,
different authors state different depths and magnitudes of CRS of LSP treatment. For
example, King et al. (2006) clearly shows that SP treated Titanium alloy has a larger
maximum CRS and a shorter depth of CRS than LSP treated material. But Montross et al.
(2002) and Chu et al. (1999) show different profiles of LSP and SP residual stress (figure
2.52). This suggests that the LSP parameters and the material being treated highly
influence the residual stress depth profile of maximum CRS and depth of CRS able to be
introduced to a material. The general consensus when comparing LSP with SP is that LSP
improves the fatigue life, the surface finish and the depth of CRS.

Figure 2.51: Residual stress depth profile of Inconel 718 (Hammersley 2000)
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Prevey et al. (2001) discusses the merits of LPB (see section 2.2.2) by comparing the
residual stress profiles against SP and that LPB can introduce a competitive maximum
CRS and improved depth of CRS when compared with SP or even LSP treated samples
(figure 2.54a). He also states that LPB improves the fatigue life of a material when
compared with SP. Altenberger et al. (1998) also states the same for residual stress depth
profile when comparing SP with DCR (figure 2.53b).

a)

b)

c)
Figure 2.52: Residual stress depth profiles of a) LSP (9GW/cm2 and 200% coverage) and
SP treated Ti-6Al-4V (King et al. (2006), b) LSP and SP treated Inconel 718 (Montross et
al. 2002) and c) LSP (2.4TW) and SP (0.10-0.15mmA Almen intensity) low carbon steel
(Chu et al. 1999)
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a)

b)
Figure 2.53:

a) Residual stress depth profiles of SP (8A intensity 200% coverage), gravity peened, LSP
and LPB treated Ti-6Al-4V (Prevey 2001) and
b) AISI 304 SP (S170R) and a coverage of 98% with a 6-8Almen intensity with a final
glass bead peen, and deep rolling with a 6.6 diameter roller ball with a rolling pressure of
150bar (Altenberger 1998)
One other author, Zhuang et al. (2001, 2003) also compares LPB with LSP and SP but
unfortunately does not discuss the peening parameters of each surface treatment. The only
example of residual stress measurement of WJCP being compared with any other surface
treatment is a 2003 paper by Odhiambo et al., which shows SP treatment of a maximum
CRS of -1200 MPa, and a depth of 300 microns and WJCP with -600MPa maximum CRS
and a depth of approximately 100 microns of CRS. The main goal of this paper however
was to show that the fatigue life of a water treated sample compared with a SP sample had
a longer length of life when under fatigue. SP is compared with UIT and LSP aluminium
alloy by Rodopolous et al. (2007) and unusually shows that the maximum CRS for all
three surface treatments are of similar value, but the LSP and UIT treated samples having a
greater depth of CRS than the SP sample. Whether the samples had been treated with
certain peening parameters to obtain these profiles of similar maximum CRS is unknown
(figure 2.54).
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Figure 2.54: Residual stress depth profile of SP (4A S110 steel shot 100% coverage), LSP
(10GW/cm2 2mm spot size and 300% coverage) and UIT (pin diam. 5mm, pressure of 3kg,
impact freq. 260Hz) treated 2024 Aluminium alloy (Rodopolous et al. 2007)
In conclusion, shot peening typically introduces a depth of approximately 100 to 300
microns of compressive residual stress to a material and a maximum CRS of -600MPa to
-1200MPa depending on the peening parameters set and the material that is treated. When
compared with other peening methods, LSP LPB DCR and UIT, the trend is that SP has
the maximum CRS but the shortest depth of CRS. All other forms of surface treatments
discussed have a range of maximum CRS and depths of CRS which also appear to be
dependent on the material used and the peening parameters set for the treatment. The
general conclusion is that the depth of CRS is approximately 300 microns to 2000 microns.
The maximum CRS can vary greatly depending on the parameters and material used.
Further examples of LSP, UIT and WJCP residual stress depth profiles can be seen in
figures 2.55 to 2.60 with the material and peening parameters stated. Figure 2.55 shows
that it is possible to introduce a distinct level of CRS from LSP treatment without a
protective coating when treated with a low energy and small spot size. The surface finish is
not discussed in this paper however. Figure 2.56 residual stress measurements were
determine by the hole drilling method as previously discussed in section 2.5.1.2.1
according to ASTM E837. The unusual very near surface measurements from peening
suggest that in this instance hole drilling near surface results are unreliable or of a high
error to produce the elevation of the blue peened residual stress depth profiles. Figures
2.57 to 2.60 all show that UIT or WJCP treated materials all introduce a significant change
in the residual stress depth profiles of material.
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Figure 2.55: Residual stress depth profile of laser peened 20% cold worked SKD61
without a protective coating with a spot size of 0.8mm and an irradiation of
100pulses/mm2 and a pulse energy of 200mJ (Sano et al. 2007)

Figure 2.56: Hole drilling residual stress distribution of 6061-T6 Aluminium alloy with
LSP pulse of 8ns, maximum pulse energy of 2.5J/cm2 and a wavelength of 1064nm
(Rubio-Gonzalez et al. 2006)
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Figure 2.57: Residual stress of welded UIT treated A588-97B grade 50W with a 3mm pin
diam. At a tool speed of 0.3m/min with 3 passes (Roy et al. 2003)

Figure 2.58: Residual stress distributions of untreated and treated UIT samples
Lightly (AFL-2), moderately (BFM-3) and severely (AFS-6) exfoliated 7075-T6511
aluminium specimens with a 5mm diameter pin, a pressure of 3 Kg and a feed rate of
4 m/min (Liao et al. 2008)
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Figure 2.59: Residual stress as a function of standoff distance of cavitation jet with water
(CJW) and cavitation in air (CJA) of WJCP treatment of 316L stainless steel (Soyama
2007)

Figure 2.60: Residual stress depth profile of water peened SAE1045 steel (Han et al. 2007)
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2.5.1.3: Measurement of Plastic strain: FWHM (Full Width Half Maximum)
When a diffraction peak occurs due to constructive coherent diffraction that satisfies
Bragg’s law (Eq. 2.5), then the peak has a defined shape that can be fitted to a Gaussian,
Voight or a combination of the two fits. The peak width defined as the FWHM (full width
half maximum) as seen in figure 2.61, is the half maximum width of the peak and can be
used to infer the plastic strain that has been introduced to a material, when plastically
deformed and a residual stress is present in the material.
Diffraction peak broadening occurs due to particle size (crystal/grain), dislocations,
stacking faults, microstrain and steep strain gradient of the material being measured, slit
width and detector resolution (Hutchings et al. 2005 and Krawitz 2001). The instrumental
sources, slit width and detector resolution increases the peak width if the slit width is
increased resulting in increasing angular divergence or if the detector has a poor resolution.
If the size of the sample being measured is larger than the gauge volume then peak
broadening when compared with a sample smaller than the defined gauge volume also
occurs. Scherrer (from Krawitz 2001) states that as the particle size decreases the
diffraction peak will broaden. The strain gradient or microstrain affecting the peak’s width
can be described using figure 2.62 with no strain present, uniform strain present showing a
peak shift, and non-uniform strain present as seen in c). The non-uniform strain is present,
which is due to non-uniform plastic deformation, as there is a localised difference in the
strain within a grain, which results in peak broadening.

Figure 2.61: Schematic of FWHM on a diffraction peak (Krawitz 2001)
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Figure 2.62: Peak broadening from microstrain (Cullity 2001)
A number of researchers have related the cold work of a material to the peak broadening of
a diffraction peak. This started with the work of Warren and Averbach (1950) using X-ray
diffraction. An example of the effect of strain increasing the peak with can be seen in
figure 2.63 from Hutchings et al. (2005) and this clearly shows that as the stress of the
annealed mild steel is increased, so too does the peak width.
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Figure 2.63: Example of increase of stress and the relationship with peak broadening
(Hutchings et al. 2005)
A number of researchers have applied the knowledge that non-uniform plastic deformation
of a material can cause peak broadening. For example, Kim et al. (2005), Prevey et al
(2000,2001,2002,2004a, 2004b) and Altenberger in conjunction with Nikitin and Nalla
(1997,1999,2003,2004,2005,2006, 2007) have all assessed the FWHM of a peened
material. Kim et al. uses the FWHM as an analogy tool to support the hardness testing and
residual stress measurement, fatigue, thermal, and thermo-fatigue testing of UDIMET
720LiNi superalloy. Kim shows that the hardness depth profile has the same depth profile
as the FWHM (integral width) and that as the residual stress of a material is relaxed
through elevated temperature, so too does the FWHM values. Prevey and Altenberger
along with their co-researchers also present the change in FWHM values when a material
has been peened, but also show a percentage of cold work of the peened sample.
Altenberger et al. also uses the FWHM data as a tool to support the findings of the residual
stress depth profiles when comparing peening methods, elevated temperatures, fatigue
cycles, and elevated temperature fatigue cycles (figure 2.64). Prevey (1987) shows that the
tensile or compressive specimens with varying amounts of cold work percentage
introduced a peak broadening effect when measured via laboratory X-ray diffraction
irrespective of whether it was tensile or compressive that was measured (figure 2.65). He
produced a calibration curve for various Inconel samples of varying compositions to
determine the cold work percentage with the FWHM values. Prevey has proceeded to
apply the relationship of cold work percentage and peak width to a number of materials
including the thermal stability of cold work shot peened or LPB treated Inconel 718 (figure
2.66), comparing SP and LPB Ti-6al-4V (2001), and shot peening coverage (2002). In all
instance laboratory X-ray diffraction was used and the FWHM data were all obtained from
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surface measurements. As discussed further in chapter 3, a compensation equation for
layer removal of a material for accurate residual stress measurements is required (Moore
and Evans 1958). Prevey (1987) does not discuss any compensation of layer removal, and
if it is required. Nor are there specific details of how the calibration tensile and
compressive samples were measured to obtain the calibration curve. It is commonly known
that large amount of plastic deformation may result in the barrelling or bending of a
samples sides, and whether this had been avoided is unclear, but assumed to not be a
variable to consider. The concept of FWHM’s relation to cold work introduced can be
applied to the plastic work of a peened sample in all diffraction measurement methods, as
long as the factors for each diffraction measurement technique is adhered to. This
dissertation aims to apply the full width half maximum of neutron diffraction peened
sample and to relate the peak width with the percentage of plastic work introduced to the
material from each type of surface treatment and is described further in chapter 3.

Figure 2.64: Residual stress and half width depth profiles of DCR, LSP and untreated AISI
304 austenitic stainless steel (Altenberger)
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Figure 2.65: Empirical curves relating the (420) diffraction peak width to percent work for
four nickel base alloys (Prevey 1987)

a)

b)

Figure 2.67: Residual stress and cold work distributions produced by shot peening Inconel
718 with a) moderate 6-8A 100% coverage and b) high intensity 5-7C, 400% coverage
(Prevey 1987)
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2.6 Concluding remarks
In conclusion, there are a number of peening surface treatments that have been extensively
researched in relation to the mechanical and microstructural effects to a material. Shot
peening has been compared with laser shock peening, low plasticity burnishing and deep
cold rolling. The effects that have been compared vary from the changes or alterations of
the surface finish, surface roughness, microstructural effects, hardness, residual stress
and/or plastic work (surface and cross-sectional). Ultrasonic impact treated research is less
extensive, and is limited to the processing parameters and residual stress measurement.
One paper compares shot peening with UIT treated material, the same applies for water jet
peened material. The one paper that compares water jet peening with shot peening
determines the effect of shot used within water. The literature currently available on water
peening is also limited to the peening parameters of the processes. For example, the effect
that the use of a water tank or not has on the finished product. The effect of peening on the
mechanical and microstructural properties of a material is limited to the surface finish and
residual stress of water jet peened material. Therefore it is deemed that this dissertation
should compare more than two different peening types, and their effect on a material that is
used in abundance in industry. In previous work there has been select work on austenitic
stainless steel in relation to the effects of peening (i.e. Altenberger), however there has not
been extensive analysis of the microstructural AND the mechanical effects of peening on
this material to date. Therefore all samples in this dissertation are austenitic stainless steel.
It is also noted from previous work on peening, that shot peening tends to introduce up to
200 microns of residual stress into a material. However, for LSP, UIT and WJCP the
magnitude and depth of CRS are varied. Thus, the comparison of two peening parameters
to determine if any change can be introduced to the materials microstructural and
mechanical properties are possible when comparing, for example irradiance of pulse from
LSP treatment shall be conducted.
It is also noted that there is limited evidence of the application to known areas of failure in
austenitic stainless steel, as the majority of peening analysis papers focus on thermal or
cyclic fatigue effects of the surface treatment. In theory, this knowledge is important and
of value, however the application of surface treatments and the effect of peening methods
to known areas of failure is currently lacking in print. Thus, the effect that peening has on
the residual stress depth profile of austenitic stainless steel multiple pass groove welds is
presented in this dissertation.
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Chapter three
Experimental Methods
3.1 Overview
The following chapter describes the dimensions and the peening treatments of each sample
measured. The samples are in three groups, with section 3.3 detailing the samples in each
group. This chapter also discusses the measurement techniques carried out on the samples.
3.2 Composition of Samples and Choice of Peening Methods
All the samples used in this dissertation are 304 austenitic stainless steel, except for the
filler used in the eight pass welds, which is 308 austenitic stainless steel, and the shot
peened samples of group one, which are 304L austenitic stainless steel. The L denotes a
lower carbon content and is used in when sensitisation of the steel may occur. Sensitisation
can accelerate failure through intergranular cracking and occurs due to carbon diffusion
within the material when at an elevated temperature (Honeycombe 1995). The shot peened
samples of group one were peened prior to realising that acquisition of 304L was difficult
in the quantity required for this study, so 304 stainless steel was acquired as a replacement.
The following table shows ASTM weight percentage compositions of 304, 304L and 308.
The table also states the actual composition of the plate all 304 samples were machined
from (Rahimi 2009).
Table 3.1: Compositions of materials used in weight percent (wt%)

304
ASTM
304
ASTM
304L
ASTM
308

Fe

Cr

Ni

C

Mn

P

S

Si

N

Bal.

18.15

8.60

0.055

1.38

0.032

0.005

0.45

0.38

Bal.

18-20

8-10.5

0.08

2.00

0.045

0.03

0.75

0.1

Bal.

18-20

8-12

0.03

2.00

0.045

0.03

1.0

Nil

Bal.

20

11

0.08

2.0

0.045

0.03

1.0

Nil

Following an evaluation of peening methods in literature, the conclusion for which peening
methods to apply to the austenitic stainless steel for this dissertation was that shot peening
102

should be one of the surface treatment methods to be used, as it is a commonly used
peening method within industry. It became clear that this method was used in abundance,
as the majority of peening literature researched for this dissertation, discussed the
application of shot peening to a material in some context. Thus it was deemed that the use
of un-peened samples and also shot peened samples would be used as good examples for
comparing previous work on peened austenitic stainless steel and the change in materials
properties when peened. The settings for the shot peening were discussed with MIC (Metal
Improvement Company), due to a vast experience in shot peening material. The range of
steel shot peening parameters available from MIC are shot size of 0.007 to 0.04 inches
(180 to 1000 microns) in diameter. The material was shot peened according to table 3.2,
after discussions with MIC about what range of parameters were best applied to 304
austenitic stainless steel, and treated at their site. The same applies for Laser shock peening
treatment (LSP). Although MIC only currently treats titanium commercially, their
experience and advice was noted in what range of parameters to apply for LSP treating the
austenitic stainless steel samples for this dissertation. The samples were LSP treated at a
MIC site. The available range of treatment for LSP at MIC are a spot size between 3 and
8mm2, and a pulse width of 10-25nS. The energy of the laser can be as low as 5 Joules,
however MIC set the energy of the laser at 16.2 Joules and change the spot size when
treating material, as this is deemed the most efficient energy of treatment. The samples for
this study were treated, so as to obtain a range of residual stress depth profiles with respect
to peening parameters.
The ultrasonic impact treated samples were treated by Professor Rodopolous in Greece.
His experience at Sheffield University has enabled the industrial application of this method
to be conducted at a site in Greece, run by its parent company Ultrasonics Inc. in the USA.
Previous work by Rodopolous (2007) enabled initial samples for group one to be treated
with general settings for stainless steel, which were applied, once advisement of the range
of settings were discussed with the author. For group two samples the application of the
advised settings were applied, but second layers and degree of probe overlap were
requested solely by the author in an attempt to eliminate undesirable effects of treatment
that became evident from experimental data of group one UIT samples.
The water jet cavitation peened samples were treated by Professor Soyama in Japan. After
a discussion of the equipments capabilities with respect to literature findings and time
available for treatment, a simple test of treatment parameters was decided upon. A
variation of time was decided upon, as an optimum working distance and pressure for
treatment of austenitic stainless steel to limit erosion of the material was evident from
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Professor Soyama’s previous testing of his water jet equipment. All samples peened were
treated at research or professional sites so as to limit any peening method anomalies as the
effect of peening on austenitic stainless steel is the goal of this dissertation.
As shot peening is used in abundance in industry, the effect of LSP was also considered to
be a valid application of peening to analyse, as it is becoming an increasingly researched
an applied method of surface treatment since the 1990’s due to an improvement in
experimental technique. The application of UIT is an unpatented similar surface contact
method of surface treatment comparable with features of UIP and LPB surface treatments.
It was potentially seen as the next step of surface treatment to be used, as it is also an easy
and cheap form of surface treatment, as much as shot peening is. It must be noted here that
the start and end side of UIT treatment was not noted by the treater, but was not deemed to
be a variable requiring consideration in this instance.
Water jet cavitation peening arose as a potential form of surface treatment that could be
applied through research into different surface treatments. The author could see the
financial potential of this treatment with respect to industrial application when researching
peening methods, thus was included in this dissertation.
For group one samples there were originally three different samples treated for each type
of peening method with varying peening parameters. However, due to time constraints, and
length of measurement time at neutron facilities, the two extreme treatment methods were
measured, as this dissertation looks at comparison of peening type along with comparison
of peening type settings. It was also evident from WJCP treated samples that the highest
peening length of time, were destructive in nature and deemed difficult to measure the
residual stress depth profile of this sample.
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3.3 Group One, Two and Three Samples
3.3.1 Group One Samples
Samples of group one comprises of nine samples, and the aim was to compare and contrast
four types of peening methods and the effect of peening parameter ‘A’ or ‘B’. The peened
samples are two shot peened (SP) samples, two laser shock peened (LSP) samples, two
ultrasonic impact treated (UIT) samples and two water jet cavitation peened (WJCP)
samples. The ninth sample is an unpeened coupon from the same plate that all other 304
austenitic stainless steel samples were cut from. Each peening type has an ‘A’ treated
sample and a ‘B’ treated sample, which relates to a change in the peening parameters of
that particular peening method. Table 3.2 summarises the peening treatment, whilst figure
3.1 depicts the samples dimensions. Each sample in this group was measured using neutron
diffraction, laboratory (Lab.) X-ray diffraction, nanoindentation, microscopy, EBSD
(electron back scattered diffraction), laser profilometry and magnetic analysis.

Figure 3.1: Dimensions of group one samples
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Table 3.2: Group one treatment summary
SAMPLE
SP A
SP B

TREATMENT
Shot peened with 110 (0.010” diameter) hard steel shot media with
a 200% coverage at an Almen intensity of 0.010 to 0.014″A
Shot peened with 330 (0.030” diameter) hard steel shot media with
a 200% coverage at an Almen intensity of 0.010 to 0.014″A
Laser shock peened with a spot size of 4mm x 4mm, a pulse width

LSP A

of 18ns with two layers of treatment and an irradiance of 5.6
GW/cm2. (LSP treated in accordance with AMS2546)
Laser shock peened with a spot size of 3mm x 3mm, a pulse width

LSP B

of 18ns, with three layers of treatment and an irradiance of 10
GW/cm2 (LSP treated in accordance with AMS2546)
Ultrasonic impact peened at a speed of 150mm/min with a single

UIT A

pin, length being 35mm and a diameter of 5.3mm with a tool
pressure of 10 Kg
Ultrasonic impact peened at a speed of 150mm/min with a single

UIT B

pin, length being 35mm and a diameter of 5.3mm with a tool
pressure of 22 Kg
Water jet cavitation peened with a tank pressure of 0.32MPa, a

WJCP A

nozzle diameter of 2mm, an injection pressure of 30 MPa, and a
nozzle standoff distance of 80mm for 2 minutes treatment
Water jet cavitation peened with a tank pressure of 0.32MPa, a

WJCP B

nozzle diameter of 2mm, an injection pressure of 30 MPa, and a
nozzle standoff distance of 80mm for 4 minutes treatment
This sample had no treatment other than a stress relieve treatment

Un-peened

described in section 3.3. All samples in this table had a solution

sample

anneal treatment prior to any further treatment to reduce or
eliminate machining stresses.
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3.3.2 Group Two Samples
Group two comprises of seven samples, six UIT treated samples and one un-peened
sample. The aim in preparing these samples was to compare the effect that the amount of
side-step between each probe raster (in one direction) has on the mechanical and
microstructural properties of 304 austenitic stainless steel. A secondary aim was to
determine if a second layer of treatment traversing perpendicular to the first layer of
treatment changes any aspect of the residual stress depth profile that the first layer has
introduced. The six peened samples include, two samples peened with a probe side-step of
2mm, two with a side step of 0.4mm and two with a side-step of 0.2mm. Each side step
type has one UIT sample with one layer of treatment and one UIT sample with two layers
of treatment (figure 3.3). The seventh sample is a benchmark unpeened sample from which
all the other samples were cut. Table 3.3 summarises the sample conditions and figure 3.2
depicts the dimensions of group two samples. Each sample in this group was measured
using neutron diffraction, Lab. X-ray diffraction, microscopy, magnetically and laser
profilometry.

Figure 3.2: Dimensions of group two samples
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Figure 3.3: Top view of probe directions and measurement directions of UIT for one or
two layers of peening treatment
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Table 3.3: Group two treatment summary
(All samples in this table had a solution anneal treatment prior to any further treatment to
reduce or eliminate machining stresses)
SAMPLE

TREATMENT
Peened with a single pass with a side-step of 2mm and a tool

UIT original

pressure of 10kg, a pin diameter of 5.3mm and a treatment
speed of 150mm/min
Peened with a double pass with a side-step of 2mm and a tool

UIT cross-hatched

pressure of 15kg, a pin diameter of 5.3mm and a treatment
speed of 150mm/min
Peened with a single pass with a side-step of 0.4mm and a tool

UIT sample 1

pressure of 15kg, a pin diameter of 5.3mm and a treatment
speed of 100mm/min
Peened with a double pass with a side-step of 0.4mm and a tool

UIT sample 2

pressure of 15kg, a pin diameter of 5.3mm and a treatment
speed of 100mm/min
Peened with a single pass with a side-step of 0.2mm and a tool

UIT sample 3

pressure of 15kg, a pin diameter of 5.3mm and a treatment
speed of 100mm/min
Peened with a double pass with a side-step of 0.2mm and a tool

UIT sample 4

pressure of 15kg, a pin diameter of 5.3mm and a treatment
speed of 100mm/min

Un-peened sample

This sample had no treatment other than a solution anneal
treatment described in section 3.3.
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3.3.3 Group Three Samples
Group three comprises of eight peened and unpeened samples. This group was designed to
determine the effect on the residual stress depth profile of a welded region of austenitic
stainless steel. Failure often occurs in the vicinity of welded joints, which may be aided by
a tensile residual stress present at the surface of the welded region (Cary et al. 1989).
Peening a welded area may extend the life of a material by introducing compressive
residual stress to the surface. The eight samples are two SP samples, two LSP samples, two
UIT samples, an un-peened weld and a sample of the parent material of the weld. For each
type of peening method a peened ‘companion’ block and a peened weld, were prepared
having the same thickness to ensure the residual stress depth profile of the block and
welded plate are comparable by eliminating the variable of material thickness. Figure 3.4
and 3.5 depicts the dimensions of the peened weld and the peened ‘companion’ block for
each peening treatment, whilst table 3.4 describes each peened sample and its surface
treatment. The weld plates were produced at Rolls Royce’s Derby site, and had a vnotched groove machined out of the middle of the plate to a depth of 10mm. The plate was
then solution annealed to eliminate or heavily reduce machining stresses. The weld was
created by gas tungsten arc welded (GTAW) (also known as TIG welding) with a stainless
steel wire of 0.9mm diameter as the weld filler material. Eight passes of weld material
were deposited, as seen in figures 3.5 A and B. Residual stress measurements were made
through the centre of the weld.

Figure 3.4: Peened ‘companion’ block dimensions
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A)

B)

Figure 3.5: Dimensions of A) peened weld and B) transverse view of the 8 pass
welded region
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Table 3.4: Group three sample treatment summary
(All samples in this table had a solution anneal treatment prior to any further treatment to
reduce or eliminate machining stresses)
SAMPLE
Shot peened block

TREATMENT
Shot peened with 330 hard steel shot media with a 200%
coverage and an Almen intensity of 0.020-0.025″ A
Shot peened with 330 hard steel shot media with a 200%

Shot peened weld

coverage and an Almen intensity of 0.020-0.025″ A over an area
of 60mm wide of the welded area

Laser shock
peened block
Laser shock
peened weld
Ultrasonic impact
treated block

Laser shock peened with a spot size of 3mm x 3mm, a pulse
width of 18ns with three layers of treatment and an irradiance of
10 GW/cm2.
Laser shock peened with a spot size of 3mm x 3mm, a pulse
width of 18ns with three layers of treatment and an irradiance of
10 GW/cm2 over an area of 60mm wide of the welded area
Ultrasonic impact peened at a speed of 150mm/min with a
single pin, length being 35mm and a diameter of 5.3mm with a
tool pressure of 22kg
Ultrasonic impact peened at a speed of 150mm/min with a

Ultrasonic impact

single pin, length being 35mm and a diameter of 5.3mm with a

treated weld

tool pressure of 22kg with the probe propagating in the length of
the weld and 60mm width of the welded area
Eight pass 308 austenitic filler welded into a groove in a 304

Un-peened weld

austenitic plate as shown in figure 3.3 made using tungsten inert
gas welding (TIG)

Un-peened block

This sample had no treatment other than a solution anneal
treatment described in section 3.3.
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3.4 Pre-Peening Treatment of Samples
When the samples were machined out of the original plate it results in residual machining
stresses being produced. As one of the main aims of this thesis is to determine the effects
of peening on the residual stress depth profile of austenitic stainless steel, then an
elimination or at least, a severe reduction of machining stresses is required prior to peening
of any samples.
It should be noted that the same plate of 304 was used to produce all the samples for
groups one and two. Samples for group three were sourced by Rolls-Royce, with the welds
made using a 304 plate and the companion blocks were cut out from a pressure vessel
prolongation ring.
Samples from group one and two, were heat treated for thirty minutes in an argon (inert)
atmosphere at 1050°C then gas fan cooled. Samples from group three were treated
according to Bodycote data card C05727 by Rolls-Royce. This corresponds to a heat
treatment up to a maximum of 1050°C at a rate of 20°C per minute. The samples were then
treated for 30 minutes at 1050°C ±10°C then gas fan quenched.
For samples of group one and two, the average grain size before and after heat treatment
was determined. This was carried out to ascertain if any grain growth had occurred at the
elevated temperature whilst being stress relieved. Before the stress relief the average gain
size was 48µm and after stress relief the average grain size was 61µm. The average grain
size was determined using ASTM standard E112-96 (2004) linear intercept method, and is
noted here that no significant grain size change had occurred. The yield of the material for
group one and two sample in this dissertation is 231Mpa (ASTM 215MPa) with the yield
determined via 0.2% offset yield strain. The yield was determined via ten tensile test
specimens machined from various sites of the original plate and an average was
determined.
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3.5 Sectioning of Samples
As stated above in section 3.4, machining or sectioning a sample can change the residual
stress present. To minimise this effect when sectioning the peened samples to appropriate
sizes for different experiments, a wire electro discharge machine (EDM) was used
(undertaken by my instructions at Rotadata (Rotadata, Derby). For this study, EDM used a
0.3mm diameter brass wire with a 150 volts applied across it whilst submerged in
deionised water (T. Vaughan comm. 2009).
Initial samples were machined out of a 13mm thick austenitic stainless steel plate to a
thickness of 8mm. The thickness of the samples were cut to this size so as to ensure that
the measurement of the material via neutron diffraction was for as small amount of time
possible, whilst ensuring that a residual stress depth profile of the different surface
treatments was present, and balanced, through the thickness of the material. Previous
knowledge from literature of UIT or LSP treated material having approximately 1-2mm of
compressive residual stress resulted in a conclusion that the material would have to be
thicker than 5mm to allow the tensile counter-balancing residual stress to be present and
measureable. The 304L SP treated samples from Group One were treated prior to
beginning of this study and were 8mm thick. Thus it was determined that the 8mm
thickness was an appropriate amount for the other peening treatments measured in this
study and for the balancing of residual stress to occur and also taking into consideration
that the thicker the material measured via neutron diffraction, the longer a full depth profile
takes.
For Group three samples the thickness of the welded plates was determined with respect to
the size of the weld placed in the plate. These plates were also used for other studies into
the variation of residual stress in welds, thus a longer length of time was allocated for
neutron diffraction measurement of these peened welded plates. It is highly recommended
that any further studies of peened welds take into consideration the considerable length of
time required to measure the residual stress present with respect to the dimensions of the
welded plates in this study. It took approximately 12 hours per through depth line scan for
a detailed residual stress depth profile to be measured without collimators
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3.6 Measurement Techniques
3.6.1 Surface Profilometry
It is evident from chapter two (section 2.4.2) that each type of peening method can produce
a different surface finish. If a peening treatment introduces a surface finish that is rough,
this may encourage early failure of a material by cracking forming within the valleys of a
rough surface (Kelleher comm. 2006).
A comparison of the surface finish of each peening type was carried out using a laser
scanner known as a Nanofocus Confocal CF4 machine. The laser measures the change in
surface profile in the Z direction as shown in Figure 3.6. The range of the laser scanner in
the Z direction is ±500µm. A step size of 20µm in the X and Y directions of the treated
surface was carried out to obtain a computerised image of the surface. One linear
measurement of points along the X direction was also taken to determine the surface
roughness (Ra) and the same line of points were used to obtain Rz the average height of the
surface profile of the peening treatment. The maximum and minimum height in Z is also
determined. Care was taken to ensure an appropriate filter length to obtain the surface
value.

Z
Y
X
Figure 3.6: Laser scanner directions
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3.6.2 Microstructure Determination
The analysis of the microstructure can be a key factor when interpretating the effect that
peening has on a material. To evaluate the effect that peening has on 304 austenitic
stainless steel properties, this dissertation reports three aspects of potential microstructural
changes from peening. The first aspect was cross-sectional through depth microstructures
of a sample, to determine if peening affects the microstructure of this material in any way
by comparing with other peening methods and an untreated samples microstructures. The
second aspect was to determine if peening induces transformation martensite in an
austenitic stainless steel and the third aspect was to determine if peening affects the texture
of this material.
For the through depth microstructural profiles the samples were wire EDM’d as shown in
figure 3.7 to approximate dimensions of 1.5cm x 1.5cm x 8mm. The new face of the
section was ground using successively finer silicon carbide abrasive grit paper on a wetted
rotating grinder. The new face was then polished on a disc shaped rotating polisher with
successively finer polishing discs which had diamond silica paste to a grit size of 1µm. The
samples were further polished using a colloidal silica suspension known as OPS, which
was slowly titrated onto a rotating synthetic polishing disc shaped cloth. This surface
treatment produced a scratch free, mirror finish, flat face for measurements to be carried
out on. Between any changes in grit size, the samples were washed with warm soapy
water, rinsed with ethanol and air dried with a warm fan heater.
The microstructures were etched and placed under an optical microscope to obtain images
using DC viewer software with a DC200 two megapixel camera. The polished surface was
etched by submerging the sample in a solution of 50% vol. (69% conc.) Nitric acid and
50% vol. water, with an applied low voltage and a carbon rod used as a cathode and a
scrap piece of steel used as the anode. Once there was a thin yellow film on the polished
surface the sample was removed from the solution, washed with ethanol and dried with a
warm fan heater. Images of the samples were taken and appropriate micrographs scales
were applied to the images using ‘image J’ software (rs website).
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Figure 3.7: Section removed for through depth microstructure analysis
The knowledge of the microstructure of austenitic stainless steels is used to support the
optical microscope findings. Literature (Honeycombe 1995) states that deformation
induced martensite and delta ferrite may be present in austenitic stainless steels. This may
be deformation-induced martensite that has been transformed from austenite to martensite
due to the plastic deformation that peening introduces into the material (Altenberger et al.
1998, Honeycombe et al. 1995). Two methods to evaluate the extent of martensitic
transformation are available. Firstly, the use of peak analysis using an X-ray diffractometer
(X-ray Xpert) to observe peaks of the new microstructure, and secondly to exploit the
ferro-magnetic properties of alpha martensite with magnetic measurements as alpha (α′)
BCC transformed martensite is ferro-magnetic.
Unfortunately the volume fraction of martensite compared with the austenite parent
material was found to be too small for the X-ray Xpert diffraction analysis to measure. It
was determined that the use of magnetics may overcome this volume fraction and
sensitivity issue, as FCC austenite is not magnetic. Application of a strong magnet on the
sample was used to simply confirm whether deformation-induced martensite was present
to support the optical observations of any microstructural effects of peening 304 austenitic
stainless steel.
Finally, EBSD (electron back scattered diffraction) was used to determine if any texture
was present within the material. A significant texture may result in anisotropic properties,
which is an undesirable quality in most industrial applications. The samples were wire
EDM’d to create a new face as seen in figure 3.7, then ground, polished and OPS polished
to a mirror finish the same as the optical microscopy through depth profile samples.
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Using the Cam scan SEM (scanning electron microscope) in the EBSD (electron back
scattered diffraction) mode the texture of the grains at the polished mirror finish surface is
determined. A step size of 40 microns across a 50mm by 50mm area from the edge of the
peened surface was measured. The sample was tilted at 70° to an incident beam of electron
and rocked over a range of angles to allow the electrons to diffract off planes of atoms on
the surface of the sample. The diffraction of planes resulted in a Kikuchi pattern produced
on a phosphor screen of the point being measured. The Kikuchi pattern is part of a
database of crystal structures that allows a point on the surface to be indexed (Oxford hkl).
The surface grain orientations are mapped by ‘stitching’ many points over an area of the
sample. The texture is represented via pole figures and a colour grain map of the area
measured. To quantify any texture present Channel 5 software, and the Tango and Mambo
settings were used (Humphreys 2001).

Figure 3.8: Example Kikuchi pattern of FCC austenite
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3.6.3 Hardness: Nanoindentation
As discussed in chapter two (section 2.5), peening can locally work harden a material at
and near the treated surface, which decreases in magnitude through the depth of the
material. The hardness depth profiles of austenitic stainless steel samples were compared
and contrasted with respect to the type of peening, and the peening parameters (Parameter
A and B). In order to quantify the hardness depth profile, sections from samples of group
one were wire EDM’d to dimensions of 1cm x 1cm x 8mm. A new face of the section was
ground using successively finer silicon carbide abrasive grit paper on a rotating wetted
grinder. The samples were then polished on a rotating disc shaped polisher with
successively finer polishing disc of diamond silica paste to a grit size of 1µm. The samples
were further polished using a colloidal silica suspension known as OPS, which was slowly
titrated onto a rotating synthetic polishing disc shaped cloth. This surface treatment
produces a scratch free, mirror finish, flat face for measurements to be carried out on.
Between any changes in grit size the samples were washed with warm soapy water, rinsed
with ethanol and air dried with a warm fan heater.
Figure 3.9 shows the direction of the nanoindentation depth indentations with respect to
the treated surface. To obtain an average hardness depth profile ten depth profiles were
measured. A two dimensional map of the ten depth profiles for the UIT samples is also
presented in chapter five so as to determine if a change in hardness occurs in relation to the
low overlap of UIT probe rastering (see chapter five for images). For the shot peened
sample the step sizes of nanoindentation was every 200 microns up 0.3mm deep, a step
size of 800 microns from 0. 3mm to 0.6mm, then a step size of 500 microns from 0.6mm
to 8mm deep. For the unpeened sample of group one and the LSP samples, the UIT sample
and the WJCP samples the nanoindentation step size at every 100 microns up to 2.5mm
deep, then a step size of 500 microns from 2.5mm to 8mm deep. The samples were
measured on an MTS systems Nanoindenter XP (MTS website), and after an initial
alignment of the sample all indentation was automated. The hardness is measured in GPa
rather than the standard microindentation Hv values as the indenter relates the size of the
indent to the hardness of the material.
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Figure 3.9: Direction of nanoindentation in relation to peened surface
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3.6.4 DIFFRACTION: Measuring residual stress
Chapter two discusses the three types of beams commonly used for diffraction
measurements, in this dissertation two of these types are used, namely Laboratory X-ray
diffraction and neutron diffraction. Section 3.6.4.1 discusses the method used for
laboratory X-ray diffraction, and section 3.6.4.2 discusses the method for neutron
diffraction measurement used for this study.
3.6.4.1 Laboratory X-ray diffraction
Laboratory X-ray diffraction measurements were carried out to support the neutron
diffraction residual stress depth profiles obtained. Section 3.5.4.2 discusses experimental
complications that arise through the use of neutron diffraction, with one main problem
being spurious surface strain measurements. Compensation of spurious strains can be seen
as a source of error in the accuracy of strain measurements, which exponentially in creases
as the magnitude of strain measured at the surface occurs. As peening a material produces
a high strain near the treated surface, laboratory X-ray diffraction can support neutron
diffraction as it has a low penetration depth and is a useful measurement technique for high
strain gradients, and as Lab. X-ray does not require any compensation for spurious strain
measurements it can provide detailed incremental measurements through the depth of the
near surface of the material.
All measurements were carried out on a portable proto iXRD (proto website) laboratory Xray diffraction machine (figure 3.10). The sample is placed on a motorised platform that
can move in X, Y, Z and omega (Ω) directions, with the X-ray beam aligned with the
surface of the sample with a pointer (Figure 3.11 and Figure 3.12). Using the sin2ψ method
(section 2.5.1.2.4) the strain of a point on the surface is measured at a range of eleven
angles (ψ) (Figure 3.14 and table 3.5), whilst assuming that the measurement angle made
normal to the surface is zero to obtain a do. The sin2ψ angles were plotted against the d
spacing. The gradient of the plot corresponds to the residual stress present at the point on
the sample being measured. For each point measured a single residual stress value and two
average FWHM values are produced as seen in figure 3.13 with each average FWHM
value being from detector one and detector two as indicated in figure 3.10.

121

Detectors

Collimator

Figure 3.10: Proto iXRD used for laboratory X-ray diffraction measurements

Z

X
Y
Figure 3.11: motor directions of platform plate
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Figure 3.12: alignment method of X-ray arm and detectors with the surface of the sample

Figure 3.13: Example of data obtained from a peened sample on the Proto iXRD laboratory
X-ray diffraction equipment and software
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2

Figure 3.14: Angle of sin ψ
2

Table 3.5: eleven angles of sin ψ diffraction method used
27

22.96

18.57

13.56

7.34

0

-7.34

-13.56

-18.57

-22.96

-27

All lab. X-ray measurements were made using the (311) plane of austenitic stainless steel
due to its high multiplicity and recommendation of the national physical laboratory good
practice guide for x-ray diffraction measurement as the appropriate plane to use for this
material (NPL guide 2005). Prior to any measurements, the equipment was calibrated, the
X-ray tube was heated, accuracy of the motorised platform determined, and the use of a
‘standard’ sample to obtain the diffraction peak at the appropriate diffraction angle for a
(311) austenitic stainless steel plane in relation to the detectors was carried out. To
eliminate any background signal from the data, once the diffraction angle and detectors
were aligned using a ‘standard’ sample, the iXRD software allows a background
measurement to be incorporated. The background sample is a stainless steel razor that has
a diffraction peak away from the range of the (311) plane that is of interest for this
dissertation. It allows the background to be observed with no peak, thus allowing an
elimination of this from the final residual stress and FWHM data. Once the calibration is
satisfactory the sample is aligned and a multiple exposure technique is selected to allow
the eleven diffraction angles to be carried out in one application. The multiple exposure
technique also allows the rotation of the sample in the Ω, which allows the in-plane
longitudinal and in-plane transverse directions of a sample to be measured at the same
point on a sample with extreme accuracy.
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A 2mm sized collimator with a Manganese tube and kα X-rays with an applied voltage of
20kV and a current of 4mA was used with 40 exposures with time of 20 seconds per
exposure. In some instances the platform was oscillated in the X direction ±2mm when
large grain size affected the measurements. Large grain size was observed when there was
inconsistency with the data being obtained and the peaks per point were erratic in height
when looked at individually. See figure 3.11 for motor directions of the platform the
sample is placed on. The sample was oscillated to increase the number of grains being
measured without increasing the collimator size or reducing resolution. It is noted here that
the sample was fixed into place with black mouldable putty known as Apiezon sealing
compound, to ensure that no movement of the sample occurred and that the surface was
level.
Table 3.6: NPL good practice guide recommendations for plane, X-ray tube, voltage and
current to use according to what material is being measured. (NPL guide 2005)
Material

Bravais

X-ray

K-β

Wavelength

2-theta

Lattice

tube

Filter

Å (all K-α1)

angle

{hkl}

Multipl
icity

anode
Ferrite, α-iron

BCC

Cr K-α

V

2.2897

155.1

{211}

24

Austenite γ-

FCC

Mn K-α

Cr

2.1031

152.3

{311}

24

CR K-α

V

2.2897

128.8

{220}

12

Cr K-α

V

2.2897

139.3

{311}

24

Cr K-α

V

2.2897

155.7

{222}

8

Cu K-α

Ni

1.5406

162.6

{333}/{511}

32

Cu K-α

Ni

1.5406

137.5

{422}

24

Mn K-α

Cr

2.1031

157-162

{311}

24

Fe K-α

Mn

1.9360

127-131

{311}

24

Cu K-α

Ni

1.5406

139.4

{213}

24

Ni

1.5406

135.6

{331}

24

iron
Aluminium

Nickel Alloy

FCC

FCC

Titanium

Hexagon

Alloy

al

Copper

FCC

Tungsten

BCC

Co K-α

Fe

1.7889

155.5

{222}

8

BCC

Fe K-α

Mn

1.9360

153.2

{310}

24

Cu K-α

Alloy
Mo Alloy
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Figure 3.15: Background elimination (blue line) on single diffraction peak of ‘standard’
calibration sample

Section 2.5.1.2.5. discusses the high attenuation of laboratory X-rays, for many metals,
attenuation is a limiting factor for the use of this process for residual stress measurements.
The penetration depth of laboratory X-ray of austenitic stainless steel is only a few microns
(Shackleton comm. 2010), hence for residual stress depth profiles of the peened samples
incremental layers are electrochemically removed. The sample is coated with a protective
layer of lacomit, which is a pink polymer based liquid that prevents the removal of parts of
a stainless steel sample exposed to the solution used for electrochemical removal. This
allows specific regions of a sample to be treated whilst the remaining are protected being
unaffected. The sample is placed in a chemical solution of 8% vol. perchloric acid and
92% vol. glacial acetic acid with an applied voltage of 40V with the sample acting as the
anode and a carbon rod acting as the cathode. The chemical solution removes the surface
of the exposed metal at an average rate of 8 microns a minute. The average rate of 8
microns per minute was calculated using a scrap piece of austenitic stainless steel of
similar dimensions and recording the removal rate over a number of timed segments of 1
minute, 5 minutes, and 10 minutes. A digital micrometer determined the amount of
material removed. Residual stress in the material redistributes to take into consideration the
dimension change. The change in residual stress with respect to the amount of material
removed is expressed by equation 3.1 (Fry 2002), developed by Moore and Evans (Moore
et al. 1958) from Sikarskie (1967).
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Equation 3.1

Where H is the original plate thickness, ΔZ1 is the change in thickness after layer removal,
!
σm is the measured
stress and σ(z1) is the corrected stress.

An incremental residual stress depth profile of each peened sample in group one and two
were obtained through to an average depth of 1mm into the 8mm samples as it appeared
that as the magnitude of residual stress reduced the data obtained became increasingly
scattered.
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3.6.4.2 NEUTRON DIFFRACTION
The research reported in this dissertation used three neutron diffraction strain measurement
facilities. All strain measurements described here are based on the 311 plane in austenitic
stainless steel due to its high multiplicity, a satisfactory structure factor and a elastic strain
gradient most consistent with the austenitic stainless steel average elastic strain gradient.
The three neutron beam lines used were SALSA, POLDI and ENGIN-X. SALSA is at the
Institut Laue-Langevin (ILL), Grenoble, France (ILL website) and uses neutrons from a
reactor source, whilst POLDI and ENGIN-X beam lines use pulsed neutrons from the
spallation process. POLDI and ENGIN-X beam lines are at the Paul Scherrer Institut (PSI)
in Switzerland and ISIS at the Rutherford Appleton Laboratory at Harwell, UK
respectively (PSI website, ISIS website).
SALSA is capable of measuring diffraction from a nominated plane and the change in peak
position equates to a change in the d-spacing of that particular family of planes. POLDI
and ENGIN-X are time of flight (TOF) beam lines, which measures diffraction peak shifts
of all the planes that satisfy Braggs law of diffraction at the angle used in the
polycrystalline material. Only the 311 plane values were taken from TOF measurements so
that direct comparison of other neutron and laboratory X-ray diffraction measurements was
possible. Below is a list of what samples were measured where.
Table 3.7: Which neutron facilities were used to measure which samples
Neutron Facility

Samples measured

SALSA

Group one sample, Group two samples
SP weld of group three

POLDI

Unpeened weld, SP block of group three

ENGIN-X

LSP weld, LSP block, UIT weld, UIT block
of group three

Using neutron diffraction, the change in elastic stain of a peened sample compared with an
unpeened sample was determined by the diffraction peak position known as a ‘shift’ to the
left or right by either the wavelength or theta (θ). This shift is then expressed in residual
strain or residual stress. When a change in position of the (311) diffraction peak was
measured, the full width half maximum (FWHM) was also obtained. The FWHM has a
relation to the work hardening (cold work) introduced into a material (Prevey et al. 1987).
A comparison of the FWHM values obtained from peened samples versus samples with
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known amounts of plastic work is a further comparison of peening treatments effect of the
properties of austenitic stainless steel. FWHM and the experimental procedures are
discussed further in section 3.5.

Figure 3.16: Full peak diffraction of polycrystalline material on TOF POLDI with
d-spacing in Angstrom

Figure 3.17: A (311) peak from POLDI of the d-spacing (in Angstrom)
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3.6.4.2.1 SALSA
The instrument SALSA consists of an incident (incoming) neutron beam from a steady
state reactor, which propagates down a beam line tube to a sample, where the beam will
diffract off the sample. Using Bragg’s law, a diffraction angle 2θ of a particular plane of
atoms (311) in a polycrystalline material is measured by the detection of the diffracted
beam with a position sensitive detector (PSD). The sample is fixed into a sample holder,
which is then fixed onto a hexapod. The hexapod consists of a platform and six pistons,
which enables the sample to be moved in the X, Y and Z directions, along with tilting the
sample in the Phi (Φ) angle and rotate in the Omega (Ω) angle 360° (figure 3.19). Prior to
sample measurement, SALSA alignment was carried out with a theodolite and a steel pin
to calibrate the incident beam with the centre of the hexapod platform (Hutchings et al.
2005)

3.18: SALSA layout (SALSA website)
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3.19: Movement directions and angles of sample on SALSA hexapod
Depending on the criteria required for the experiment, two methods may be used to define
the gauge volume required from the incident beam. The incident beam is defined into a
gauge volume with either slits or a collimator, with slits being used for a faster sample
measurement time and collimators used when a highly defined gauge volume is required
(chapter 2). Due to the amount of beam time allocated by ILL and the number of samples
that were measured, slits were used in all experiments carried out on this beam line to
ensure that the majority of the samples were measured. The samples were placed as close
as possible to both the incident (primary) and diffracted (secondary) slits to limit beam
divergence (section 2.5.1.2.6).
Group one and two samples were assumed to have a biaxial residual stress, therefore only
two sets of measurements were carried out on each sample. For each sample a number of
points were measured through its thickness with both set of measurements carried out via
transmission diffraction as shown in figure 3.20. Measurements can also be carried out in
reflection but beam attenuation may occur. To use the step points measured in both
longitudinal and transverse in-plane directions, each set of measurement scans were carried
out at the same step point through the sample so strain values may be calculated into
residual stress. To ensure the same in-plane depth profile measurement points the surface
of the sample was defined a zero position on the motor directions and marking the point to
start measuring on the surface.
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3.20: Transmission diffraction points through a sample in one in-plane direction, with the
motor positions shown as X, Y and Z (height)
To determine where the surface of a sample is, two options are available, line scans or
camera alignment. A line scan consists of quick measurements through the sample,
producing a peak intensity change versus position through the surface of the sample. As
the position of measurement moves through the surface of the sample the peak intensity
rises. Once the gauge volume is fully immersed into the sample the peak intensity
plateaux’s (figure 3.21). The centre of the linear section of the intensity slope is the
position when the gauge volume are half immersed within the sample. To determine the
surface position to an accuracy of microns, further line scans with finer and finer step sizes
near the estimated centre of the slope is carried out until the central point of the slope in
the direction the sample is measured through does not change. This point on the direction
is then defined as the surface of the sample, where the gauge volume is half immersed
within the sample.
Camera alignment uses strategically placed cameras in the translational X, Y and Z
directions, markings on the sample, and a metal ruler physically placed in the appropriate
positions to align the sample to hundredth of micron precision. Both sample alignment
methods were used in this study, however the majority were aligned using the cameras due
to ease of use and speedier set up.
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3.21: Peak intensity for a set time versus position of the sample with respect to the motor
position
Initial test measurements were carried out near the surface of the sample for when the
gauge volume would be partially immersed, and also in the centre of the sample, to
determine the required length of time for each measurement point to obtain a peak height
to background 3:1 ratio as stated in the VAMAS requirements (VAMAS 2001). The ratio
is a guide for beam line technicians to ascertain the length of time each measurement point
takes in relation to gauge volume size used, thickness of the material measured and the
attenuation of the neutrons in the material being measured to acquire the necessary number
of neutron counts for a peak to have a valid shape and height. The average length of time
for the positions measured in these samples was between 15 and 25 minutes depending on
the wavelength used and the measurement point in the sample. The diffraction angle for all
experiments on SALSA for the 311 plane of 304 austenitic stainless steel, were at 92° or
99° depending on the wavelength (energy) of neutrons available.
As the instrumental gauge volume steps through the surface of the sample, there are two
surface errors that require correction due to partial immersion of the defined volume that
the machine is measuring. Chapter two has discussed the gauge volume definitions and the
spurious effects that partial gauge volume immersion can generate on the results obtained.
For SALSA the centre of gravity (CoG), also known as spurious locations, of the
instrumental gauge volume was corrected to define the true measurement position having
occurred in relation to the sample in the X direction. The surface effect, also known as
spurious strains were corrected for by the measurement of an unpeened strain free sample
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of similar dimensions of the peened samples (Hutchings et al 2005, King 2004). The
folding method was used to compensate for spurious strain effects. For all SALSA
experiments the peak position for an unstrained 311 plane of austenitic stainless steel was
measured in the unpeened strain free sample with the gauge volume completely immersed
with in the sample. An average of at least five positions measured was determined and
used as the unstrained d0 value to calculate the strain required.
For each position evaluated in the sample, SALSA provides a number of peak parameters.
The main parameters of interest are the peak centre value and the FWHM value, although
analysis of the other parameters ensures no abnormal or erroneous points of data are
included and that the experiment was accurate and a success. Comparing the peak centre
value and the FWHM values with an untreated sample allows the residual strain and the
work hardening values for that point in the sample to be calculated. LAMP software at the
ILL facility allows the analysis of this data by a Gaussian fit. Each position measured has
its X, Y, Z omega, length of time of measurement, number of counts obtained by the PSD,
the peak height, the peak centre, the FWHM and the background of the measurement,
which allows an onsite analysis of the strain, surface effects, CoG and calculation of the
elastic residual stress of the peened materials.
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3.6.4.2.2 ENGIN-X AND POLDI
POLDI and ENGIN-X are both time of flight (TOF) neutron beam lines, but POLDI is a
continuous spallation source and ENGIN-X is the more traditional form of pulsed
spallation technology for neutron production (Hutchings et al. 2005), with chapter two
having discussed this in further detail. Figures 3.22 and 3.23 show the layouts of each
neutron beam line and platform for where the sample is placed (POLDI and ENGIN-X
web links). POLDI detects neutrons over time and distance versus the diffraction angle
(which is fixed). The process measures the length of time a neutron takes to travel from the
chopper, down the distance of the incident beam tube, diffract with the sample to the
detector with respect to the angle that it diffraction has occurred at. The chopper is a highspeed thin disc that allows a number of neutrons to pass through to the tube and then
sample through a number of slits placed radially on the chopper. The speed and the number
of slits may be altered with respect to the experiment. The flux of the neutron beam, and
the path length of the neutron guide tubes of the measuring station dictate the speed of the
chopper. The d value and FWHM value was obtained by a Rietveld fit of the diffractions
peak obtained and the 311 peak values were used to compare with other 311 peaks
measured.

3.22: POLDI and chopper design (POLDI website)
ENGIN-X also has neutrons selected via choppers so as to limit fast neutrons overtaking or
catching up with slow neutrons from a previous pulse, and it must be noted that ENGIN-X
has two detectors which allows transmission and reflection diffraction measurement to be
carried out simultaneously as seen in figure 3.23. This beam line was used for the majority
of the samples of group three as all three strain directions were required due to welded
regions showing triaxial residual stresses in other studies.
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3.23: ENGIN-X design (ENGIN-X website)
The gauge volume at POLDI was defined by slits at the incident primary side of the
sample, and the surface of the sample was aligned using line scans. The gauge volume for
ENGIN-X was defined by collimators, and the surface of the sample was aligned by lines
scans. Using Bragg’s law, at a fixed angle, the d-spacing, and the FWHM of a diffraction
peak of points measured through the depth of the sample were determined. The change in
d-spacing of a peened sample was compared with an untreated sample to determine the
residual strain present. The change in d-spacing was then expressed in residual stress using
the materials constants as discussed in chapter 2.5.1.2.2. Compensations for spurious
locations and spurious strains were accounted for. Using equations 2.3a, b and c the strain
is related to the residual stress present in the material at the measured points. The welded
samples were determined to have triaxial residual stress. Equations 2.3a, b and c were
applied.
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3.6.5 Plastic Work
When a polycrystalline material diffracts x-rays or neutrons the residual elastic strain
results in a shift in diffraction peak. Section 2.5.1.3 two discusses that peening a
polycrystalline material will affect the diffraction peak width. This is primarily due to
plastic work being introduced into the material as it is treated. The full width half
maximum (FWHM) has previously been correlated with the amount of plastic work
present in the area (or volume) measured of plastically worked samples (Prevey et al.
2001-2004, Cullity 2001). Previous studies show the relation with plastic work and peak
width from other surface treatments and other materials. This dissertation compares the
change in FWHM of the samples of group one in two ways. The first is a comparison of
plastic work introduced by the type of surface treatment on 304 stainless steel. The second
comparison is the magnitude of plastic work present in a type of peened sample.
3.6.5.1 Type of Peening Treatment
Each type of peening treatment can potentially introduce a change in the FWHM to
different depths of a treated sample. This may correlate to the magnitude and depth of
compressive residual stress or nanoindentation depth profiles obtained (see sections 3.6.3
3.6.4). The type of peening method FWHM values are compared from every point
measured via neutron diffraction at SALSA. The FWHM values are compared with the
depth of compressive residual stress, and nanoindentation depth profiles of a treated
sample.
3.6.5.2 Magnitude of Plastic Work
Previous studies (Prevey et al (2000,2001,2002,2003,2004) and Altenberger in conjunction
with Nikitin and Nalla (1997,1999,2003,2004,2005,2007)) have all assessed the FWHM of
a peened material) and compare the plastic work of a material to the FWHM of a
diffraction peak. To determine the percentage of plastic work present in a peened sample, a
calibration curve of FWHM versus plastic work percentage is created, by measuring preset
compressively strained cylinders of the same material.
The yield of the plate used as the source for samples in group one was determined to be
231 MPa as compared with AISI value of 215 MPa of 304 austenitic stainless steel(figure
3.24). Tensile test cylinders were created to determine the 0.2% proof of the material. Ten
tensile cylinders were machined from different areas of the original plate of 304 austenitic
stainless steel. The tensile cylinders were tensile tested according to ASTM E8-04 using a
universal static RT100 tensile testing machine. Once the yield strength of the material was
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known the compression cylinders were compressed to a percentage of plastic work
according to ASTM E9-89a. The percentages of plastic work are 0%, 1%, 2%, 4%, 7%,
15% and 20%. The compression cylinders were measured via neutron diffraction at
SALSA to obtain calibration curves of plastic work percentage versus FWHM. A
comparison of plastic work with peening treatment for neutron and Lab. X-ray FWHM
data was carried out.

Figure 3.24: Example of stress strain tensile test for 304 austenitic stainless steel plate
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Chapter Four
Results and Discussion: Group One Samples
4.1 Chapter Overview
The following chapter compares four types of peening methods and the microstructural
and mechanical changes to austenitic stainless steel samples. It also compares the
microstructural and mechanical changes of two peening parameters (A and B) of each type
of peening method. The chapter starts with the visual examination of the surface finish of
each type of peening method. The chapter then evaluates the microstructure of the
material, followed by any change in residual stress of a treated material by comparing each
type of peening method and also each peening parameter (A and B). It concludes with a
comparison of FWHM data with respect to percentage plastic work.
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4.2 Surface Finish: Profilometry and Surface Roughness
An example of the surface finish for each peening type is shown, along with a linear
profile in Figure 4.1 (section 3.6.1) of each surface, across a central 10mm section of each
sample in the X direction as shown in figure 3.6. Any curvature present from the surface
treatment was removed from the profile graphs, as the sensitivity of the measurement
equipment resulted in the nominally visually flat surfaces having an increase in gradient
from one end of the sample to another. It is noted here that WJCP treatment can peen the
whole surface of a material, but as the sample was required to be processed within a few
days the ring treatment is the quickest form of treatment available. All surface profile
measurements were carried out on the treated region of the WJCP sample. The profile of
the WJCP treated sample and the surface roughness took into consideration the size of the
treated area, with appropriate filter applied for Ra (chapter 2.3). The peened samples
shown in figure 4.1 are all of parameter A (table 3.2) as there was no visual or profile
difference in the peening parameters surface finish. Table 4.1 is the surface roughness (Ra)
and the average surface height (Rz) of the 10mm profile measured.
From the images it is clear that each peening type produces a distinct surface finish. The
unpeened sample shows a smooth, slightly dimpled surface finish with a ±10µm change in
the height of the surface. The surface finish of the SP sample has a similar surface finish to
the unpeened sample, but with a slightly more dimpled effect and a profile slightly rougher
with a ±20µm change in height (Z). The slight increase will be from the random
bombardment by spherical shot of the samples surface when SP treatment is applied. The
LSP treated sample shows a distinct grid like pattern on the surface of the sample and has a
±20µm change in height across the 10mm section of the sample measured for the profiles.
There does appear to be a repetitiveness of the LSP treated surface as highlighted on the
profile of the sample owing to the fixed treatment process LSP carries out on the material
to form a grid shaped surface finish. The UIT sample has a very distinct surface finish due
to the overlap distance between each probe raster across the surface of an average of 2mm
(table 3.2). The groove shaped surface of the UIT sample is supported by the profile of the
image to its right (figure 4.1 d) clearly showing the undulations of the groove. The
measurement step size of 20µm however, was not sensitive enough to accurately measure
the depth of the grooves and the change in height of ±10µm, and a finer step size was not
possible on the nanofocus equipment used and due to its limitation in height (Z) of
±500µm and the slight curvature of the sample this could also limit the accurate profile
analysis of the UIT samples surface profile. The surface finish of the WJCP sample shows
a slightly pitted effect of the treatment and is distinctly seen in the profile of the area
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measured (Figure 4.1 e). The two dips are -30µm whilst the average of the rest of the area
measured is ±15µm, which coincides with the height of the unpeened sample height values
(Figure 4.1 a). The slight pitting of the samples surface from WJCP may be a
disadvantage, as the use of material treated with this peening method in corrosive
environments may accelerate cracking through pitted points.
a) Unpeened sample

X direction

b) SP A sample
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c) LSP A sample

d) UIT A sample
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e) WJCP A sample

Figure 4.1: Photographic images of a) unpeened surface and b) to e) peened surfaces of
each peening type with a linear profile of the each surface treatment in the X direction
(section 3.5)
The surface roughness and average surface height of the peened samples in table 4.1 show
a limited result. The surface roughness values do not appear to show any change in
roughness between the unpeened and shot peened samples. It also appears that the LSP
treated samples are less rough than the unpeened samples. The UIT B sample shows a
higher surface roughness than the unpeened sample, but the WJCP samples appear to be
smoother than the unpeened sample, which when comparing the surface roughness values
with the images and profiles in table 4.1 and figure 4.1 are uncomplimentary results. Using
the surface roughness (Ra) as a comparative tool for different peening treatments appears
to be inconclusive.
When comparing the average height of the treated samples (RZ) there is a correlation
between the images seen in figure 4.1. The (RZ) values show that the unpeened sample has
the lowest value at 17 microns, and that the LSP and SP treated samples have a slightly
higher height roughness change, whilst UIT treated sample, especially UIT B, has a
significantly higher RZ. The WJCP samples are not comparable to the surface changes
from the water treatment. As seen in chapter two, the surface roughness and height of
different shaped samples can result in the same Rz and Ra. In conclusion the use of ‘surface
roughness’ to compare different surface treatments is not an easily used measurement
technique for comparison. It is however useful for determining surface parameters of a
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particular surface treatment that can be adhered to for treatment of material, i.e. surface
roughness to be within certain Ra values.
Table 4.1: Surface values of each peening type and peening parameters A and B with a
filter of 2500µm
SAMPLE

Ra (microns)

Rz (microns)

Un-peened

3.1

17

SP A

4.0

28

SP B

3.9

20

LSP A

4.6

25

LSP B

4.1

23

UIT A

4.9

24

UIT B

8.2

37

WJCP A

1.4*

4.5*

WJCP B

1.2*

7.2*

* With a filter of 250µm
In conclusion, it is evident that SP and LSP treatment produce a slightly rougher surface
than an unpeened sample. It shows that the UIT type of treatment produces an undulating
surface finish. The WJCP treated sample shows evidence at approximately 2.3mm and
5mm along the measurement of erosion of the material having been treated. This is a factor
that would require improvement, as erosion of a material already in use would result in
early failure. From Figure 4.1 it is evident that LSP produces the smoothest finish,
followed closely by SP treatment. SP treatment can create very small ‘dimpled’ effect on a
surface, which if used in a corrosive environment may encourage chlorination (Shreir
1994). When comparing with other surface finish values in literature as seen in table 2.2
and 2.3 there appears to be similar surface roughness values for the shot peened and water
peened samples, however the laser shock peened surface roughness values are lower than
the values obtained in this study. This is most likely due to the unpeened samples surface
roughness being 3.1µm as it had not been polished prior to surface treatments. This was to
ensure continuity if a particular surface treatment would be applied in industry as it would
most likely be uneconomical to polish the material before treatment.
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4.3 Microstructures: Optical Microscopy
It is evident that each peening type introduces a change in the surface of the austenitic
stainless steel samples as seen in section 4.2. The physical effect of peening is discussed
further, through optical micrographs taken through the thickness (depth) of samples of
group one (as discussed in chapter 3 section 3.3.1, 3.4, 3.5 and 3.6.2 and figures 3.7).
Figure 4.3 are micrographs at the edge of the surface of an un-peened sample and each
type of peening method. When the microstructure of a peened sample is compared with an
un-peened sample, there are changes in the microstructure of the stainless steel. The grains
near the surface of the SP sample have a lack of definition due to high plasticity of the SP
treatment (Altenberger et al 1999, 2002, MIC). A large amount of darkened regions within
the area close to the surface are likely to be deformation-induced martensite. Peening
introduces plastic deformation, which if large enough or at a high strain rate, induces a
diffusionless shear transformation of austenite regions to martensite. Two types of
deformation-induced martensite with austenitic stainless steel, one being Epsilon (ε) HCP
(hexagonal close packed) non-ferrous martensite and the other is Alpha BCC (body
centred cubic) ferro-magnetic martensite (Honeycombe et al. 1995, Higo e al. 1974).
Confirmation of ferro-magnetic deformation induced martensite present from peening in
these samples is discussed in section 4.4. From Higo et al. (1974) the presence of epsilon
transformed martensite are in the form of thin plate band like structures, which is highly
evident in figure 4.3 as indicated. The direction of the epsilon martensite is consistent with
the low stacking fault energy for slip to occur when under deformation, which is at a slight
offset to 45° to the direction of the load (Honeycombe 1995, Tavaresa et al. 2009).
The LSP, UIT and WJCP also show evidence of deformation induced martensite and
epsilon martensite. It is also noted that there are annealing twins present, which are
characteristically wider then deformation twins. The twins are present in all samples,
including the unpeened sample and are a product of when the original plate was formed
from the annealing temperature that all samples were machined from. The UIT treated
samples (4.3 g and h) appears to have the largest amount of deformation induced
martensite visible when compared with the other micrographs (4.3 a-f, i and j), which
suggests that UIT treatment has the highest level of deformation through the thickness of a
treated material. Confirmation of this would be to measure increasing amount of plastically
deformed material through peak analysis and FWHM, and is suggested as further work. SP
treatment has the largest magnitude of plastic deformation in a small region, seen by the
high grain degradation at the surface. LSP and WJCP treatment show a low presence of
deformation induced martensite, with only a few striations present in a small number of
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grains near the treated surface and sub-surface. This suggests that these two treatments
have a lower plastic deformation introduced to the material when compared with SP or
UIT. Although there is evidence in chapter two of deformation induced martensite present
in material from laser shock peening, the current available images are surface
microstructures and TEM images observing dislocation density of this surface treatment,
Therefore further study of increased laser irradiance per centimetre squared of energy is
highly recommended of austenitic stainless steel to see if any distinct microstructural
changes are possible when using this form of surface treatment.
A change in phase of a microstructure from austenite to martensite will result in a change
in hardness, thus the measurement techniques to determine the hardness of a peened
material must be carefully selected to overcome the problem of an indentation including a
transformed martensite plate or lath. The change in phase also introduces a new boundary
between austenite and martensite for crack propagation to occur along. Although peening
introduces compressive residual stress to a treated surface and sub-surface, which hinders
crack formation. The new boundary of martensite to austenite may be a possible source of
crack propagation from a surface. See chapter 7 of ‘further work suggestions’ for other
methods to determine the effect of deformation-induced martensite present in austenitic
stainless steel in relation to corrosive or fatigue environments.
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a) Unpeened Sample

b) SP A edge
Deformation induced
epsilon martensite

Grain
degradation

c) SP B edge

Annealing twin

d) SP B martensite
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Deformation
induced
martensite

e) LSP A edge

f) LSP B edge

Deformation
induced
martensite

g) UIT A edge view and evidence of martensite within austenite grains
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h) UIT B edge

i) WJCP A edge

j) WJCP B edge

Figure 4.3: Through depth etched optical micrographs (section 3.5.2) of each peening type
and an un-peened sample for comparison
* It is noted that the SP samples are 304L, and from a different source, hence the
noticeable difference in grain size.
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4.4 Evidence of Alpha Martensite Using Magnetics
A simple method to determine the presence of deformation induced alpha martensite (α′)
within a dominant phase of austenite is by the use of ferro-magnetism. Austenite (FCC) is
not magnetic, whilst deformation induced BCC α′ martensite is (Mori comm. 2010, Higo
et al. 1974, Honeycombe 1995). The use of a strong magnet placed against the peened and
un-peened samples showed that the un-peened sample did not stay attached to the magnet
when the magnet was moved away from the bench the sample was placed on. The peened
samples did stay attached to the strong magnet when held away from the bench. This
confirmed the presence of deformation induced α′ martensite.
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4.5 Work Hardening: Nanoindentation
When a material is plastically worked, such as polycrystalline austenitic stainless steel, the
material will work harden through dislocation movement with the eventual pinning of
dislocations from defects such as vacancies, precipitates, sessile dislocations, or crossing
of dislocation. The samples in this group have been peened on one surface, which
plastically deforms the treated surface and attenuates through the depth of the material.
This results in a gradient of a work hardening from the surface treatment, with the
maximum hardness at the surface. Section 4.5.1 discusses the depth and magnitude of the
hardness values from the peening method, section 4.5.2 presents and discusses the effect
peening parameters A and B have on the hardness depth profile of each peening type, and
section 4.5.3 presents and discusses a comparison of the hardness depth profiles of each
peening type of group one samples. The nanoindentation depth profile of group one
samples is shown in figure 4.4 to 4.7. Each nanoindentation depth profile is the average of
10 depth profiles carried out on each sample.

4.5.1 Depth and Magnitude of Hardness Values
A comparison of each peening method with an un-peened sample shows that SP treatment
has a distinct work hardened region (figure 4.4). The SP sample also shows a rapid
decrease in hardness within 200 microns into the sample. This correlates well with the
deformed region in Figures 4.3 b, c and d. Section 4.3 states that the sub-surface
microstructure below the SP treated surface has a degradation of grain shape and the
potential of large areas of deformation induced martensite. If deformation induced
martensite is present in large amounts, this may affect the nano-indentation values obtained
for the SP samples. However when compared with literature there has to date been no
nanoindentation depth profiles carried out. Only microindentation cross –sectional depth
profile or surface microindentation depth profiles have been measured on shot peened
sample. Microhardness values, will also not take into consideration the presence of
martensite, as the indent will be large. ASTM microindentation testing methods states that
the indent must be three times the width of indent away from the edge or another indent.
Thus near surface indentation is not possible, or the weight of the indent (i.e. 500g Hv0.5)
results in a high error and unreliable results. Further study of SP austenitic stainless steel
impacted at different speeds, lengths of time, and percentage coverage to correlate the
hardness values shown in figure 4.4 and peak phase analysis of martensite and plastic work
(FWHM) is recommended. Further study might show a distinct change in hardness values
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after a certain amount of treatment. In this instance the hardness values obtained will be
presumed to be the true hardness values of SP 304 austenitic stainless steel and not
affected by the content of martensite present. Nano-indentation produces a small
indentation, thus reducing the statistical chance of indenting on purely martensite when
compared with micro-indentation.
The laser shock peened samples in figure 4.5 do not show any evidence of work hardening
detectable by nanoindentation. This supports the findings of previous researchers (Nikitin
et al. 2007, Mass et al. 1995). This is also supported by limited evidence of transformation
induced martensite in micrograph figures in section 4.3 of LSP samples. This suggests that
the amount of plastic deformation that LSP treatment introduces is low. The UIT and
WJCP graphs both show a slightly elevated hardness region at the treated surface, which
slowly diminishes to a steady value between 0.75 and 1 mm into the sample. However, the
amount of martensite present in the micrographs in the previous section (figures 4.3)
suggest that the amount of UIT hardness would have been expected to be higher as there is
evidence of a large amount of martensite present in the micrographs. This suggests that the
amount of plastic strain is not solely directly correlated with the amount of plastic
deformation introduced to a material. Further study of the dislocation density (TEM),
martensite volume fraction (synchrotron phase analysis) and the elastic and plastic strain
present via diffraction methods would further determine the correlation of the hardness
depth profile and the effects of peening.
4.5.2 Hardness Comparison of Peening Parameters A and B
When peening parameters A and B are compared for each peening type, it is evident that
there is no difference in the hardness values obtained from nanoindentation depth profiling.
This could be due to an inappropriate method of examining the work hardening effect of
peening, or it may be that the parameters compared are too similar for any distinction to be
observed. See chapter 7 ‘suggestions of further work’ for alternative methods.
It is noted that there appears to be a difference in the base value hardness of SP B with the
unpeened region showing a higher level of hardness than SP A. Nanoindentation tests were
carried out on two separate parts of the SP B sample, both each having 10 nanoindentation
depth profiles carried out. It appears that the sample that was treated to SP B settings has a
higher hardness than SP A possibly due to where the samples were machined out of the
304L bar. As stated in chapter three the SP 304L samples were surface treated prior to this
dissertation by a third party, thus only speculation is possible as to why the hardness values
of SP A and SP B are different.
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Figure 4.4: Nanoindentation depth profiles of SP A and SP B

Figure 4.5: Nanoindentation depth profiles of LSP A and LSP B
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Figure 4.6: Nanoindentation depth profiles of UIT A and UIT B

Figure 4.7: Nanoindentation depth profiles of WJCP A and WJCP B
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4.5.3 Discussion of Hardness Depth Profiles
A comparison of parameter A hardness depth profiles of each peening type (figure 4.8)
clearly shows SP treatment results in the highest hardness near the surface having a
hardness of 4.3 GPa, and has the smallest hardness change through the depth of the
material of approximately 200µm. It is noted here that the lines are ‘best fit’ lines and for
UIT, LSP and WJCP treated samples the first measurement was carried out at 100µm into
the material. The indents for these three types of peened samples were started at this depth
due to the residual stress gradient and depth profiles obtained showing that the gradient is
lower and the depth of compressive residual stress is deeper than SP treated samples. Any
future work of nanoindentation depth profiling would include points as close to the edge of
a sample as possible.
The figure below suggests that SP has a large amount of plastic deformation occurring
when treating material, but does not have the velocity required for a large amount of work
hardening to occur through the depth of the material. Figure 4.8 shows that LSP treatment
does not work harden the material when treated, but UIT and WJCP does. The magnitude
of hardness of UIT and WJCP is 3.6 GPa, and the depth of hardness is 0.65 and 0.55mm
into the sample respectively. It shows that although the amount of plastic deformation
occurring in UIT and WJCP treated samples is lower than SP, the depth of work hardening
is larger (see section 4.8 with plastic strain for support). This may be comparable with the
speed of the peening process and further work is required to compare each speed of impact
for each peening type. Therefore a combination of the speed and the intensity of each
peening method as further work would further justify this basic application of the laws of
thermodynamics and kinetics.
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Figure 4.8: Comparison of peening types (parameter A) nanoindentation depth profiles
with an un-peened sample
In conclusion, nanoindentation cross-sectional depth profiling of peened austenitic
stainless steel samples shows that SP treatment introduces the largest change in hardness of
a treated surface, when compared with an un-peened sample. It also shows that LSP
treatment introduces no significant change in hardness with the peening parameters,
material and measurement method used, whilst UIT and WJCP treatment shows a
noticeable change with gradual decay of hardness through the depth of the material. It also
shows that SP treatment has the steepest hardness gradient through the depth of the
material whilst UIT and WJCP treatments have a much shallower decline. The difference
in hardness of the first two points of the WJCP treated sample could be attributed towards
erosion of the material when under treatment. It is also concluded that nanoindentation
profiling does not show any difference in hardness values when comparing peening
parameters A and B.
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4.6 RESIDUAL STRESS: Laboratory X-ray and neutron diffraction
The common requirement from peening is to introduce compressive residual stress (CRS)
to a surface, which will hinder, or eliminate early failure of the material. To accurately
measure the CRS each peening type introduces to the samples, an amalgamation of
laboratory X-ray diffraction and neutron diffraction data is plotted as residual stress depth
profiles for all of group one samples (section 3.2 for group one peening criteria). The
laboratory X-ray and neutron diffraction measurements are plotted with best-fit profiles
applied. As near surface neutron measurements are vulnerable to large errors due to
spurious strains (section 2.5.1.2.6.), incremental laboratory X-ray diffraction
measurements can be applied to support the neutron near surface measurements, as
laboratory X-ray diffraction can be a highly detailed measurement technique when needed
with a small step size applied. However, laboratory X-ray data obtained from layer
removal methods are time consuming due to the Moore and Evans (1958) layer removal
compensation equation requiring an “incremental amount of material removed with respect
to the amount of material in total”. Thus a limited number of incremental points are usually
measured, and in this dissertation laboratory X-ray measurements have been carried out on
the 8mm deep samples of group one from the surface up to approximately 1 to 1.5mm
deep, whilst the data points further through the cross-sectional depth of the material, from
approximately 0.7mm deep, are neutron diffraction values.
Section 4.5.1 shows a residual stress depth profiles for each peening type and its treatment
parameter A or B. The shot peened samples are assumed to have isotropic residual stress,
which was confirmed by laboratory X-ray diffraction in both in-plane longitudinal and
transverse measurement directions (figure 4.9). The directions of the in-plane longitudinal
or in-plane transverse were labelled to define each direction especially with respect to the
UIT treated samples. For the UIT samples the in-plane transverse direction was transverse
to the direction of the probe raster grooves. In-plane longitudinal and in-plane transverse
direction titles were used to ensure flow of directions with chapters 5 and 6 where the use
of X and Y directions would prove confusing for welding directions. All other peening
types (other than SP) are plotted in both directions, with one strain/stress direction for both
parameters plotted on a separate graph. Section 4.5.2 compares each peening types residual
stress depth profile by comparing parameter A of each method. Samples of group one were
assumed to have an in-plane biaxial residual stress, thus only two directions were
measured. Measurements of an un-peened sample on laboratory X-ray diffraction and
neutron diffraction showed negligible residual stress present throughout the thickness of
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the material. It must be noted that although all the samples in group one were 8mm thick,
due to time constraints of the neutron diffraction experiments, residual stress
measurements of the complete thickness of the samples were not carried out.

Figure 4.9: In-plane measurement directions
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4.6.1 Comparison of Peening Parameters A and B Residual Stress Depth Profiles
(Group One Samples)
Figures 4.10 to 4.17 show the residual stress depth profiles of SP, LSP, UIT and WJCP
types for the two peening parameters A and B. Comparing the SP shot diameter size
parameters A (0.011”) and B (0.033”) in figure 4.10, there is no significant difference in
the residual stress depth profile between the two treatments. There is a slight change in the
compressive residual stress (CRS) measured at the surface of the material of -660MPa and
-580MPa for parameter A and B respectively. This may be due to the process of the
peening method. A ‘200% peened coverage’ is carried out visually by a technician who
observes the elimination of a fluorescent dye sprayed on the surface of the material
(O’Hara comm. 2010, Masse 1995). This can result in a slight change in CRS developed
from SP via human error or that the shot hitting the target material is a random process and
may hit one region slightly more on one sample than on another. The maximum CRS is
however, below the depth of the treated surface at 0.03 and 0.04 mm deep and at -780 and
-760 MPa. As seen in section 2.5.1.2.9 this is to be expected form SP treatment. The depth
of CRS of a couple hundred microns and between a range of -500 and -1200 maximum
CRS for this from of surface treatment is to be expected. The dip in CRS near the surface
may be due to two possibilities. The first is that the sample is fixed in place when being
peened and on release of being fixed the sample will recover the constraint slightly, thus a
reduction in CRS at the surface. The second possibility is due to no strain present in the
third dimension (perpendicular to the surface), thus less constraint, and a lower CRS. The
depth of CRS for parameter A is 0.34mm and 0.39mm for parameter B, showing negligible
changes for the change in SP parameters on the residual stress depth profile from this
peening type. Further study into controlled and un-controlled coverage, percentage of
coverage, and speed of peening process, working distance form the sample when under
treatment and comparison of different materials at a set SP parameter would be of
advantage to create a reference for industrial knowledge of the peening process with shot
steel. The bending moment of the material appears to show equilibrium but as the full
residual stress depth profile is incomplete at the back face of the material, it can only be
assumed, not confirmed. The gradient of the slope after the CRS is balanced by the tensile
residual stress present is very low, as a material will always use the maximum amount of
material to balance the residual stress introduced, and as the depth of CRS is small the
amount of material present able to balance the residual stress is large, hence a low gradient
of balancing moment.
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4.10: SP A and SP B residual stress depth profiles using Laboratory X-ray and neutron
diffraction.
Top graph shows both neutron and Lab. X-ray measurements along with trend line
Lower graph are Lab. X-ray diffraction measurements
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Residual stress depth profiles of LSP treated samples are seen in figure 4.11and 4.12,
shows that the in-plane longitudinal and transverse directions measured (shown in figure
4.9). Comparing parameter A and B for both in-plane directions, the longitudinal directions
shown in figure 4.11 has a CRS of -220MPa at the surface for LSP A and -200 MPa for
LSP B, with a maximum CRS of -240 and 220 MPA for LSP A and B at a depth of 0.1 and
0.2mm respectively. There is however a distinct difference in the depth of the CRS when
comparing LSP treatment A and B. The depths of CRS in the in-plane longitudinal
directions are 2.6mm and 3.3mm for LSP A and B peening parameters. This is supported
further in figure 4.12 in the in-plane transverse directions. Again, the CRS at the surface is
similar with LSP A and B transverse being -200 MPA and 150MPa and a maximum CRS
of -205MPa and -200 MPa at 0.2mm and 0.3mm for parameter A and B laser shock
peening. The depth of CRS is again a different depth with peening parameter of
approximately 0.5mm with LSP A treatment having a depth of CRS of 2.1mm whilst the
depth of CRS for LSP B is 2.6mm. This suggests that a change in peening parameters of
LSP A to LSP B increases the depth of CRS introduced to the 304 austenitic stainless
steels samples. LSP A treatment had two layers of treatment with a spot size of 16mm2 and
an irradiance of 4.6 GW/cm2, whilst LSP B treatment had three layers of treatment, a spot
size of 9mm2 and an irradiance of 10 GW/cm2. The increase in CRS is expected to occur
due to the increase in irradiance per centimetre squared when treated. It is noted however,
that the laboratory X-ray measurements are very scattered and this may have been due to
either large grain size or texture of the grains in the measurement points. Section 4.8
discusses this further through the use of EBSD. There is also a possibility of an undulation
in the results through the depth of the material. Speculation as to the source of the
undulations maybe from measurement technique, changes in microstructure prior to
peening treatment, such as change in grain size or even from the peening treatment itself,
due to LSP introducing residual stress to a material from shock waves. As waves can have
a sine shaped format, it could be speculated that the undulations may of occurred due to the
physical nature of LSP treatment. Further investigation into the properties of laser shock
peening in general would be of benefit to determine if this method is responsible for the
waviness of the residual stress depth profiles seen in figures 4.11 and 4.12, or whether it is
a phenomenon that has occurred in this particular set of results. To date there is no neutron
residual stress measurements of LSP treated austenitic stainless steel to compare these
results against from other researchers work. Thus a further understanding into the
mechanics of laser shock peening as a surface treatment method would be of benefit,
focussing on the aspects of LSP parameters, and the physical effect’s this method can
introduce to a material. Further research on the peening parameters of LSP treatment
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would further the understanding of the magnitude and depth of CRS capable of being
introduced to austenitic stainless steel samples.
One other distinct factor that the author pursued within this work, of a variable to consider
when LSP treating material, was if there was an effect on the temperature of the material
being treated when using laser shock peening. This is something that was pursued as a
potential answer to the less structured residual stress depth profiles obtained from LSP
austenitic stainless steel for this study when compared with the other three surface
treatment methods in this study. An investigation into measuring the change in temperature
on the nanosecond scale was unsuccessful, due to no resource of equipment to measure
such a vast change in temperature in the short time required. A paper by Pinkerton et al.
has shown that a thermal camera is unable to measure the maximum temperature occurring
when LSP treated, thus unique equipment would have to of been created to study if there
had been a noticeable change in temperature of a material. The application of furnace
couplings was discussed, but as a plasma is formed on the surface of the material being
treated by LSP, it was determined that the thermal couplings would be destroyed. Contact
with MIC (who LSP treated the material for this study) for industrial advice on this
potential issue of temperature change resulted in two responses. Firstly, that they do not
know of anyone who has studied the change in temperature in-situ successfully, and
secondly a temperature change was not to be seen as a factor that affects the treatment of
the material as the material is cool to the touch (i.e. no elevated temperature noticeable)
once removed from the rig after LSP treatment. As to whether the change in temperature
affects the outcome of the materials microstructural and physical aspects from LSP
treatment, considerable further investigation would have to be undertaken to determine
this. The main factor to consider if a change in temperature truly affects the outcome of a
LSP treated material; is how to measure the change in temperature on a nano-scale and on
a temperature scale large enough to measure the changes.
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Figure 4.11: LSP A and LSP B in-plane longitudinal residual stress depth profiles using
laboratory X-ray and neutron diffraction
Top graph shows both neutron and Lab. X-ray measurements along with a trend line
Lower graph are Lab. X-ray diffraction measurements
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Figure 4.12: LSP A and LSP B in-plane transverse residual stress depth profiles using
Laboratory X-ray and neutron diffraction
Top graph shows both neutron and Lab. X-ray measurements along with a trend line
Lower graph are Lab. X-ray diffraction measurements
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Figure 4.13 and 4.14 of UIT residual stress depth profiles show a different profile in the inplane directions than seen previously in the SP and LSP treated samples. A comparison of
UIT parameter A (pressure of 10 Kg) and B (pressure of 22 Kg) shows a distinct change in
the in–plane longitudinal measurement points near the surface of the sample with the
surface CRS respectively being -205MPa and -410MPa for parameter A and B. However,
from approximately 0.4mm into the sample the CRS residual stress depth profiles are
similar. Parameter A has a CRS depth of 1.9mm whilst the depth of CRS in parameter B,
in-plane longitudinal for LSP treatment is 1.2mm. The maximum CRS is also at a different
position (x) to the SP and LSP treated samples as the maximum CRS occurs at the surface,
apart from UIT A in-plane longitudinal having a maximum CRS of -240MPa, 35 MPa
lower than its surface value. This may be due to the treatment method producing furrows
along the direction of the UIT with further investigation of this is recommended. The inplane transverse residual stress graph (figure 4.14) shows a surface CRS of -600MPa and
-600MPa and a depth of CRS of approximately 1.7mm and 1.4mm for parameter A and B
showing minimal changes in profile when compared. A comparison of parameter A and B
suggests minimal difference in the profiles of the CRS obtained at the surface and the CRS
magnitude in the transverse direction. However in the in-plane longitudinal direction,
which is also the direction of the probe raster of the UIT, there is a noticeable difference in
residual stress for UIT A and UIT B of approximately 200 MPa at the surface and a 0.5mm
difference in CRS depth. Further research on the peening parameters of UIT is
recommended to determine if the probe pressure increase will increase or decrease the
CRS depth and magnitude, as in the case of the in-plane longitudinal values of UIT, the
increase in probe pressure decreased the depth of CRS introduced, but increased the
magnitude of CRS.
Figure 4.15 is the residual stress depth profiles of UIT A and UIT B, to highlight the
distinct difference in CRS at the surface of the two peening parameters used in this
dissertation. The CRS profiles are similar from a depth of 0.5mm for UIT A and 0.2mm for
UIT B, with a depth of CRS at approximately 1.8mm for UIT A and 1.3mm for UIT B.
The difference in CRS at the surface may be from the furrows that have been created from
the treatment of the sample by UIT with a probe overlap of approximately 2mm. At the
furrows edges there is more material than in the longitudinal direction, which may increase
the compressive state that the material can introduce to that region. As there have been
limited residual stress depth profile analysis and no directional residual stress
measurements of UIT on metals or austenitic stainless steel to date then it is deemed that
further study of the directionality of the residual stress instigated from this treatment be
pursued. This is investigated further in chapter six. This could result in early failure of the
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material and seen as detrimental to the use of UIT treated material with a surface finish
seen in Figure 4.1 and the CRS values shown in Figure 4.14.

Figure 4.13: UIT A and UIT B in-plane longitudinal residual stress depth profiles using
laboratory X-ray and neutron diffraction
Top graph shows both neutron and Lab. X-ray measurements along with a trend line
Lower graph are Lab. X-ray diffraction measurements
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Figure 4.14: UIT A and UIT B in-plane transverse residual stress depth profiles using
laboratory X-ray and neutron diffraction
Top graph shows both neutron and Lab. X-ray measurements along with a trend-line
Lower graph are Lab. X-ray diffraction measurements
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Figure 4.15: UIT residual stress depth profiles for comparing residual stress anisotropy of
UIT A (blue) and UIT B (red)
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The in-plane longitudinal and transverse directions of WJCP peening parameters A (2
minutes of treatment) and B (4 minutes of treatment) are shown in figures 4.16 and 4.17. A
comparison of parameter A and B shows that there is a slight change in CRS at the surface
and the depth of CRS obtained. The in-plane transverse direction has a CRS at the surface
is -200MPa for A and -300MPa for B, there is also a CRS depth of 1.5mm for A and 1mm
for parameter B with a maximum CRS at 0.3mm of -480MPa and 0.1mm of -490MPa.
Longitudinal values are -220MPa and 1.4mm for A and -450MPa and 1.2mm for B, with a
maximum CRS at -440 MPa and -460 MPa for A and B both at a depth of 0.1mm. This
suggests that either in the longitudinal direction there may have been some abnormally
large grains or valid residual stress measurement was not determined. The depth of CRS
and the maximum CRS do not show any distinct changes in two different treatment times
of samples A and B, thus the only distinct difference if the CRS at the surface in the inplane longitudinal direction of approximately 100 MPa. This difference is likely due to the
surface finish of the WJCP B treated sample being treated for a longer length of time,
which results in a slightly more pitted surface. This may affect the laboratory X-ray
diffraction initial surface values due to clipping of the diffraction ray from the surface
sample to the detector. Further study of reducing the erosion of material could see WJCP
treatment become a forerunner in the industrial application of peening as it can produce
CRS at the surface comparable with SP, whilst also introduce CRS depth into a material
comparable with LSP or UIT treatment. See further work chapter for experimental
suggestions for progress.
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Figure 4.16: WJCP A and WJCP B in-plane longitudinal residual stress depth profiles
using laboratory X-ray and neutron diffraction
Top graph shows both neutron and Lab. X-ray measurements along with a trend-line
Lower graph are Lab. X-ray diffraction measurements
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Figure 4.17: WJCP A and WJCP B in-plane transverse residual stress depth profiles using
laboratory X-ray and neutron diffraction
Top graph shows both neutron and Lab. X-ray measurements along with a trend-line
Lower graph are Lab. X-ray diffraction measurements
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In conclusion a comparison of peening parameters A and B do not seem to show a
significant difference in CRS values at the surface except for LSP treated samples A and
B, nor the depth of CRS introduced to the material from each type of peening method. If
the effect of a peening parameter were to be analysed further a larger range of parameters
should be set to ascertain if changing factors such as shot size, length of time, or pressure
do change the residual stress profile obtained from a particular peening type. As a
speculative conclusion, an increase in shot size at the same intensity and coverage, no
change would be expected in the residual stress profile with respect to the data measured
for this study. For an increase in GW/cm2 of LSP treatment, a larger CRS would be
expected, as to whether a larger magnitude at the surface would occur, it is difficult to
ascertain from the results obtained here. For UIT and WJCP treatment, an increase in
pressure and an increase in treatment time would likely increase the depth and magnitude
of CRS present in austenitic stainless steel, whilst taking into respect sample size and
erosion of material.
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4.6.2 Discussion of Group One Peening Types Residual Stress Depth Profiles
The residual stress introduced by each different peening type is summarised in figure 4.18,
shows evidence that each method has a distinct residual stress depth profile. The SP
treatment is shown to introduce the largest CRS (-660MPa) at the surface, and a maximum
CRS (-780MPa) approximately 30 microns into the surface of the treated sample. The
second highest CRS, and a maximum CRS observed is UIT treatment, at -600MPa at the
surface, whilst WJCP has a CRS of -310MPa at the surface but a maximum of -440MPa
approximately 100 microns into the sample. LSP has the lowest value of CRS found at the
treated surface at -200MPa with a maximum CRS at -220MPa at 200 microns into the
sample. The difference in CRS at the surface of each type of peening method may be
connected to the speed of the treatment, the length of time of impact and the extent of work
hardening the peening type introduces as the austenitic stainless steel material is treated
which could be explored further through finite element modelling (chapter 7). LSP
treatment is known to introduce a low work hardening effect to stainless steels
(Altenberger 2007 and Marsh 1995)), whilst SP is known to introduce a highly work
hardened region at the surface. WJCP and UIT methods to date have no known
determination of work hardening rate with residual stress found at the surface. It is evident
from Figure 4.18 and literature (Rodopolous et al. 2006) that UIT treatment would appear
to introduce a larger work hardening effect than LSP treatment. WJCP treatment also
appears to work harden the material as it has a maximum CRS of -440MPa and the yield
stress of 304 austenitic stainless steel is 231MPa for the plate used (AISI 215MPa) as
stated in section 4.3. Evidence of work hardening from peening is also supported by the
hardness depth profiles found in section 4.5. Further studies into the dislocation density of
each peening would be advantageous. Further study in relation to the impact speed of each
peening treatment would also be of benefit. This may determine a correlation with
treatment impact speed with the depth and magnitude of CRS introduced to 304 austenitic
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stainless steel.

Figure 4.18: Comparison of each peening type with:
SP parameter A, LSP longitudinal parameter B, UIT transverse parameter A and WJCP
longitudinal parameter A
In conclusion, all peening types introduce a signature residual stress depth profile when
peening austenitic stainless steel. When peening is used in industry, the individual loads,
environment, shape, thickness and the material used are factors that need to also be
considered when surface treating a material to improve the length of time it is used.
Therefore, each peening method can be advantageously applied in different scenarios,
depending on what the material is used for and under what conditions. Thus in this
instance if a material is required to have a large CRS then SP treatment would be
appropriate to apply. If, however a deeper CRS is required than a few hundred microns,
then LSP, UIT or WJCP treated austenitic stainless steel would be best to use. If however
isotropic residual stress is required, then UIT may not be as competitive an application.
Further study into the directionality and overlay of probe rastering is discussed further in
chapter six. If a smooth surface finish and limited or no work hardening is required, then
WJCP or LSP treated austenitic stainless steel would be the better option of surface
treatment to apply. It is also noted that as the amount of residual stress present in the
sample diminishes with increasing layers removed for laboratory X-ray diffraction
measurement, the values skew away from the neutron residual stress depth measurements.
This is most likely due to the error in measurement of small amounts of residual stress
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present in materials with laboratory X-ray diffraction measurement techniques when using
the layer depth removal method in conjunction (Winn and Shackleton comm. 2009).
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4.7 Texture: EBSD (electron back scattered diffraction)
When obtaining measurements of residual stress on the LSP treated samples, a difficulty
occurred using laboratory X-ray diffraction. As the Psi angle was rotated to obtain
diffraction measurements on a point (2D) at a surface, a range of peak heights were
obtained at different angles. This effect may occur due to either large grains being present
in the point (2D) being measured, resulting in too few grains being measured to obtain a
true distribution; or that the grains in the region being measured are highly textured. As
seen in section 4.3, the optical micrographs of the LSP treated samples do not appear to
show any distinct grain size change, therefore a conclusion that the grains are textured was
assumed.
One way to measure texture locally is by EBSD (Humphreys 2001). This method
determines the orientation of each grain on a surface and can determine if any texture is
present in the measured area. Figures 4.19 to 4.23 are pole figures and EBSD map depth
profiles of an unpeened sample, the LSP A sample and the LSP B sample. It is noted that
the SP and UIT treated samples were also attempted to be measured via EBSD but due to
high plastic deformation present near the treated surface, indexing of the grains was poor,
resulting in grain maps with a large amount of points missing. The different coloured
grains in the grain map are defined as different orientations of a grain with respect to the
surface being measured.
It is evident from the unpeened sample (figure 4.19) that there is no texture evident in the
area measured by the low values of the scale shown to the right of the pole figures. It is
also evident from figure 4.20 to 4.23 that there is no texture present in LSP A or LSP B
samples of the regions measured. It is noted on both LSP samples at the near surface,
indicated on the EBSD maps, that there is a region of grains that appear to be of a larger
grain size than the rest of the area measured. Separate section pole figures of the upper and
lower regions do not show any evidence of texture.
The slight change in grain size may be from the LSP samples initially obtained from a
particular region of the plate. The difference in grain size may be from a deviation in grain
size in the original plate region that the LSP samples were obtained from. Another theory
is that LSP treatment may have affected the size of the grains when being treated. Further
study of the LSP treatment method on stainless steel would be needed to confirm or
eliminate these possibilities, as current literature does not support any such speculation. An
overall conclusion is that the larger grain size near the surface of the LSP treated samples
affect diffraction measurements near the surface of a treated sample. A larger region must
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be measured to obtain a valid diffraction result. This was carried out by oscillation of the
sample when measuring via laboratory X-ray diffraction (see section 4.4.4).
To confirm if the grain size change was only present in the LSP samples, an EBSD map of
UIT A was carried out. Figure 4.24 shows EBSD map obtained of the UIT treated sample,
which as seen in the pole figures, did not show any tendency for high texture. It also does
not show any distinct change in grain size in the EBSD map. The incomplete map is
evidence of low indexing and is only presented here as a comparative sample to LSP A and
B.
In conclusion, LSP treatment of austenitic stainless steel has a region of grains near the
surface that appear larger than the rest of the material. This change in grain size may have
occurred when the original plate that all 304 group one samples had been machined from
was created. Cooling and rolling processes to form the original plate may have resulted in
an inhomogeneous grain size (Rahimi 2009). The change in grain size may also be an
effect of LSP treatment. However, to confirm the origin of the grain size change, further
study would be required.
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Figure 4.19: EBSD map and pole figures of un-peened sample
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Upper region
Lower region

Figure 4.20: EBSD map and pole figures of LSP A
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Figure 4.21: Pole figures for upper region (top) and lower region of LSP A
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Figure 4.22: EBSD map and pole figures of LSP B
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Figure 4.23: Pole figures for upper region and lower region of LSP B
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Figure 4.24: EBSD map and pole figures of UIT A
(Unmapped regions are seen in this image as dark green, due to poor indexing)
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4.8 Evaluating Plastic Work With FWHM
As discussed in previous chapters, peening introduces residual stress via a plastic misfit.
This plastic deformation misfit created by peening is by the deformation being beyond the
elastic region of strain in the material resulting in plastic work (work hardening). The
plastic work introduced to a material from peening may be observed in the width of the
peak at half the maximum height of said peak. The full width half maximum (FWHM) has
previously been correlated to the plastic work introduced to a material, (Prevey 1987,
2001). To date comparative plastic work measurement using neutron diffraction FWHM
data of peening in austenitic stainless steel samples has not been presented, except for
surface treatments comparing SP with LPB by Prevey et al. 2003 or SP with DCR by
Altenberger et al. 1999.
As discussed in section 3.6.5, compression cylinders were produced with increasing plastic
work percentage that was measured at SALSA neutron diffraction facility to obtain a
relation of FWHM versus plastic work calibration equation. Compression samples of
increasing plastic work were created using a tensile testing machine then measured via
neutron diffraction using SALSA. The compression cylinders were produced under
Dr.Mark Turski’s instruction at Open University with a strain clip gauge on a tensile
testing machine, which measured the uni-axial (engineering) strain (change in length from
original length). In this chapter plastic work is an interpretation of the true strain (Ln
[1+engineering strain]) of the samples. It is noted here that the compression cylinders are
used as an approximation tool to express the plastic work from peening, so as to compare
different peening method in this study. A source of error for the fabrication of compression
cylinders would be strain clip gauge slippage. To limit this, cylinders were produced up to
20% strain, as higher strain values could not be accurately measured via a strain clip
gauge.
When measuring the residual strain of samples, a FWHM value is also obtained. A linear
fit of the change in FWHM value with known plastic work present of the compression
cylinders was plotted (figure 4.25 a). The linear fit equation was applied to the FWHM
values obtained from the peened samples of group one to infer the plastic work versus
depth profiles. It is noted here that the linear increase in peak broadening is only applicable
to FWHM that are above the yield of the material and below the UTS (ultimate tensile
strength) of the material. To confirm that the increase in FWHM was as expected for 304
austenitic stainless steel material, delta FWHM versus plastic work is plotted in figure 2.45
b to present that this is so. The increase in FWHM is as expected from a zero plastic work
through the elastic to plastic region of the compression cylinders.
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Figure 4.25: a) Calibration curve of FWHM with plastic work of compression cylinders
and, b) ΔFWHM versus plastic work to present expected increase in FWHM with plastic
work increase.
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4.8.1 Plastic Work Comparison of Peening Parameter A and B for Group One
Samples
A comparison of the peening methods and the treatment parameters shows a range of
results, as seen in the previous figures of this chapter. The plastic work (%) found in both
shot peened samples (figure 4.26) have a plastic work of approximately 15% and show
similar profiles of plastic work depth up to approximately 0.5mm to 1mm for SP A and SP
B. Obtaining a true exact value for the depth of plastic work found within samples will
only be an approximation with these results as the attenuation of the plastic work into the
depth of the material is exponential. The maximum plastic work values are also
approximations as near surface measurements have not taken into consideration spurious
effects from partial immersion of the gauge volume. Comparing SP A and B there is no
distinct difference in plastic work percent near the peened surface and a very limited
difference in depth of plastic work. This suggests that the amount of plasticity from the
peening method is too high and further study on lower shot peening intensities and number
of treatment layers along with percentage coverage is recommended. This would further
the understanding, if at all, the level of plastic work introduced from shot peening is
reduced and if a lower intensity, coverage and number of layers of treatment would reduce
the plastic work present but still keep the amount of CRS present in the material being
treated.

Figure 4.26: Percentage plastic work of SP depth profile of parameters A and B
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A comparison of LSP A and LSP B (figures 4.27 and 4.28) shows a significant change in
plastic work present from the two different levels of treatment. In-plane longitudinal values
show an approximate plastic work of 7% in LSP A and 17% in LSP B, showing a
noticeable change for near surface plastic work for each peening parameter in this
direction. In-plane transverse near surface plastic work percentage values also show that
LSP A has an approximate plastic work of 7% and LSP B of 15%. Both in-plane directions
show a plastic work depth of approximately 2.2-2.5mm. This suggests that LSP B
treatment introduces a larger amount of plastic work into the material than parameter A
suggesting that an increase in number of treatment layers from two to three, a higher
irradiance per centimetre squared from 5.6 to 10 GW/cm2 and a smaller spot size from 4 to
3mm2 increases the plastic work introduced to 304 austenitic stainless steel when LSP
treated. Further work on the peening parameters of more than two samples would be of
benefit to study further, so as to determine if the peening parameters can be correlated with
the plastic work of the peening process; as to date, this has not been researched.

Figure 4.27: In-plane longitudinal plastic work depth profile of LSP A and LSP B

187

Figure 4.28: In-plane Transverse plastic work depth profile of LSP A and LSP B

UIT treated samples shown below in figures 4.29 and 4.30, also show that parameter B
(tool pressure of 22kg) treatment introduces a higher amount of plastic work for the inplane directions. Parameter B has a percentage of 23% in both directions whilst parameter
A has 12 and 7%, with both UIT peening condition not showing a clear depth of plastic
work present. There is a speculative depth ranging from 1.5 to 3mm, but it is clear that the
heavier treatment pressure of UIT introduces much higher plastic work. When compared
with the anisotropic residual stress depth profiles of the UIT samples in section 4.6 it is
clear that plastic work percent is independent to the directionality of the stress. This clearly
shows that residual stress measurement is highly dependent on the orientation that it is
measured at, and plastic work may be used as an alternative measurement of the effect of
peening.
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Figure 4.29: In-plane longitudinal plastic work depth profile of UIT A and UIT B

Figure 4.30: In-plane transverse plastic work depth profile of UIT A and UIT B
Plastic work introduced via WJCP in the in-plane longitudinal direction near the surface
are approximately 10% for WJCP A and 23% for WJCP B, and both show a distinct plastic
work region, with an approximate 1mm to 2mm depth of plastic work. The transverse
directions are approximately 7% and 11%, with a depth of approximately 1-2mm into the
sample. It is evident that there is limited change in the direction of the plastic work
measured in both peening parameters. There is very little change in plastic work magnitude
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and depth when an increase in WJCP treatment time from A to B occurs. This suggests that
a lower length of treatment time may be able to be used to obtain the same amount of
plastic work and thus residual stress whilst improving the surface finish even further than
stated earlier in this chapter.

Figure 4.31: In-plane longitudinal plastic work depth profile of WJCP A and WJCP B

Figure 4.32: In-plane transverse plastic work depth profile of WJCP A and WJCP B
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4.8.2 Discussion of Plastic Work
A comparison of peening types of the highest plastic work percentage found within the
sample (from section 4.8.1) shows that SP treatment has a much lower plastic work
percentage than the other three treatment types. This is likely due to spurious data at the
near surface measurement points when obtaining the peak width via neutron diffraction.
Further work using laboratory X-ray diffraction or synchrotron diffraction is
recommended, but factors such as how to obtain a calibration curve from the compression
cylinders using laboratory X-ray diffraction with or without layer removal and gauge
elongation in synchrotron measurements need to be overcome. If able to overcome
measurement issues for the near surface values, then this data will be comparable with
previous studies. This is due to all previous studies being measured via laboratory X-ray
diffraction. How the cold work percentage is carried out is not discussed clearly in any of
Prevey’s papers as they all refer back to the 1987 paper.
In this paper “ to develop an empirical relationship between the amount of cold work
present and the diffraction peak width, a series of coupons for each alloy by first heating or
annealing, as appropriate for the alloy of interest, and then deforming the samples known
amounts. The percent cold work was taken to be the absolute value of the true plastic strain
calculated from changes in the dimensions of the specimens”.
The coupons dimensions are not stated and how the change in 1% or even 5% plastic strain
was observed in dimension change remains unclear. It is speculated that the change in
dimensions may be from the compression or tensile test, and a computerised gauge would
have measured the change in dimensions of the coupons.
Prevey states that SP treated material has a much higher percentage of cold work (plastic)
present than the approximate 15% in the SP treated samples of austenitic stainless steel in
this experiment. However, there is no comparable data on austenitic stainless steel that
Prevey has carried out as of yet. Therefore, the assumption is made that the yield stress is
the mechanical property of the material being treated is which directly affects the plastic
work (cold work) present. Prevey et al. (2004) has peened 17 ph stainless steel which has
been solution annealed, and has a yield of 1075 MPa an a SP treatment of 8A intensity and
98% coverage, and a cold work percent of 70% at the surface of the material. In this study
the austenitic stainless steel has a yield of 231 MPa, with a SP treatment of 10-14A
intensity and a 200 % coverage. It was seen in figure 4.26 that a change in shot size did not
significantly change the plastic work present in the samples. This suggests that the amount
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of plastic work present in the samples in this study from SP treatment would not go much
higher than the observed values.
To compare each peening type (figure 4.33), each method has a slight plastic work
difference near the surface of the material. It is noted that the UIT treatment has the highest
plastic work of 23%, whilst the LSP and WJCP treatment have 16% and 11% respectively.
Further study when comparing peening treatments is required. Peening material with the
same residual stress depths and approximate maximum CRS values, along with analysis of
the peening speed of treatment will further help the researcher to understand the plastic
work introduced via surface treatments.

Figure 4.33: Comparison of plastic work for each peening type represented via in-plane
transverse FWHM data of parameter B samples
In conclusion, each peening type introduces a significant amount of plastic work near the
surface of the material, which is independent of the magnitude of CRS and depth of CRS
found in the samples. The approximate depths of plastic work appear to be different in
relation to the residual stress of LSP treated material, showing that there appears to be less
plastic work than the depth of CRS present in the samples measured here. This is only
significantly noticeable for the LSP treated samples in this group. This may be due to
experimental error or some other variable of LSP treatment that is yet to be understood.
For LSP sample A in the transverse direction there is no significant depth difference of
plastic wok and compressive residual stress. However in the longitudinal direction the
depth of plastic work has a slow exponential curve between 1 and 2mm into the material
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and there is a CRS depth of 2.2mm. Sample B lf LSP treatment in the transverse direction
has approximately 2mm of plastic work and 2.5mm of CRS, whilst in the longitudinal
direction there is approximately 1.5mm of plastic work and 3.2mm of CRS. This suggests
that as the wave propagation of LSP diminishes in intensity and saturation into the
material, that the minimum amount of plastic work required to introduce compressive
residual stress is attained. Further studies on the amount of energy in the LSP energy shock
wave at this point where the plastic work diminishes but the CRS remains would be highly
advantageous as this would limit the excess plastic work introduced to the material and
limit the redundant plastic work present in the material. This means that, if a study to
ascertain the optimum LSP treatment settings are acquired then a minimal plastic work
with maximum CRS introduced to a material would be possible. The amount of hardness,
residual stress and plastic work of shot peened samples however are all similar depths of
approximately 200 microns. This suggests that although a significant plastic deformation
of the material occurs form SP treatment, it is a very localised treatment. UIT and WJCP
treated material have similar residual stress depths and plastic work depths. This suggests
that much higher intensities of peening parameters of LSP, UIT and WJCP peening types
may be applied to 304 austenitic stainless steel to increase the misfit produced.
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Chapter Five
Results and Discussion of Group Two
Samples
5.1 Chapter Overview
This chapter evaluates UIT peening parameters on the mechanical and microstructural
properties of austenitic stainless steel. It compares the probe overlap distance between each
raster, and the number of layers of treatments. This chapter of work has arisen due to UIT
samples A and B of group one (chapter 4), showing a significant change in the surface
finish when compared with the surface of an unpeened sample. The residual stress depth
profiles also showed anisotropy. This chapter aims to determine if the surface finish of UIT
can be improved by altering the peening parameters of UIT. It also aims to determine if
changing the probe overlap, and the direction of treatment, by adding a second layer of
UIT in-plane 90° to the first layer of treatment, reduces the anisotropic residual stress
depth profile of this peening method. The aims of this chapter are to overcome the
potentially negative qualities of the surface finish and residual stress directionality of UIT,
to improve the competitiveness of this surface treatment with other peening methods that
have a smoother surface finish and similar CRS depth profiles as seen in chapter four. The
chapter starts with the surface finish and microstructure of different ultrasonic impact
treated samples. The chapter then discusses the change in residual stress of a treated
material, the FWHM and correlation with plastic work from each peening parameter data
and change in magnetism of treated samples.
Consideration was given about the type of ultrasonic testing parameters of UIT, along with
other types of surface contact treatments available, such as UIP, LPB and DCR (chapter 2
section 2.2). The consideration was that UIT to be an applicable form surface contact
treatment to compare with other forms of peening methods (SP, LSP and WJCP). A
conclusion that UIT was deemed to be a quick, easy and adaptable form of surface
treatment that could be competitively compared with the other surface treatments in this
dissertation, but UIP, LPB and DCR could not. Limitations to LPB are due to it being
patented, and its application would have to be regulated by the owner. DCR is known to
introduce a large amount of cold work into the material when being treated (chapter 2
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section 2.2), which may result in some of the mechanical and microstructural aspects of
this treatment not being able to be comparatively compared within a realistic scale with the
other three peening methods in this dissertation. UIP treatment has many merits in the
treatment, such as a rotational option of multiple pins as the surface is treated. However,
the limitation of the surface treatment is that it is only applicable to flat material. In this
dissertation, the material is indeed flat, however, SP, LSP and WJCP could theoretically be
applied to more complex shaped material. UIT could also be applied to more complex
shaped material, which was something the author was taking into consideration for
industrial applications.
The probe overlap and directions of six UIT samples can be seen in section 3.3.2 table 3.3.
The samples consist of varying step sizes of probe rastering, ranging from a 2mm step to a
0.2mm step, and some samples have a second layer of treatment. The effect of probe step
size and rastering direction is presented in the following sections via surface finish,
residual stress and plastic work percent. It is noted that the in-plane longitudinal and inplane transverse directions are defined on the first layer of treatments where two layers
exist. In-plane transverse is perpendicular to the probe raster and in-plane longitudinal is
parallel to the direction of the probe raster
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5.2 Surface Finish: Profilometry and Surface Roughness
An example of each peening type is shown in figure 5.1, along with a linear profile of each
surface across a 10mm central section of each sample in the X direction as shown in figure
3.6. Any curvature present from the surface treatment was removed from the profile
graphs. Table 5.1 is the surface roughness (Ra) and the average surface height (Rz) of the
10mm profile measured.
Figure 5.1 clearly shows that as the probe step size is decreased from 2mm to 0.4mm then
0.2mm, the surface finish is smoother. This is seen by the decrease in maximum height in
Z on the Y-axis of images a to f of figure 5.1. It also shows that when the samples have
two layers of treatment, the surface finish has an increased change in surface height than in
the single layer sample. For example, the change in 5.1 a) and b) a change in height of
±10µm to ±35µm occurs. The change in the surface finish in Figure 5.1 is supported by the

Ra and Rz values shown in Table 5.1. The difference in surface height (z) for the 0.4mm
overlap shown c) and d) for a single and double layer of UIT treatment does not show any
change in surface height when compared with one another. They both show a ±5µm in
height, which is a very small change in height. It is also noted that the general profile of
the graph is smoother, with limited undulations, which supports the image next to each
profile that the surface finish is a flatter and smoother. For samples with the 0.2mm probe
overlap, the profiles are also smoother (e and f), with the 0.2mm probe overlap with one
layer of UIT treatment showing a very smooth profile. The 0.2mm probe overlap profile
with the two layers of UIT shows a different profile than expected, as the profile shows a
undulating surface but the image shows a smooth surface finish. This sample was the most
curved of the UIT samples and may have been too curved to satisfactorily eliminate the
curvature from the data obtained through profilometry.
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a) UIT original: 2mm step size
X direction

b) UIT cross-hatched: 2mm step size

c) UIT sample 1: 0.4mm step size
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d) UIT sample 2: 0.4mm step size cross-hatched

e) UIT sample 3: 0.2mm step size

f) UIT sample 4: 0.2mm step size cross-hatched

Figure 5.1: Photographic images of the six UIT samples surfaces with a profile of the each
surface treatment in the X direction
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The surface roughness Ra clearly shows that there is a lower value for the UIT samples
with the higher amount of probe overlap. There is not a significant difference in the 0.4mm
overlap samples (1 and 2) to the 0.2mm overlap samples (3 and 4), but it is conclusive that
the Ra is reduced as the probe overlap is increased. The Rz also shows the same trend of
being reduced as the probe overlap is increased.
Table 5.1: Surface values of each peening type and peening parameters A and B with a
filter of 2500µm
SAMPLE

Ra (microns)

Rz (microns)

UIT original

4.9

24

UIT X-hatched

7.0

28

UIT sample 1

1.5

7.8

UIT sample 2

1.5

7.2

UIT sample 3

2.0

10.3

UIT sample 4

1.9

8.9

In conclusion, the increase in probe overlap improves the smoothness and the surface
roughness values of UIT samples. A second layer of treatment does not appear to
significantly change the surface roughness (Ra) or average height (Rz) empirically, but it
does show a slight increase visually in height in Z, as seen in Figure 5.1.
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5.3 Microstructures: Optical Microscopy
The optical micrograph images in figure 5.2 are taken through the thickness (depth) of
samples of group two (as discussed in section 3.6.2 and figures 3.7). The micrographs of
all six UIT group two samples show that there is some deformation-induced martensite
present as indicated by the epsilon martensite pointed to on the images. However, there are
a number of artefacts present that cross the grains in the micrographs, known as delta
ferrite. Delta ferrite is always found to be in the rolling direction of the plate, and is present
when the composition of the austenitic stainless steel is close to a boundary line on the
Schaeffler diagram, and is found in stainless steel at molten temperatures. The delta ferrite
can remain in the metal upon cooling rather than quenching. Therefore the composition
and the cooling rate can dictate the amount of delta ferrite present. The microstructures of
the UIT treated samples appear to have a larger amount of delta ferrite than the peened
samples in group one of chapter five. The samples were all machined out of the same plate
and stress relieved at the same parameters. The noticeable change in delta ferrite is likely
due to the group two samples being machined out of a different area of the plate as there
are known inconsistencies of microstructural compositions as would be expected in any
plates of austenitic stainless steel in practice (Rahimi 2009). In conclusion there is no
significant increase in transformed martensite evident in the optical cross sectional
micrographs taken of group two samples when compared with UIT samples from chapter
four with a step size of 2mm.
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Figure 5.3: Micrographs depth profiles of group two UIT samples
All cross sectional samples were taken with first layer of treatment (where applicable) in
the direction of the paper. That is, the grooves are transverse left to right.
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5.4 Evidence of Alpha Martensite Using Magnetics
As in the previous chapter the application of a powerful magnet placed on the peened
surface resulted in the sample being magnetically attached to the magnet allowing the
sample to be lifted off the table. This simple test determined the presence of deformation
induced Ferro-magnetic alpha (α′) martensite present in the material from all of the UIT
treated samples.
5.5 Residual stress measurement via laboratory X-ray and neutron diffraction.
The following section discusses the residual stress depth profiles of group two samples,
each with different UIT peening parameters as summarised in table 3.3. The residual stress
depth profiles are a best fit of surface and near surface laboratory X-ray diffraction
measurements, and neutron diffraction measurements. The laboratory X-ray measurement
points are from the surface up to approximately 1mm deep into the sample at incremental
steps, whilst the neutron diffraction measurements are from approximately 0.7mm through
the rest of the depth of the material. It is noted that the first UIT sample does not have
complete depth measurements due to time constraint on the neutron experiment it was
measured at.
When comparing the figures below, three evaluations are made. The first is a comparison
of the effect of probe overlap on the residual stress depth profiles, the second comparison
is the effect that two layers of treatment may have on the residual stress depth profiles, and
the final evaluation is if any of the UIT parameters improves the anisotropic residual stress
as found in UIT samples of group one (sections 4.61 and 4.62). The figures to determine
the effect of the probe overlap (step size) are figures 5.4, 5.6 and 5.8, which are the single
layered UIT samples with 2mm, 0.4mm and 0.2mm probe overlap respectively. The
figures to determine the effect of two layers of treatment (and probe overlap) are compared
using figures 5.4 with 5.5 which both have a probe overlap of 2mm but figure 5.5 is the
cross hatched, two layers of treatment sample as seen in figure 5.1 and described in section
3.3.3. Figures 5.6 with 5.7 and figures 5.8 with 5.9 compare the layers of treatment for the
probe overlap samples with 0.4mm and 0.2mm respectively. The two measurement
directions of in-plane longitudinal and in-plane transverse were applied, with the
longitudinal direction being the direction of the first layer of treatment, where applicable.
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5.5.1 Effect of probe Overlap on the Residual Stress Depth Profile
A comparison of the probe overlap on the effect of the CRS values of the material is shown
in table 5.2. The maximum CRS of the different step sizes of the probe raster increases
slightly when the step size is decreased form 2mm to 0.4mm but no significant change
between 0.4mm and 0.2mm. The depth of CRS is reduced slightly as the step size is
decreases, suggesting that a balance must be obtained between the step size of probe raster
and the maximum CRS and depth of CRS obtainable. Further work on thicker samples is
suggested, as the decrease in step-size along with more than one layer of treatment resulted
in curvature of the samples. This suggests that the amount of plasticity introduced to some
of the samples is too great for it to be retained as purely residual stress.
Table 5.2: Maximum CRS and depth of CRS values for Figures 5.4, 5.6 and 5.8 and the
effect of probe overlap.
Probe overlap

In-plane Longitudinal

In-plane Transverse

Max. CRS

Depth of CRS

Max. CRS

Depth of CRS

2mm

-240MPa

1.8mm

-600MPa

1.7mm

0.4mm

-380MPa

1.3mm

-760MPa

1.7mm

0.2mm

-380MPa

1.3mm

-740MPa

0.7mm

5.5.2 Effect of Layers of Treatment on Residual Stress Depth Profiles
When comparing the effect of two layers of treatment with one layer of treatment in an
attempt to improve the residual stress directional tendencies of UIT treatment, table 5.3
presents the results along with Figures 5.4 to 5.9.
Comparing the data for the 2mm overlap samples as shown in figures 5.4 and 5.5, there
does not appear to be a reduction in anisotropic tendencies when a second layer of
treatment is added. There is a slight change in CRS at the surface in the transverse
direction, but overall there is no change in CRS at the surface and no change in the depth
of CRS and no change in the directionality of the residual stress.
The 0.4mm probe overlap samples (Figures 5.6 and 5.7) show some changes in data
obtained. The in-plane longitudinal data has the same CRS value at the surface and a
0.4mm increase in depth of CRS, which is a minimal change for adding a second layer of
treatment. The in-plane transverse direction has an increase of 180MPa, and a reduction of
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CRS depth by 0.3mm. The increase in surface CRS is due to the second layer of treatment,
which as seen in previous sections of this chapter, is an intensive one. The reduction in
CRS depth may be due to the material trying to balance the residual stress in the material
with minimal change in the samples shape. These pairs of samples shows that although an
increase in CRS at the surface has occurred by applying a second layer of treatment, the
anisotropic tendencies of UIT has not been reduced.
The final pair of samples with a probe overlap of 0.2mm, with the residual stress depth
profiles shown in Figures 5.8 and 5.9, shows a limited change in the in-plane longitudinal
direction. There is a 60MPa increase in CRS at the surface and a 0.3mm decrease in CRS
depth. The in-plane transverse direction shows a 160MPa increase in surface CRS and a
0.1mm increase in depth of CRS. Overall, the 0.2mm samples show a slight increase in
CRS at the surface but no difference anisotropic residual stress tendencies when a second
layer of treatment is applied
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Table 5.3: Surface CRS and depth of CRS values for Figures 5.4 to 5.9 and the effect of a
second layer of UIT.
Probe overlap,
layers of

Surface CRS

Maximum

Depth of max.

Depth of total

(MPa)

CRS (MPa)

CRS (mm)

CRS (mm)

Longitudinal

-205

-240

0.1

1.8

Transverse

-600

-600

0

1.7

Longitudinal

--190

-400

0.2

1.6

Transverse

-410

-410

0

1.7

Longitudinal

-380

-380

0

1.3

Transverse

-760

-760

0

1.7

Longitudinal

-380

-520

0.2

1.7

Transverse

-920

-940

0.1

1.4

Longitudinal

-290

-380

0.1

1.3

Transverse

-710

-740

0.1

0.7

Longitudinal

-380

-440

0.1

1.1

Transverse

-870

-870

0

0.8

treatment and
direction of
measurement
2mm one layer

2mm two layers

0.4mm one layer0

0.4mm two layers

0.2mm one layer

0.2mm two layers
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Figure 5.4: UIT original 2mm overlap (with one layer of treatment) residual stress depth
profiles using laboratory X-ray and neutron diffraction
Top graph is a best fit of the neutron and Lab. X-ray measurements
Bottom graph are Lab. X-ray diffraction measurements
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Figure 5.5: UIT cross hatched 2mm overlap (with two layers of treatment) residual stress
depth profiles using laboratory X-ray and neutron diffraction
Top graph is a best fit of the neutron and Lab. X-ray measurements
Bottom graph are Lab. X-ray diffraction measurements
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Figure 5.6: UIT sample 1, 0.4mm overlap (with one layer of treatment) residual stress
depth profiles using laboratory X-ray and neutron diffraction
Top graph is a best fit of the neutron and Lab. X-ray measurements
Bottom graph are Lab. X-ray diffraction measurements
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Figure 5.7: UIT sample 2, 0.4mm overlap (with two layers of treatment) residual stress
depth profiles using laboratory X-ray and neutron diffraction
Top graph is a best fit of the neutron and Lab. X-ray measurements
Bottom graph are Lab. X-ray diffraction measurements
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Figure 5.8: UIT sample 3, 0.2mm overlap (with one layer of treatment) residual stress
depth profiles using laboratory X-ray and neutron diffraction
Top graph is a best fit of the neutron and Lab. X-ray measurements
Bottom graph are Lab. X-ray diffraction measurements
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Figure 5.9: UIT sample 4, 0.2mm overlap (with two layers of treatment) residual stress
depth profiles using laboratory X-ray and neutron diffraction
Top graph is a best fit of the neutron and Lab. X-ray measurements
Bottom graph are Lab. X-ray diffraction measurements
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In conclusion the increase in probe overlap increases the surface CRS, yet can decrease the
depth of CRS present. A second layer treatment also increases the surface CRS and
generally reduces the depth of CRS found. The residual stress anisotropy found in the UIT
original sample has not been improved by increasing the probe overlap, nor adding a
second layer of treatment, suggesting extreme caution must be adhered to when applying
ultrasonic impact treated material to industrial use. It is suggested that the source of the
anisotropy is due to the directionality of the UIT process, which may be associated with
the deformation of the probe being larger in the direction of treatment than perpendicular
to the treatment; even when two layers of treatment in perpendicular axis to one another
are applied. The speed and pressure that the material is treated at could be looked at
further, to determine if changing these parameters would affect the extent of anisotropy of
the stainless steel’s residual stress depth profile.
If the anisotropic tendencies of this form of treatment are known, then the peening type
still has it advantages of introducing a large CRS and also a smooth surface finish as the
probe overlap is increased. The amount of CRS found at the surface of the 0.4mm single
layer UIT sample for example shows that the it has a smooth surface finish and a high CRS
of -380MPa and -760MPa with a depth of 1.3mm and 1.7mm for in-plane longitudinal and
transverse respectively. When compared with SP treatment in chapter five, the CRS at the
surface is highly competitive whilst having a larger CRS depth then SP treatment. It also
shows competitiveness with LSP treatment with respect to the surface finish and also the
depth of CRS obtainable.
To date there has been no comparison on the peening parameters of UIT, rather only
comparison of UIT against other surface treatments. For example, Rodopolous et al. (2007)
compares SP, LSP and UIT on the fatigue behaviour of 2024 aluminium alloy, Weich et al.
2007 observes the fatigue effects of UIT on butt weld regions, Roy et al. (2003) observes
the fatigue properties of grade 50W steel flange beams and Liao et al. (2007) discusses the
effect of UIT on fatigue behaviour of exfoliated aluminium alloys. Generally all UIT or
UIP papers are focussed on the effect of UIT on the life of the material, rather than the
quality of the treatment and the evaluation of the most appropriate peening parameters to
the material, the shape of the material and its dimensions. Suggested further study is of
varied UIT peening parameters on various shaped different materials with a full
microstructural and mechanical analysis of this method. Although there are understandable
qualities of UIT as a surface treatment due to ease of use, it is suggested that further study
of this method is recommended due to some poor surface finishes, curvature of samples
and anisotropic residual stress depth profile. The application of UIP surface treatment
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parameters, which has rotating multiple pins, could be evaluated with respect to the
anisotropy that UIT has produced in the residual stress depth profiles of these samples in
this dissertation. Although UIP is currently only able to treat flat surfaces, if the rotational
pins of this surface treatment can eliminate or vastly reduce the anisotropy of the residual
stress from UIT, then it would be seen as a positive form of surface treatment to be created
into a hand held tool to allow more complex shaped materials to be UIP.
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5.6 Evaluating Plastic Work with FWHM
The following table (5.4) and graphs (5.11 to 5.16) show the percentage plastic work depth
profiles of the six UIT samples. The plastic work values were obtained from FWHM
neutron diffraction measurements using SALSA. See chapter two section 2.5.1.3. and
chapter three section 3.6.5. for more details. Compression samples of increasing plastic
work were created using a tensile testing machine then measured via neutron diffraction
using SALSA. When measuring the residual strain of samples, a FWHM value was also
obtained. The compression samples of known plastic strain were also measured at SALSA.
A linear fit of the change in FWHM value with plastic work present of the compression
cylinders was plotted (figure 5.10). The linear fit equation was applied to the FWHM
values obtained from the peened samples of group one to create plastic work depth
profiles. Three evaluations were made with respect to the probe overlap, the number of
treated layers and the directionality of the plastic work found in the UIT samples.
The linear fit of FWHM with plastic work is again taking into consideration that the
amount of plastic work is above the yield but below the UTS of the material.

Figure 5.10: FWHM calibration curve for peak broadening and plastic work introduced via
peening for UIT samples of group two.
A comparison of the probe overlap (figures 5.11, 5.13 and 5.15) shows an increase in the
plastic work introduced when the overlap is increased from 2mm to 0.4mm and then to
0.2mm. An increase in approximate plastic work depth into the material is also seen. This
correlates with the increased amount of contact time the UIT probe has with the samples
surface.
A comparison on the effect of two layers of treatment with one layer is not as conclusive.
The layered effect are shown in pairs by figures 5.11 and 5.12 for the 2mm probe overlap,
5.13 and 5.14 for the 0.4mm probe overlap, and 5.15 and 5.16 with the 0.2mm probe
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overlap. They show that there is an increase in plastic work in the 2mm overlap pair, but
no increase in depth of plastic work. The second and third pair of samples however,
suggest that the amount of plastic work able to be introduced to the material has been
limited, as the samples with 0.4mm and 0.2mm overlap appear to be distorted from their
original flat shape as seen in figure 5.17 of the side views of the samples. An attempt to
relate the curvature of a treated sample with the elastic stress present was unsuccessful, due
to the curvature of the UIT samples being too small to accurately express empirically.
There is no significant change in plastic work found in samples with a second layer for the
0.4mm and 0.2mm probe overlap samples.
Table 5.4: Percentage of plastic work near surface values and depth of plastic work for
UIT samples of group two.
Sample

In-plane Longitudinal

In-plane Transverse

Near surface

Depth of

Near surface

Depth of

Plastic work

plastic work

Plastic work

plastic work

UIT original

13

~2.2mm

9

~2.2mm

UIT cross-

35

~2.2mm

40

~2.2mm

UIT sample 1

40

~2.5mm

39

~2.5mm

UIT sample 2

37

~3mm

37

~3mm

UIT sample 3

40

~3.5mm

41

~3.5mm

UIT sample 4

37

~3.5mm

37

~3.5mm

hatched
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Figure 5.11: Percentage plastic work depth profile of UIT original sample

Figure 5.12: Percentage plastic work depth profile of UIT cross hatched sample with 2mm
step
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Figure 5.13: Percentage plastic work depth profile of UIT sample 1

Figure 5.14: Percentage plastic work depth profile of UIT sample 2
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Figure 5.15: Percentage plastic work depth profile of UIT sample 3

Figure 5.16: Percentage plastic work depth profile of UIT sample 4
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Sample 1: side view with peened side perpendicular to bottom edge

Sample 2: side view with peened side perpendicular to bottom edge

Sample 3: side view with peened side perpendicular to bottom edge

Sample 4: side view with peened side perpendicular to bottom edge
Figure 5.17: Side view of UIT samples 1, 2, 3, and 4
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In section 5.5 it was concluded that UIT treatment shows anisotropic residual stress
tendencies even with an increase in probe overlap and a second layer of treatment. It is
concluded in this section that there is an increase in maximum CRS but a slight decrease in
depth of CRS as the step-size is decreased. There is no significant change in plastic work
when one or two layers of treatment are instigated apart from the 2mm overlap samples.
This is most likely due to the surface treatment introducing a significantly higher amount
of plastic work than just one layer of treatment. If an analysis of the plastic work in
relation to the length of time of treatment is applied to the sample. It is evident that
between the length of time of treatment for one layer of treatment with a 2mm step size
and two layers of treatment with a 2mm step size, that that is the appropriate length of time
of treatment required for the dimensions of austenitic stainless steel. Further work on
length of time of treatment, tool pressure and reduction in curvature of UIT of several
different materials would be of benefit to ensure that this type of surface treatment can be
applied to the best of its abilities.
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Chapter Six
Results and Discussion: Group Three
Samples (welds)
6.1 Chapter Overview
It is evident from previous chapters that peening introduces a local compressive residual
stress into a material. This chapter determines the effect of peening’s residual stress depth
profile at a common point of failure. The area of failure is at a welded region, with the
residual stress at the surface being one factor of failure. When welding of a material occurs
a number of factors can weaken the region, such as porosity of the weld, texture of the
welded microstructure, microstructural degradation, alteration of local mechanical
properties, distortion, buckling and shrinkage of the weld along with the residual stress of
the treated region. A number of welding methods are available, with gas tungsten arc
welding (inert gas welding) used for delicate and detailed welding regions, a large amount
of austenitic stainless steel is welded with GTAW which is highly used in the nuclear
industry. Welding results in a tensile residual stress at the surface and near surface of the
region, thus the residual stress may result in early failure due to cracking (Withers 2007).
The aim of this chapter is to determine if peening can alter the residual stress profile at the
surface, and if it does alter the profile, to what extent. There has been limited application of
peening as a surface treatment on welded regions, but there has been some research on the
residual stress depth profile of welded regions of steel (Kartal et al. 2006). If peening can
improve the surface finish along with altering the residual stress at the welded region from
tensile to compressive residual stress then the implications is that the life of the material
will be extended by eliminating one factor of failure from a welded region. Welding a
region typically results in high tensile residual stress in the region of the weld, which taper
off rapidly in the tensile direction (Masubuchi 2003). This is shown in figure 6.1 below.
Welding has a residual stress present due to three origins of thermal residual stress. The
first is stresses induced by a volumetric change (i.e. expansion or shrinkage), the second is
stress induced by a difference of coefficient of thermal expansion between the two
materials being linked via welding, and the third is induced by a temperature gradient
resulting in non-uniform heating or cooling of the material (Messler 1999)
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6.1: Schematic representation of changes of temperature and thermal stresses during bead
on plate welding (Masubuchi 2003)
To overcome the presence of tensile residual stress as a factor that encourages failure of a
welded region this chapter measures the effect of peening a welded surface with three
different surface treatments to observe if any change in the residual stress depth profile
occurs. As summarised in section 3.3.3, three peening methods were applied to welded
austenitic stainless steel plates. The parent material of the weld is 304 austenitic stainless
steel, and the weld filler was 308 austenitic stainless steel. The three peening methods are
SP, LSP and UIT, and each welded plate has a 304 austenitic stainless steel block of
material that is also peened with the same parameters applied to the welded plate.
All residual stress measurements were made via neutron diffraction at various neutron
facilities (Table 3.7). This was due to the length of time each sample required to be
measured (an average of 24 hours), as each measurement direction of the welded plates
were measured as the residual strain produced from welding is triaxial. In addition to the
residual stress depth profiles measured for this dissertation, the samples were also
measured via DHD (deep hole drilling) and ICHD (incremental hole drilling) by Dev
Goudar at Bristol University, as part of his PhD. A comparison and analysis of both results
is included in this chapter to ascertain whether there is any variance in measurement
techniques with respect to the residual stress depth profiles of peened welded austenitic
stainless steel plates. Samples measured at POLDI and ENGIN-X were measured by Dr.
M. Turski and Dr. A.D. Evans, but the analysis of the present results were undertaken by
the present author. The measurement of the unstrained (d0) lattice was determined by the
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use of an austenitic stainless steel block with a number of values measured with the gauge
volume completely immersed with the material. This value was used as the unstrained
value for the companion blocks, parent weld plate and also the welded region of the weld
plates. The same value was used for the welded material and the parent material due to
previous work carried out by Dr. J. Francis and Dr. M. Turski on the variation in the d0
value of weld material determined that the value was 166 µε ± 123 µε. Thus it was deemed
redundant to allow a difference in d0 to be applied in this instance due to the large error
variance.
6.2 Residual stress depth profiles of peened companion blocks
Figures 6.2, 6.3 and 6.4 are the peened companion blocks, which have all been treated on
one 70 x 70mm surface. The residual stress depth profiles are of similar shape to the
peened samples as seen in chapter three. The SP treated block (Figure 6.2) has a short
depth of CRS of 1.2mm and a maximum CRS of -240MPa. The depth of CRS is normally
expected to be no more than a couple of hundred microns. However the intensity in this
instance is very high at 20-25 Almen intensity. This may be the reason as to why a
significant depth of CRS is present. The residual stress depth profiles of the LSP and the
UIT treated samples have similar depths of CRS, ranging from 4.0 to 4.6 mm in depth for
the longitudinal and transverse directions. The maximum CRS for the UIT block is slightly
higher than the LSP treated block, with the transverse and longitudinal directions being 480 and -380 MPa respectively. The LSP treated block has a maximum CRS of -380 and 240 MPa at transverse and longitudinal. The maximum CRS values were taken at 0.6mm
so as to compare this data with the peened welds. The depth of CRS and the maximum
CRS present in the material from all three surface treatments as measured by neutron
diffraction suggests that higher peening parameters, such as Almen intensity, irradiance
and tool pressure could be applied to determine if a higher maximum CRS is obtainable.
The samples were not measured by laboratory X-ray diffraction due to the inability to
accurately measure the peened weld bead on the peened samples due to an elevated highly
curved bead of the weld being approximately 0.3 to 0.5mm above the parent plate surface.
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Figure 6.2: Residual stress depth profile of shot peened companion block

Figure 6.3: Residual stress depth profile of laser shock peened companion block

224

Figure 6.4: Residual stress depth profile of ultrasonic impact treated companion block
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6.3: Residual stress depth profiles of welds
Figure 6.5 is the neutron residual stress depth profile of the unpeened weld in the normal,
longitudinal and transverse directions of the middle of the weld. It shows that as expected
from literature (section 6.1), there is a tensile residual stress present at the near surface of
approximately 140-160 MPa. The tensile residual stress increases into the sample, to a
maximum of 320 and 520 MPa, in the transverse and longitudinal directions. The larger of
the tensile residual stresses is in the longitudinal direction, which is as expected as seen in
figure 6.1. The back face of the welded plate also shows evidence of tensile residual stress.
This is likely due to the distortion of the plate when welded, as the plates were noticeably
butterflied and had angular distortion.
The effect of peening a welded region is shown in figures 6.6, 6.7 and 6.8 for SP, LSP and
UIT surface treatments respectively. All three surface treatments clearly show that peening
alters the surface and near surface residual stress from tensile to compressive. The SP
treatment introduced a compressive residual stress of -200MPa to the near surface of the
peened weld for both in-plane directions (figure 6.6). The depth of CRS ranges from
0.4mm in the longitudinal direction to 1.6 mm in the transverse direction. It is also noted
that the maximum tensile residual stress of the two measured directions is vastly reduced
from 320 and 520 MPa to approximately 140 and 240 MPa. The SP welded sample was
still noticeably butterflied, but the tensile residual stress at the back face is noticeably
reduced. The LSP treated weld in figure 6.7 also has CRS of -420 and -380 MPa in the
transverse and longitudinal measured directions. This is significantly lower than the
unpeened weld of a change in 500 MPa from +140 and +160 MPa. The depth of CRS is
also significant at 3.2mm into the 20mm thick sample. The residual stress is also noted to
be highly isotropic, which was not evident of group one LSP treated samples as measured
by neutron and laboratory X-ray diffraction as seen in chapter 4. The maximum CRS is at
+500MPa in the transverse direction and +380 MPa in the longitudinal direction.
Comparing the maximum residual stress with the unpeened weld there is an obvious swop
of the longitudinal and transverse maximum residual stress values. The maximum values
have not altered significantly if the two are taken as a combined account. It is evident that
the depth of maximum residual stress is also moved further into the material to take into
consideration for the CRS introduced. This is also noticed in the SP welded and UIT
welded samples. The back face also still shows some tensile residual stress present from
butterflying. The maximum CRS of the UIT treated weld are similar to the LSP treated
weld data at -400 and -440MPa at the longitudinal and transverse measured directions. It is
also of interest that the UIT residual stress shows limited anisotropic effects of the profile
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in the CRS section of figure 6.8. Further investigation as to why this is recommended.
Again the depth of CRS is pushed further into the depth of the sample and the maximum
residual stress directions have swopped but are slightly higher then the unpeened weld at
+540 and +400 MPa. The increase maybe due to the increased plasticity of UIT treatment
than LSP treated samples and the gradient of the CRS residual stress profile. Tensile
residual stress is still present at the back face from angular distortion (butterflying).
In conclusion all surface treatments residual stress depth profile measured with neutron
diffraction techniques show a distinct change in the near surface residual stress form
tensile to compressive. The amount and depth of change of residual stress is dependent on
the treatment involved and the intensities used.

Figure 6.5: Residual stress depth profile of unpeened weld (longitudinal is in parallel to the
weld)
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Figure 6.6: Residual stress depth profile of shot peened weld
Welded region was shot peened at a 60mm width and a coverage of 200% at 20-25 Almen
intensity with 0.03 inch diameter steel shot.
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Figure 6.7: Residual stress depth profile of laser shock peened weld
Welded region was peened at a width of 60mm, a spot size of 3mm2, an irradiance of
10GW/cm2 and a pulse of 18ns.
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Figure 6.8: Residual stress depth profile of ultrasonic impact treated weld
Welded region was peened at a width of 60mm, a spot size of 5.3mm diameter probe, a
tool pressure of 22kg and a speed of 150mm/min.
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6.4: Near surface peened weld residual stress depth profile subtracted from
unpeened weld profile
An attempt was made to determine if the residual stress introduced from peening was an
arbitrary subtraction of residual stress or if the plastic and elastic qualities of each peening
method had different effects on the residual stress depth profile of the peened welds when
compared with the peened blocks. There was limited success as seen in figure 6.9 as an
example of the residual stress in the LSP block and the remainder residual stress present
from the LSP weld after subtraction of the unpeened weld values. Problems arose due to
previous observations that the maximum residual stress is pushed further into the welded
plate when it has been peened. The values in figure 6.9 are data points from the true points
stated in figures 6.3 and 6.8 at 0.6, 1.3, 2, 3, 4, 5 and 8 mm into the samples in the
longitudinal and transverse directions. Further study into whether the alignment of the
maximum residual stress values for the unpeened and peened welds is an appropriate
application is recommended. A summary of the difference in residual stress at 0.6mm
deep into each sample is presented in table 6.1 as general analysis of the effect of peening
a welded austenitic stainless steel plate. It shows that there is approximately -180 MPa
CRS introduced to the shot peened weld, which is of similar amount of CRS at the near
surface of the shot peened companion block as seen in figure 6.2. The laser shock peened
and ultrasonic impact treated weld appear to introduce a greater amount of CRS than is
present in the respective companion blocks which suggest that plastic work may reverse in
nature and add to the peening CRS being introduced (Li et al. 2008).

Figure 6.9: Example of misalignment of residual stress in relation to depth
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Table 6.1: Summary of residual stress values at 0.6mm
Residual stress at 0.6mm deep
(MPa)

Residual stress difference of
peened weld with unpeened weld
at 0.6mm (MPa)
TD
LD
ND

TD

LD

ND

+140

+160

+100

X

X

X

-40

+40

X

180

120

X

X

X

X

X

Unpeened
weld
Shot
peened
weld
Shot
peened

-60

block
Laser
shock
peened

-420

-380

-180

560

540

280

-380

-240

-20

X

X

X

-380

-440

-180

520

600

280

-500

-380

-200

X

X

X

weld
Laser
shock
peened
block
Ultrasonic
impact
treated
weld
Ultrasonic
impact
treated
block
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6.5: ICHD residual stress depth profiles
The following section is supplemental measurement data of DHD (Deep hole drilled)
residual strain measurements expressed as residual stress depth profiles. Figures 6.10 to
6.12 are schematics where DHD has occurred on the group three samples. Figure 6.13 and
6.14 are DHD residual stress depth profiles of the LSP block and UIT block. When
comparing the LSP block measured via neutron diffraction and DHD, there appears to an
approximate 230MPa difference between the maximum CRS and the maximum tensile
residual stress. There is a more significant difference in results between the neutron and
DHD results. The difference is likely due to the necessary fixation of the front and back
bush (figure 2.34) on the top and bottom faces of the samples to measure the change in
strain as the hole is drilled. It is expected that a flat surface is required to place the bushes.
It is evident from figure 6.2 that the UIT treated samples have grooves on the surface from
the treatment. Removal of some of this surface would alter the residual stress present from
peening. The difference on LSP neutron and DHD results may be due to experimental error
or to the same need to apply the bushes. Any accidental load may alter the residual stress
present. It is noted that the SP block was not measured.
Figures 6.15 to 6.18 are DHD residual stress depth profiles of the unpeened weld, SP weld,
LSP weld and UIT weld respectively. When comparing the neutron and DHD residual
stress depth profiles of the unpeened weld there is a good relationship of the data. If the
first point is disregarded on the DHD transverse direction, then there is an approximate of
+100MPa of tensile residual stress of both measurement techniques and a distinct tensile
residual stress peak, which are slightly higher in the neutron data. The longitudinal
direction has the higher tensile residual stress as expected from literature (Masubuchi
2003) and both measurement techniques show evidence of tensile residual stress at the
back face form angular distortion. The DHD residual stress depth profiles of the SP treated
weld, the LSP treated weld and the UIT treated weld. The DHD SP weld data has as a
similar maximum CRS near the surface as neutron measurements, but has a higher
maximum tensile residual stress. The DHD LSP weld data has a similar maximum CRS
value at 0.6mm into the sample compared with neutron data. However the DHD UIT weld
has a noticeably higher maximum CRS near the surface than the neutron data. This
suggests that further study of both measurement techniques along with other types of
surface and through depth measurement techniques are required to investigate the residual
stress depth profiles obtained from peening an austenitic stainless steel weld; as the
techniques used here present some discrepancies. As to whether it is one or both
measurement techniques that require further study is speculative and only further
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investigation with stress gradients and depths of stress with respect to measurement
techniques would ascertain the most accurate approach to residual stress depth profiling of
peened welds.

Figure 6.10: Schematic of shot peened weld and drilling positions (Goudar 2010)

Figure 6.11: Schematic of Laser shock peened weld and Laser shock peened block and
drilling positions (Goudar 2010)
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Figure 6.12: Schematic of Ultrasonic impact treated weld and ultrasonic impact treated
block and drilling positions (Goudar 2010)

Figure 6.13: DHD residual stress depth profile of LSP companion block (Goudar 2010)
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Figure 6.14: DHD residual stress depth profile of UIT companion block (Goudar 2010)

Figure 6.15: DHD residual stress depth profile of unpeened weld (Goudar 2010)
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Figure 6.16: DHD residual stress depth profile of SP weld (Goudar 2010)

Figure 6.17: DHD residual stress depth profile of LSP weld (Goudar 2010)
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Figure 6.18: DHD residual stress depth profile of UIT weld (Goudar 2010)
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6.6: Chapter conclusions
In conclusion, this chapter aimed to observe if peening a welded region would alter the
near surface residual stress of an austenitic stainless steel filler TIG welded region. SP,
LSP or UIT treatment has shown to successfully alter the near surface residual stress from
tensile to compressive. To what magnitudes and depths are speculative when comparing
the neutron and DHD measurements. But the general observations are that SP treatment
introduces a small depth of change form tensile to compressive residual stress, whilst LSP
and UIT surface treatments alter the residual stress significantly in magnitude and also in
depth. There is a large amount of further study of peening welded material, which is
required and this is discussed in detail in the following chapter (chapter seven).
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Chapter Seven:
Conclusions and Further Work
7.1 Conclusions
The primary aim was to compare one peening type with other peening types. This
was represented through the surface finish, hardness, microstructure, residual stress
and plastic work of peened austenitic stainless steel.
The surface roughness of group one samples show evidence that LSP treated austenitic
stainless steel has the smoothest finish; this is supported by images taken of each surface
treatment from chapter 3 and presented in chapter 4.2. The cross-sectional microstructures
of each peening type showed varied changes in the microstructure of the austenitic
stainless steel treated. There was evidence of high level of plastic deformation near the
surface of shot peened material, and presence of deformation induced martensite in all
peening types microstructures. There was very limited evidence of grain changes in the
microstructure of the LSP treated samples. This is supported by no or very little evidence
of changes in the hardness depth profile of the LSP stainless steel samples of group one.
Evidence of high grain deformation is also supported by hardness depth profiles for the SP
treated samples. This shows that there is a distinctly higher amount of hardened region for
SP treated material than any of the other peening types (LSP, UIT or WJCP).
The residual stress depth profiles of each peening type were distinctly different to one
another; with respect to the surface CRS and maximum CRS. SP treatment introduced the
largest CRS, whilst UIT and WJCP treatments introduced approximately - 400 to
-550MPa and LSP with -200MPa. This suggests that LSP, UIT and WJCP treated material
can have higher parameter settings than what was used in this dissertation. The depths of
CRS of LSP, UIT and WJCP samples were very similar, which may suggest that thicker
samples could be used for higher peening parameters, to take into consideration balancing
of the residual stress and potentially obtain deeper depths of CRS. It is also noted that SP
and WJCP treated samples had good isotropic residual stress profiles, which can be seen as
a favourable outcome for use in industry. Another factor to note is that there was
considerable difficulty in measuring the LSP treated samples with X-ray and neutron
diffraction. EBSD mapping showed evidence of a change in the grain size near the surface
of the LSP treated samples, which results in this author concluding that a large amount of
further investigation into the concept of LSP is required. The UIT treated material has
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significant anisotropic residual stress depth profiles for both samples in group one and this
was explored further in chapter five by altering the peening parameters to determine if this
would alter the residual stress directionality. This was unsuccessful, although altering the
step size of the probe raster did improve the surface finish, surface roughness and
increased the plastic work introduced to the austenitic stainless steel samples of group two
chapter five.
The plastic work depth profiles of the SP treated samples that there is a distinct correlation
with the depth of CRS of ~200microns, whilst the UIT, LSP and WJCP treated material
shows a slightly larger depth of plastic work present in the material than the depth of CRS.
This suggests that redundant plastic work is present in these three surface treated samples,
but not in the SP treated samples. Care must be adhered to when considering which
peening method to apply to austenitic stainless steel with respect to the fatigue cycle or
static loading applied to the material as a high level of plastic work may result in early
failure.
The second aim was to compare the effect of the peening parameters on the
microstructural and mechanical aspects of austenitic stainless steel samples.
When comparing the peening parameters of four different peening types in chapter four
there is no distinct evidence that there is any change in the surface finish of the treated
material with respect to the peening parameters A or B for any of the surface treatments.
This may be due to the peening parameters not being as extreme as they could be. The
microstructures of peening parameters A and B showed no distinct difference along with
the hardness depth profiles of each sample in group one. The residual stress depth profiles
of A and B parameters of group one samples showed no large change when the shot size
was altered. This was also evident of the plastic work percent present. However an
increase in irradiance per centimetre squared of LSP treatment increases the depth of CRS
introduced, this was also supported by the plastic work present in the material. This was
also the same factor with the WJCP treated material, that an increase in treatment time
increases the depth of the CRS. Neither changes in peening parameter for LSP or WJCP
increased the maximum CRS however. There was a difference in UIT residual stress depth
profiles, however the directionality effect may have had an effect on the profiles, therefore
speculation is only possible. An increase in step size or a second layer of treatment appears
in increase the maximum CRS but decreases the depth of CRS, which suggest along with
the evidence of curvature of samples (1-4) in group two that the amount of residual stress
capable from the surface treatment is larger than the thickness of the samples. The plastic
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work profiles are very similar, therefore further study beyond the scope of chapter four and
five on the properties of UIT processing is necessary.
The third aim of this dissertation was to determine if peening the surface of an
austenitic stainless steel welded region alter the near surface residual stress.
The effect of peening a welded region of austenitic stainless steel showed that all surface
treatments (SP, LSP and UIT) altered the near surface residual stress from tensile to
compressive. The application of the surface treatments could be widely used for austenitic
stainless steel welded regions in industry with positive results. Further study of the
measurement techniques and other microstructural and mechanical aspects of peened
welds is recommended as further work as there is some discrepancy between DHD and
neutron residual stress depth profiling of group three welded samples.
Overall conclusion
Peening can successfully introduce compressive residual stress to austenitic stainless steel
samples, even when there is an original tensile residual stress present. Each peening type
introduces different microstructural, mechanical and surface finishes. This knowledge can
be applied to design of parts in industry as the life of austenitic stainless steel can be
increased by a number of these factors, depending on the load that will be applied, the
material treated and the environment it is used in.
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Suggested Future Work
The following section is key points and general observations of recommended further work
with respect to the results and findings of this dissertation.
With respect to the samples in group one and comparing the effects of changing peening
parameters such as shot size, length of treatment and irradiance etc. It is evident that there
is some change in the residual stress depth profiles of some surface treatments. Suggested
further work would be to have a larger range and more extreme settings for each peening
type to be applied to materials to determine fit there is a recommended level of treatment
for particular materials. For example, Almen intensity is dictated by the ‘10% rule of the
knee of an intensity calibration curve. Application of this concept to the surface finish,
hardness, residual stress and plastic work depth profiles of samples could be applied to
create a database of results for a range of commonly used material.
Further study on the effect of plastic work and residual stress and CRS max and CRS depth
in relation to the fatigue cycle and other forms of failure is also recommended as a high
plastic work may result in early failure
It was evident from chapter five in the discussion on the effect of the UIT peening
parameters that a small amount of curvature is present in the samples. When treating
material with higher peening parameters such as length of treatment or increase in
irradiance, thicker samples should be treated to limit any shape change. A change in the
peening method for ultrasonic impact should also be considered to eliminate anisotropy.
Possible the use of Mordyuk’s method with rotating pins, as seen in chapter two could be
seen as a possible form of surface treatment with an improved surface finish and increased
isotropic residual stress depth profile.
The application of more than one peening type to different material is also recommended
to determine if a combination of surface treatments can further enhance the properties of a
material.
For the peened welds the measurement techniques and the bead shape my of affected the
near surface residual stress measurements as the bead was slightly raise and curved which
hinders accurate near surface measurements. Further study of this would be to measure all
peened samples in one experiment and that the weld be flush with the plate to allow for
surface measurements.
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