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Abstract

While shot peening is a well-established technique used in applications where
compressive stresses need to be imparted to the material to improve fatigue life, there is still
very little fundamental research published. To many, the process is considered to be an art
rather than a science. This research aims to investigate the effects of the shot peening process

parameters on the surface topography and properties of low alloy steel.

The shot peening process influences both the surface and subsurface of the target
material with the latter being considered beneficial while the former detrimental. The fatigue
life of the material is generally improved by inducing compressive residual stresses into the
material subsurface. The process of inducing compressive stresses relies on the impact of
high velocity shot onto the target material surface. The impact of these shots tends to make
the surface rougher and results in the formation of local stress concentrations which can be a
precursor to fatigue failure. Coverage is a major parameter of shot peening process, which is
defined as the percentage of the sum of peened area over the total area on the surface of the
specimen. A new method with the aid of Matlab™ code to estimate the full coverage for
simulation of the shot peening process is proposed in this work. Then, a three dimensional
FEM model of the shot peening process was further developed using experimental results for
increased accuracy. The numerical and experimental studies give a good agreement in the
compared results in the topography and surface roughness of the shot peened steel. As a
result, after validating the FEM model with the experimental results, the FEM model can be
used to predict the results for the other shot peening conditions (same material) as well as
provide the initial operating parameters to reduce the trial and error experimental process.
The fatigue tests revealed that the shot peening process could significantly enhance the
fatigue life of the treated components. However, a side effect of the process was an increase
in surface roughness which was more prevalent under higher peening pressures and led to a
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reduction in the fatigue life. Therefore, to maximize the performance of the process, the
peening parameters need to be carefully selected. Microstructure analysis of the shot peened
parts indicated that the nucleation cracks or initiation cracks occurred in the subsurface at
depths of 10 to 20 microns in the case of as-received samples but moved up to the free

surface for the shot peened parts.
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Chapter 1: Introduction

1.1 Background

Shot peening is a cold working process, which is used to enhance the properties of
materials, especially the fatigue life as it induces large compressive residual stresses in the
subsurface of materials [1, 2]. Nowadays, the process is widely used in industries ranging
from aerospace, automotive to construction [1, 3, 4]. In the shot peening process, thousands
of balls impact on the surface of the target material which causes plastic deformation of the
material surface and induces compressive stresses in the bulk material. The top layers of the
surface, after being shot peened will be hardened, compressed, and visually will appear

rougher [5-7].

Shot peening is a complex process in which the peened surface properties depend on
various parameters such as velocity, type of media, nozzle pressure, the shape of media, and
properties of the target material [1]. The effectiveness of shot peening is determined by its
intensity, and coverage. The intensity of shot peening, which is the measure of the direct
energy of the shot stream impacted onto the surface, can be measured through the Almen
strip method [1]. Coverage is the measure of the original surface covered by shot peening
indentation. The degree of workpiece coverage must be determined on its surface by visual
inspection. Several methods have been developed to examine the coverage parameter, i.e.
visual inspection, blue-ink method, replicas, fluorescent tracer, and video method [1].
However, both intensity and coverage, are measured factors, and they are also dependent on
various parameters such as ball velocity, ball shape, nozzle pressure, shot peening time, type

of shot, properties of materials, etc. [1].



Recently, ultra-fine grain materials have attracted significant interest from both
industry and science. They are expected to deliver superior mechanical properties when
compared with the normal grain size specimens [7-10]. From the literature [5-7], surface
properties have a great effect on the failure of engineering parts, for example in fatigue
fracture, fretting fatigue, wear, and corrosion, etc. In many applications, it is recommended
that it is not necessary to have entire components by ultra-fine grain structure. To create a
ultra-fine grain material in the surface or sub-surface, a severe form of shot peening is
required with much higher intensity and coverage. This process is known as severe shot

peening.

1.2 Motivation

Shot peening has been widely used in the industry ranging from aerospace,
automotive to construction due to its compressive residual stresses induced by shot peening
process, which can prevent the formation of surface cracks and enhance the fatigue life of the

mechanical part.

Recent research [1, 3, 7] including both experimental and numerical simulation
approaches have explained how shot peening can improve the properties of material.
However, there are some research gaps which need to be studied to obtain the fuller picture

of the shot peening process and thus better control.

In recent simulation results [11-13], there are two types of model that have been
employed, i.e. single shot impact and multiple-shot impacts. In the latter, multiple-shot
impact model, most studies examine the effects of the shot peening process with a fixed

number of shot impacts and their locations. However, the location of the shot on the surface



of the target material area is random in the reported experiments. Therefore, it is necessary to

employ random functions for proper shot peening simulations.

Research into shot peening or conventional shot peening has been undertaken since
the 1920’s, but the severe shot peening to create the ultra-fine grain (NC) layer on the surface
of material evolved in the beginning of 21% century. The ultra-fine grain layer on the surface
of a material induced by severe shot peening is expected to possess superior mechanical
properties different from its conventional coarse-grained interior. However, up to now, severe
shot peening is still not applied to industry due to increase in shot peening time and increase

in surface roughness.

In addition, another application of shot peening is to restore a material which exhibits
micro cracks and extend its useful life. A crack (fatigue fracture) firstly appears on the
surface of the material during operation and then propagates into the bulk [14-20]. Therefore,
the presence of compressive stresses induced by the shot peening process inhibits the crack
formation and its propagation thereby improving the fatigue life. It is an effective method to

prevent the crack formation and enhance the fatigue life of the material.

Steel is an alloy that is most commonly used in the automotive, construction and
mechanical industry. Among steels, AISI 4340, low alloy steel, is known for its high strength
and great ability to plastically deform. AISI 4340 steel is widely used for power transmission
gears and shafts, aircraft landing gear, automotive, machine tool applications, and other
structural components. In this study, AISI 4340 low alloy steel was selected for the

investigation.



1.3 Objective

The objectives of this research are to investigate experimentally and numerically the
effects of the shot peening process on the properties of the target material fatigue life of a low

alloy steel.

1.4 Scope

The scope is as follows:

- To perform the shot peening process under various shot peening conditions to
investigate the effect of the shot peening operating parameters on the mechanical properties

and tribological properties of low alloy steel.

- To investigate the generation of ultrafine grain size structures on the subsurface
layer of the severe shot peened material and study a comparison of the mechanical properties

and tribological properties of both conventional and severe shot peened low alloy steel.

- To develop a three-dimensional FEM shot peening model to explain the shot
peening process phenomenon and to predict the effect of parameters of the shot peening
process on the properties of material. Then, a new proposed process is introduced to validate
the FEM shot peening results with the experimental works. The FEM model after validating
can be used to optimize the shot peening operating parameters for the experiment in other

case studies.

1.5 Report outline

The structure of the document is organized as follows: The literature review relating

to this research is presented in Chapter 2. Chapter 3 outlines the investigation of the effects of



the shot peening parameters on the mechanical and tribological properties of the material.
The comparison of the properties between the conventional and severe shot peened steel are
presented in Chapter 4. A new proposed method to estimate the number of shots and their
coordinates to achieve the full coverage is introduced in Chapter 5. In addition, to validate the
proposed method, a FEM model to simulate the shot peening process was developed and is
demonstrated in Chapter 5. A new proposed process is introduced in Chapter 6 to compare
the FEM model results with the experimental results. The main purpose of the shot peening
process is to improve the fatigue life of the shot peened components, therefore the effects of
the shot peening process parameters on the fatigue life of the treated samples were
investigated and are presented in Chapter 7. Finally, the conclusion and future work of this

Ph.D. research are proposed in Chapter 8.



Chapter 2: Literature review

2.1 Introduction
2.1.1 History of shot peening process

The earliest process of shot peening started since the time of ancient artisans and
blacksmiths when they used a hammer to make the shape and increase the strength of the
armors. The current shot peening method was introduced in 1920’s [21] by using metal,
ceramic and glass shots in the same manner as that of sand blasting to obtain a thicker

hardened layer on the workpiece.

In 1943, Almen created a method to measure the intensity of shot by measuring the
arc height of the standard specimen (Almen strip) after it passed the shot peening process.
This is a non-destructive test and the most common method to measure the intensity of the
shot peening process. In 1945, the X-Ray diffraction was first applied to measure residual
stresses induced by shot peening process by Milburn [21]. X-Ray diffraction and Almen test
method made it possible to relate the intensity to the residual stress induced by shot peening

process.

A large number of papers have been published on the effect of shot peening on the
residual stress distribution and the properties of the surface target after peening [2, 3, 5, 14,
22-30]. It was shown that properties including residual stress, hardness, surface roughness,
microstructure, fatigue, wear, and corrosion of the peened material all changed after using

this surface treatment.

In last few decades, the ultrafine-grained materials have attracted the interest of
scientists. To produce ultrafine-grained material, there are many methods, and severe plastic

deformation has received the greatest attention [7, 31-35]. It is natural to think to apply shot



peening method to generate the ultrafine-grained for the target surface layer. It has been
shown that the mechanical behavior of severe shot peened material has significantly changed;

however, the studies of severe shot peening have not yet been fully reported.

2.1.2 Shot peening system

Figure 2-1 illustrates an air-blast shot peening machine. The media from the nozzle
shoots a sample after accelerating velocity through the air compressor system. The media
after peening will be collected and returned to the system for repeating the shot peening

process.
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Figure 2-1. Schematic of shot peening equipment [21].

2.2 Shot peening parameters

The overview of the whole shot peening process is described in figure 2-2. There are

two outputs that are used to control the operating process, e.g.intensity and coverage. Media



size, media shape, media hardness, shot flow rate, shot velocity, nozzle-workpiece distance
and impact angle are parameters which directly affect the intensity. Whereas the coverage in
influenced by parameters such as a system type (nozzle or wheel), nozzle geometry, shot
velocity, angle of impact, mass flow rate, shot peening time, shot peening media and
properties of the workpiece. Figure 2-2 also presents an overview of the measurement
methods which are used to determine intensity and coverage. Finally, the properties of
material, which changes due to the shot peening process, with the relevant measurement

methods used to examine these properties, are also displayed in figure 2-2.

Process
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Figure 2-2. The overview of the whole shot peening process.

2.2.1 Intensity

Intensity is an indirect way of measuring the amount of energy which is transferred to

the surface of a workpiece. The Almen strip and Almen gauge are used to measure intensity.
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Three types of Almen strips, i.e. N, C, A, made SAE 1070 CRS (cold rolled spring steel) with
a standard hardness of 44-50 HRC, are used to measure intensity. These types are the same

length and width but vary in thickness.

Figure 2-3 illustrates how to obtain the arc height of single strip. The Almen strip is
mounted onto the holding fixture, and it is peened under the process condition. After
removing the strip from the fixture, it will bend the non-peened side again. Finally, Almen
gauge the is employed to measure the height of curve and plot it with the exposure time to

draw the saturation curve.

Stip mounted for arc height
mepaulm(mcgenmd)

Paanad sids

10/32 screws

Strip mmoved, resicusl
stressss inducs arching

Holding foure

Figure 2-3. The Almen strip measurement system [36].

Saturation is defined as the earliest point of the saturation curve, in which the arc
height increases by 10% or less if the peening time is double (figure 2-4). In that definition,

the intensity is defined as the arc height of strip at the saturation point.
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Figure 2-4. Saturation curve [36].
2.2.2 Coverage

One of the most important parameters which need to be obtained is the degree of
coverage. Coverage is defined as the percentage of the sum of peened area over the total area
on the surface of the specimen (figure 2.5a). Quality variation in coverage is not acceptable,
and it causes damage leading to component failure. In many industrial applications, the range
of coverage is from 100% to 200%, in which the residual stress is uniform and meet the
required value and the surface is not damaged by the shot [1]. However, in some recent
research, to achieve the ultrafine-grained structure layer on the top surface of the specimen, a

very high degree of coverage is required, i.e. above 1000% [7].

There are some techniques to calculate the degree of coverage, i.e. visual inspection,
blue-ink, replicas, fluorescent tracer, videos. Of these techniques, the most common one is
visual inspection. Coverage increases with peening time but not linearly. One example of a
coverage curve showing the degree of coverage as a function of the shot peening time is
presented in figure 2-5b. The visual check works only when the degree of coverage is lower
than 100%. To perform the required degree of coverage higher, e.g. 300%, the peening time

is estimated as three times the required time to achieve the coverage of 98%.
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Figure 2-5. Coverage (a) definition and (b) as a function of the shot peening time [1]

In the theoretical model proposed by Kirk [37], the shot size indentation, peening rate
and exposure time to predict the degree of coverage was considered based on the Avrami

equation (2-1) [38].

Ceey = 100 |1 3R mt 2-1
® = P\~ 2ar3, (2-1)
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where C is the coverage at any particular time, R is the average radius of indentations
caused by a single shot, m is mass flow rate of shot, t is exposure time, A is area of shot

spread, r is the average radius of shot, p is the shot density.

2.3 Residual stress

2.3.1 Overview of residual stresses

The residual stresses which are presented in the mechanical parts can significantly
enhance their useful life [1, 36]. It is well known that cracks do not initiate nor propagate in
the compressive zone of a specimen [39]. Besides, most fatigue and stress corrosion failures
originate at or near the surface. Therefore, the compressive stresses induced by shot peening

can significantly increase the useful life of the mechanical parts or components [1, 40].

b) during peening media impact
(surface deformation)

c) after peening
(spring back)

Figure 2-6. lllustration of material deformation as a result of a peening process showing: a)
initial material before peening, b) surface deformation during peening media impact, and c)

resultant deformation after spring back [1].
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Figure 2-7. Resultant residual stress gradient after shot peening [1].

When a flat sheet is peened, it typically deforms into a convex arc shape toward the
peened side. That deformation indicates that the top surface layers of the specimen are
stretched plastically, which causes the permanent bend curve of the sheet. The mechanism of

this process can be explained as follows.

When a flat sheet is subjected to the shot peening process, it will be compressed and
bent into a convex arc around the impact area (figure 2-6a, and figure 2-6b) [1]. The resultant
of this process is either elastic or plastic and is dependent on the energy of shot impact. If the
energy is low, the sheet will spring back to the original stage, and there is no residual stress
field generated. However, if that energy is large enough, the sheet is deformed plastically and
bent. That plastic deformation is usually limited to the surface or near surface region and
depends on the energy of shot impact, mechanical properties of specimen and properties of
media. In the peened material, the surface and near-surface are deformed plastically or elasto-
plastically, but the subsurface is deformed elastically. When the loading caused by the impact
shot releases, the near surface will spring back but remains partially elongated due to the
plastic deformation. Besides, the subsurface which deforms elastically also tries to spring

back, but it cannot return to its original state due to plastic deformation of the surface (figure

13



2-6¢) [1]. Therefore, after shot peening, the residual stresses will be introduced in subsurface
of the shot peened material [1]. Figure 2-7 depicts the residual stress variatians after shot
peening from the surface to the subsurface [1]. The maximum compressive residual stress
normally appears at the sub-surface and the magnitude of this maximum value depends on the
energy of impact and mechanical properties of peened material. Then, the magnitude of
compressive stress will decrease with the increase in specimen penetration depth [1]. For
equilibrium, the compressive residual stress is balanced by the tensile compressive stress. It
means that the tensile stress in the subsurface will compensate completely the sub-surface

compressive residual stress generated by shot peening [1].

2.3.2 Practical residual stress measurement methods

Residual stresses are defined as “lock-in” stresses which exist in components after the
external loads released the material [39]. In the whole volume of components, the sum of the
local regions of tensile stresses and compressive stresses are equal to zero. Figure 2-8 shows
an example of a formation and a distribution of residual stresses in a material. In which, the
residual stresses are created in the sub-surface of material after the releasing of externally

loads.

Residual stresses are created by almost all manufacturing processes. Then, these
stresses develop or relax during the service life of components. The mechanisms for creating
residual stresses in the material, as shown schematically in figure 2.9, can be classified are as

follows:

1. Non-uniform plastic deformation: including processes such as rolling, drawing and
extrusion, forging, bending, cutting, turning, etc. These methods are employed to change the

shape of the material [39].
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2. Surface modification: including some techniques such as machining, grinding, plating,
peening, carburizing, etc. [39]. These methods are used to improve the surface properties of

the material.

3. The changes of material phase and/or density due to the presence of large thermal gradients
also can create the residual stress in the material. These methods are heat treatment, casting,

quenching, phase transformation in metals and ceramics, welding, etc. [39].

Non-loaded Externally loaded Residual stress

4-

111111 o1 W

A

Figure 2-8. Schematic diagram of the cross-section of a material showing the formation and

distribution of the residual stresses in a material [39].

It is to be noted that after finishing the manufacturing process, the tensile and
compressive stresses appear simultaneously in the sub-surface of material. Take shot peening
process as an example, after treatment, the compressive residual stress zones are formed close

to the peened surface and the tensile stresses are created below them.
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Figure 2-9. Examples of some common processes in which residual stresses are created in the
material [39].

Residual stresses can be classified as either macro stress (Type 1), or micro stress
(Type 11) or a combination of macro and micro stresses (Type Il1) present simultaneously in a

material [39, 41]. The classification goes as follows:

+ Type I: Macro residual stress. This type stress develops in the component with the scale

larger than grain size of the material [41];

+ Type II: Micro residual stress. This stress alters on on the individual grain scale [39, 41];

+ Type I1I: Micro residual stresses exist within a grain of material due to the presence of

dislocations and crystalline defects [41].

A larger number of methods to measure the residual stresses in different types of
material have been established over past decades [39, 41]. However, most of the techniques

are developed to measure Type | residual stresses and they are classified into destructive, or
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semi-destructive or non-detective techniques as shown in figure 2-10. The destructive and
semi-destructive techniques are also named as mechanical methods or stress-relaxing
methods, which evaluate the stress-relaxation formed in a component when the material is
removed. These methods measure deformations of the material when residual stresses
releases during the material removal. Non-destructive techniques usually measure some
parameters related to the stress such as the interplanar spacing, d, from their stress-free value,
do. Then, the strain could be analyzed by applying Bragg’s law (in X-ray diffraction residual
stress measurement). Finally, figure 2-11 and table 2-1 present the penetration and the spatial
resolution and the summation of the advantages and the disadvantages of each residual stress

measurement techniques, respectively.
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Figure 2-10. Residual stresses measuring techniques [41].
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Table 2-1. Comparison of the residual stresses measurement techniques [41].

Technique

Advantages

Disadvantages

X-ray diffraction

Ductile

Generally available
Wide range of materials
Hand-held systems
Macro and Micro RS

Lab-based systems
Small components
Only basic measurements

Hole Drilling

Fast,

Easy use

Generally available
Hand-held

Wide range of materials

Interpretation of data
Semi destructive
Limited strain sensitivity
and resolution

Neutron Diffraction

Macro and Micro RS
Optimal penetration and resolution
3D maps

Only specialist facility
Lab-based system

Barkhausen Noise

Very quick

Wide sensitive to

Microstructure effects especially in
welds

Only ferromagnetic materials
Need to divide the
microstructure signal from
that due to stress

Hand-held
Generall_y available Limited resolution
. Very quick
Ultrasonic Bulk measurements over
Low cost whole volume
Hand-held
Wide range of material Destructive
Sectioning Economy and speed Interpretation of data
Hand-held Limited strain resolution
High-resolution maps of the stress .
Destructive
normal to the cut surface Interoretation of data
Contour Hand-held P

Wide range of material
Larger components

Impossible to make successive
slices close together

Deep hole drilling

Deep interior stresses measurement
Thick section components
Wide range of material

Interpretation of data

Semi destructive

Limited strain sensitivity and
resolution

Synchrotron

Improved penetration and resolution
of X-rays

Depth profiling

Fast

Macro and micro RS

Only specialist facility
Lab-based systems
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Figure 2-11. Residual stresses measuring techniques [41].

2.4 Surface texture parameters

The surface texture parameters of the shot peened material are defined according to
the ISO 25178 standard [42]. The huge plurality of surface texture parameters are the field
parameters. The field parameters are calculated based on every data point (the coordinates(x,
y, z) of each point) measured on the definition area, while feature parameters only consider
specific points, lines or areas. In addition, the field parameters characterize the surface
heights, slopes, complexity, wavelength content, etc. of the sampling area (A) [43]. The
surface texture parameters are classified into four general categories (figure 2.12): height
(amplitude), spatial, hybrid and functional [44]. Figure 2.13 shows the typical applications for

various 3D parameters, it indicates which 3D parameters needed to measure and to control
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relate to the required application. The height parameters are the most frequently used in
manufacturing industry because they provide simple standards to easily determine the quality

of the surface finishing of specimens.
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Figure 2-12. The surface texture parameters according to 1SO 25178.
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2.5 Modeling of shot peening process

Modeling and simulation of the shot peening process are widely used as they provide
a cost-effective and fast approach to understand and predict the whole process without
carrying out expensive experimental trials. Besides, the simulation results can be used to

improve, control and design the experiments.
2.5.1 Single shot impact

The dynamic of single shot peening model was studied by Meguid [11] (figure 2-
14a), Hong [45] (figure 2-14b), Bhuvaraghan [46] (figure 2-14c) and Bae [21] (figure 2-
14d). In their research, the effects of shot peening parameters i.e. shot velocity, shot size, shot

shape, angle impact, etc. on residual stress distribution have been investigated.
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Figure 2-14. Single shot model: (a) Meguid [11], (b) Hong [45], (c) Bhuvaraghan [46], and
(d) Bae [21].
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2.5.2 Multiple-shot impacts

The dynamics of modeling of multiple-shot impacts also have been developed [12, 13,
47-50]. In research reported by Meguid [12] (figure 2-15) and Eltobgy [47], the effect of
distance between the shots was conducted. Majzoobi [48] has considered the effect of the
number of balls on the target material, i.e. four balls and nine balls (figure 2-16). Kim [13]
studied the effect of multiple-shot impacts with various cycles and impact sequences. A
random function was used to generate the location of shots in the research by Miao [49],
which can predict results more reliable than the fixed and symmetrical arrangement (figure 2-
17). However, from the literature review, the number of balls required to achieve 100%

coverage and the coverage of the shot peening process have still not been well documented.
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Figure 2-15. FE model of multiple impingements of multiple-shot impacts: (a) full model and
(b) discretized symmetry cell in Meguid research [12].
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(b)

Figure 2-16. Multiple-shot impact model of Majzoobi [48]: (a) four-shot model, and (b)

nine-shot model.
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Figure 2
The research by Umemoto [33] concluded that the most important condition to

produce nanocrystalline (NC) structure is a strain, with the minimum amount of strain

2.5.3 Numerical model of severe shot peening model



necessary is around 7 mm/mm. Besides, another favorable condition is repetitive or cyclic
deformation. Based on that conclusion, Bagherifard [50] developed a severe shot peening
model to predict the generation of a nanostructured surface layer. Comparing with the
random multiple-shot impacts (used for conventional shot peening), the severe shot peening
model has the same boundary conditions. However, to achieve the minimum required an

amount of strain, the number of shots and their velocity are significantly high (figure 2-18a).

—a— 6T impacts
—il— 134 Impacis

PEEG

aQ .05 0.1 0.15 0.2 .25 0.3 0.35

Depth [mm]
(a) (b)

Figure 2-18. (a) Severe shot peening and (b) equivalent plastic strain (PEEQ) profile within

the target measured from impacted surface of Bagherifard’s model [50].

Figure 2-18b shows the distribution of equivalent plastic strain (PEEQ) as a function
of depth in the research by Bagherifard [50]. The result indicates that, under the setting
condition with 134 shots, the PEEQ is larger than 7 mm/mm [50], which is the important

condition to conclude that the ultrafine layer was generated on the surface of material [33].

24



2.5.4 An analytical model for the shot peening process: the elastic plastic
with kinematic hardening model

There are numbers of material models developed for the numerical simulation. Each
model has its attributes, applications. Therefore, choosing the proper material model for the
numerical simulation depends on the general classes of physical materials and the physical
treatment process. Shot peening is a cold working process which causes the plastic
deformation on the surface and sub-surface of the material. Hence, the elastic plastic with
kinematic hardening is one of the cost-effective models can be applied to calculate. This
material model can be employed to study the isotropic and kinematic hardening plasticity

material which can include rate effects [51].

A
Et-——-——“""'__-'
E

yield
stress 7 >

In|—

(fo)
e p=0 kinematic hardening

____r_._.f—--— B=1 isotropic hardening

Figure 2-19. Elastic-plastic behavior with isotropic and kinematic hardening [51].

The parameter to obtain the isotropic, kinematic or a combination of isotropic and
kinematic hardening is called g. It varies between 0 and 1. Figure 2.19 displays the isotropic

hardening (5 = 1) and kinematic hardening behavior (5 = 0), where lp and | are the initial and
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deformed length of the specimen respectively [51]. In the case of isotropic hardening, the
center of yield surface is fixed but the radius is a function of the plastic strain. In a contrast,
the radius of yield surface is fixed but the center translates in the direction of the plastic strain

[51]. The yield condition is defined as [51]:

2

1 o
¢:§§ij§ij _?yzo (2-2)
where
Sij = Sy — & (2-3)
a, =S; — (2-4)

The co-rotational rate of o is

ap =(1- ﬂ)% E,éf (2-5)
So,
alt=ol () varel v anal At (2-6)

Then, the Cowper Symonds model is employed to calculate the strain rate. The current radius

of the yield surface, o, is calculated by [51]:

o, = 1+(éjp (o0 + /E, 52, ) (2-7)
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in which o is static yield stress, C and p are constant parameters of material in the Cowper —

Symonds relation. The strain rate (¢£) and plastic hardening modulus (Ep) and the effective

plastic strain (&J; ) are defined as [51]:

&=y (2-8)
E.E
E, =— -
p E - Et (2 9)
2 L)
& :J(?“DEUPJ dt (2-10)
0

The plastic strain rate is determined as [51]:

5up = éij _éi? (2-11)
where ¢; and ¢; are the total strain rates and the elastic strain rates respectively. In the

implementation of this material model, the deviatoric stresses are uploaded elastically and

repeated here for the sake of clarity [51]:

6 =0y +CyyAey (2-12)
where &;,0;,Cy,,and A, are the trial stress tensor, stress tensor, elastic tangent modulus

ijr~ijr i

matrix and incremental strain tensor, respectively.

Then, the calculation is finish if the yield function is contented. In the case of it is
infringed, an increase in plastic strain is calculated, and at that time the stresses are scaled
back to the yield surface, as well as the yield surface center is updated. Let consider the trial

elastic deviatoric stress at n+1 stage [51].

1
Sjj =0y — éakk (2-13)
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i =S — & (2-14)

Define the yield function,

p 3 EE ot o A2 <0 forelastic or neutral loading .
=—C.C. —0O, = — O -
27 Y| >0 for plastic harding (2-15)
For plastic hardening then
n+l A_O- n
gh =&l +— L =gl + A&’ 2-1
eff eff 3G n Ep eff eff ( 6)
Scale back the stress deviatiors
. 3GAgf .
ol =0o; - - Le (2-17)
and update the center
1-B)E Ack .,
a™ =" _('B)—Pg‘*ffg__ (2-18)

ij ij A 1]
2.6 Experimental studies

Severe shot peening (SSP) is successfully used to generate the ultrafine layer on a
variety of materials, including pure materials, alloys and intermetallic compounds [7]. The
majority of experiments are studied to consider the effects of ultrafine layer on the
improvement of material mechanical behavior [7]. To observe the microstructure of peened
material, scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
have been widely used [52-56]. The X-Ray diffraction (XRD) method is used to determine
the residual stress and full width of the diffraction peak at half of maximum intensity
(FWHM) distribution inside the components after peening [53, 54, 57]. Current severe shot

peening works have compared the advantages of the properties of severe shot peened material
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to the conventional shot peened material [53, 57-62]. Most studies have focused on the effect
of ultrafine layer induced by severe shot peening to improve the fatigue life, distribution of
residual stress, surface roughness and variation of hardness in the subsurface of low alloy
steel material. However, the studies on the effects of severe shot peening on other material
(like aluminium, titanium and nickel alloy) or others mechanical properties (like friction,

wear, scratch resistance, corrosion, nitriding) are very limited.

2.6.1 Effect of shot peening on fatigue

It is well known that most fatigue failures initiate at the surface or subsurface close to
the surface and propagate to the inside of components. The shot peening (conventional shot
peening) has long been used to prevent these failures. Besides, the components of a
nanostructured surface layer induced by severe shot peening are expected to significantly
improve the fatigue life of components due to two main reasons: 1) The fatigue crack
initiation and its propagation are very sensitive to the structure and properties of the material
surface and 2) the high magnitude of compressive residual stresses can also effectively stop

or retard the initiation and prevent the propagation of the fatigue cracks.

In an experiment by Bagherifard [63], a low alloy steel 39NiCrMo3 was studied in
both conventional and severe shot peening conditions. The fatigue life in the case of a
specimen subjected to severe shot peening is expected to be considerably higher than a
conventional peened one due to the formation of an ultra-fine-grained layer on the surface of
the target material. However, the surface roughness, in the severe shot peening component
increases significantly, that is why on the rotating bending fatigue tests, the improvement of
the fatigue life of the severe shot peened material is not notable when compared between shot

peened and non-peened parts.
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To reduce the negative effects of surface roughness caused by the severe shot peening
process, Bagherifard [58] investigated some additional methods to reduce the surface
roughness on the severe shot peening specimens. These methods include prolonging
treatment time (increasing the time of shot peening process), removing a thin layer of
material (a layer of almost 45 pm was removed from the surface by grinding and
electropolishing by acid), and repeening (using smaller media to peen the component after
severe shot peening). Table 2-2 and figure 2-20 show the effectiveness of these methods to
the surface roughness and fatigue life of specimens. The results indicate that polishing is the
best way to reduce the surface roughness on specimens and these methods can improve the
fatigue life of severe shot peened material although it is not too much (a fatigue strength

improvement of 10% in comparison with non-peened specimens).

Table 2-2. Surface roughness parameters of shot peened specimens [58].

Treatment k(mm) In(mm) Ra(um) Rg(um) Ry (um) Re(um)
NP 0.8 4.0 0.57 0.79 3.45 4.95
CSP 0.8 4.0 3.53 4.34 17.41 23.21
SSP 0.8 4.0 7.53 8.98 33.90 44.34
SSP (double peening time) 0.8 4.0 8.51 9.94 37.33 50.41
SSP (electro-polishes) 0.8 4.0 3.38 4.16 15.05 20.65
SSP (abrasive wheel) 0.8 4.0 1.56 2.06 10.57 15.00
RSSP (Re-SSP) 0.8 4.0 6.92 8.72 39.24  46.70
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Figure 2-20. The true stress-strain curve in log-log axis (NP: not peened, SSP: severe shot

peened, RSSP: re-peened, and GSSP: ground by abrasive wheel [58]).

2.6.2 Effect of shot peening on residual stress distribution

To study the state of residual stress, XRD analysis has been commonly performed.
The research by Bagherifard [63] (figure 2-21a), [58] (figures 2-21b,c), and Mikova [64]
(figure 2-21d) show that the maximum stress values in cases of severe shot peening and
conventional/typical shot peening are quite similar while the depth of compressive stress
layer of severe shot peened material is double compared to the case of conventional/typical

peened.
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Figure 2-21. Residual stress distribution: (a) Bagherifard’s report [63], (b) and (c)

Bagherifard’s report [58], and (d) Mikova’s research [64].

2.6.3 Effect of shot peening on surface hardness

To measure the micro-hardness of specimens after shot peening and severe shot
peening, a cross-section of specimens were studied by using a diamond Vickers indenter with
a maximum force of 25 gf [58], 200 gf [54], and 50 gf [64]. Figure 2-22 compares the
microhardness value in some experiments. It can be seen that the maximum value of hardness
at the surface and then gradually reduces into the inside of materials. Besides, the severe shot

peened material is harder than that which was conventionally shot peened.
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Figure 2-22. Microhardness of peened specimens: (a) Bagherifard’s report [58], (b)

Bagherifard’s report [54], and (c) Mikova’s research [64].

2.7 The research gaps in the literature review

Although the shot peening process has been studied and used widely for over fifty
years, data on various aspects of the process and peened material are lacking in the public
domain. These include mechanical, tribological properties, distribution of residual stress in
the subsurface, fatigue life of the peened component, surface quality of shot peened low alloy
steel under different shot peening conditions as well as the effect of the double shot peening

and severe shot peening.

With regard to the reported modeling of the shot peening process [48, 65-69], it is

observed that three-dimensional multiple-shot impact models did not concentrate on the
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coverage parameter. Instead, the multiple-shot impact simulations studied uniformly
distributed positions and prearranged sequences. The details of these impact patterns have
been discussed in a review paper by Bagherifard et al. [70]. Though the use of symmetry
patterns reduces the computational costs, it cannot totally define the random nature of
practical shot peening process. Therefore, these patterns often fail to simulate a full coverage

condition for the actual shot peening process.

The literature review also reveals that the experimental results of the double shot
peening process were reported by Vielma [71] and Scuracchio [72], but there is a lack of

modeling and simulation knowledge.

In many published papers [12, 13, 49, 50, 73], the surface target material is set as a
flat surface. In addition, this assumption reduces the complexity of the simulation process.
However, the flat surface somehow reduces the accuracy of the numerical simulation results
and cannot be applied to consider the effect of the as-received surface roughness condition on

the surface topographies of the shot peened samples.

Finally, the literature review of the fatigue of the shot peened reveals that after
treatment the fatigue life of samples significantly increases [7, 59, 74]. The answer for this
increment was explained by the induction of the compressive residual stress in the subsurface
of the material. However, it is it is necessary to find evidence to explain why the compressive
stress can improve the fatigue life and why the fatigue life reduced when the samples were

shot peened in the severe conditions.

2.8 Summary

This chapter began with the brief history of the shot peening process from the time of

ancient artisans and blacksmiths up to modern-day shot peening technique. Shot peening
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parameters and shot peening systems were also introduced in this chapter to provide an
overall picture of the whole process. Besides, the mechanism of the generation of
deformation zone and the resultant residual stress gradient after shot peening were explained
in this section. The last part of the literature review presented the status and the limitations of

the currently reported research in both simulation work and experiment work.
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Chapter 3: Effects of shot peening process
parameters on the microstructure, mechanical

and tribological properties of low alloy steel

3.1 Introduction

The major failure mechanisms of engineering materials such as fatigue fracture,
fretting fatigue, wear and corrosion, etc. are very sensitive to their surface condition and
properties [7], where the typical failure originates. To improve the fatigue life of metallic
components, compressive residual stresses are introduced to the surface and subsurface of
mechanical components to prevent the fatigue crack initiation and growth simultaneously [7].
There are several common methods used to induce compressive residual stresses to the
subsurfaces of solid materials such as shot peening [2, 75, 76], severe shot peening [55, 58,
77], laser shock peening [78, 79], deep cold rolling [6, 80] and roller burnishing [81]. Among
these methods, shot peening has been widely used in industries ranging from aerospace to
construction with up to 75% of the components in airplane engines being subjected to shot

peening [82, 83].

Although the shot peening process has been used for over fifty years, the data on
mechanical and tribological properties of shot peened components under different shot
peening conditions, and double shot peening is not satisfactorily available. Among steels,
AISI 4340, low alloy steel, is known for its high strength and great ability to plastically
deform. AISI 4340 steel is widely used for power transmission gears and shafts, aircraft
landing gear, automotive, machine tool applications, and other structural components [36, 37,

53].
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In this study, AISI 4340 low alloy steel was selected as a material for investigation.
Shot peening process with media S230, S110 and combining both these media (double shot
peening) was performed under various pressures. The mechanical and tribological properties
of as-received and shot peened AISI 4340 steel samples were systematically investigated
within the context of microstructure, surface roughness, micro-hardness and ball-on-disc

microtribological testing.

3.2 Experimental details
3.2.1. Material

Commercial AISI 4340 low alloy steel samples of 8 mm thickness rolled was selected
for all shot peening experiments. The nominal chemical composition of the AISI 4340 steel is
presented in table 3-1. Prior to the shot peening experiment, the steel samples were polished
using sand papers with grit sizes of 240, 600 and 1000 to eliminate any surface oxide layer

and other contaminants.

Table 3-1. The nominal chemical composition of AISI 4340 steel (weight %).

C Si Mn Cr Ni Mo Fe

0.34 0.25 0.50 0.90 1.55 0.25 96.21

3.2.2. Shot peening

Prior to shot peening process, to determine the intensity of the shot peening process at
varying pressures of 69 to 552 kPa, the standard Almen test A strip (SAE 1070 of size 76.1
mm x 18.95 mm x 1.29 mm), Almen gauge (Almen Gages, Peening Accessories) and
holding fixture were employed. At each shot peening pressure, the Almen test strip was shot

with different cycle times (T) and their arc heights were measured correspondingly. A plot of
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arc height with the shot peening time was drawn to obtain saturation curve and to define the

shot peening intensity.

All the steel samples were shot peened for the same period (20s). In this study, three
series of tests were investigated under different shot peening pressures. Two types of steel
media were used, S230 and S110, which are the common media used in the industry. The

details of the shot peening conditions are listed in table 3-2.

Table 3-2. Shot peening process parameters used in chapter 3.

Samples Media type Pressure (kPa)
S110-10 S110 68.9
S110-20 S110 137.9
S110-30 S110 206.8
S110-40 S110 275.8
S110-50 S110 344.7
S110-60 S110 413.7
S110-70 S110 482.6
S110-80 S110 551.6
S230-10 S230 68.9
S230-20 S230 137.9
S230-30 S230 206.8
S230-40 S230 275.8
S230-50 S230 344.7
S230-60 S230 413.7
S230-70 S230 482.6
S230-80 S230 551.6
DP-10-20 S230 68.9
S110 137.9
DP-20-20 S230 137.9
S110 137.9
DP-30-20 S230 206.8
S110 137.9
DP-40-20 S230 275.8
S110 137.9
DP-50-20 S230 344.7
S110 137.9
DP-60-20 S230 413.7
S110 137.9
DP-70-20 S230 482.6
S110 137.9
DP-80-20 S230 551.6
S110 137.9
As-received NA NA
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The S230 and S110 media have the mean diameter of about 600 um and 300 pm
respectively and hardness of about 500 + 30 Hv. To investigate the effects of combining both
media on the properties of AISI 4340 steel, a series of experiments were performed where the
samples were first treated by the larger media (S230) and then shot peened again by the
smaller one (S110). Coverage is defined as the percentage of the sum of peened area over the
total area on the surface of the specimen. The shot peened samples were analyzed, using an

optical microscope at 50x magnification, to determine the level of coverage.

3.2.3. Characterization
The experimental velocities of shots were measured with a ShotMeter G3 - Particle
Velocity Sensor equipment at a distance of 150 mm from the outlet of the nozzle. In this

experiment, the mass flow rate was kept constant at 3 Kg/min.

Scanning electron microscopy (SEM, JEOL®, JSM-5600LV) was employed to study
the surface and wear morphologies of the samples while the cross-sectional microstructures
of the samples were studied using an optical microscopy (OM, Zeiss®, Axioskop 2, JVC
color video camera). Prior to SEM and OM characterization, the samples were ground and

polished via a chemical — mechanical polishing process with the details listed in table 3-3.

Table 3-3. Sample preparation parameters for microstructural observation.

Surface SiC-paper MD-Largo MD-Dac MD-Nap MD-Chem
320

Suspension Largo 9 um  Diapro3um  Diapro lum  OPS

Lubricant Water

rpm 300 150 150 150 150

Force (N) 30 30 30 10 10

Time (min) 10 5 5 5 5
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The surface hardness of the samples was measured using a Vickers hardness tester
(Future-tech®, FM-300e) with a total applied force of 100 g, and an average hardness value
was obtained from twenty indentation measurements on each sample. The cross-section
hardness of the samples was measured by the nanoindenter equipment (Agilent®, G2000)
(maximum depth and maximum load of indentation are 500 um with 0.01 nm resolution and
500 mN with 50 nN resolution, respectively) using a Berkovich diamond indenter. Prior to
the measurement, the sample was ground and polished to prepare a very fine surface.
Continuous Stiffness Measurement (CSM) technique was applied to calculate the hardness
where the contact stiffness is measured continuously during the process. Indentation load was
continuously recorded during the loading and unloading cycle of indentation. To study the
hardness as a function of the depth from the surface, a line indentation with 25 um between
two points was carried out. The cross-sectional hardness was calculated from five

measurements at each location.

The surface roughness of the sample was measured using a surface profilometer
(Taylor Hobson®, Talyscan 150) with a diamond contact stylus of 4 um in diameter. Five
areal measurements per sample were carried out to calculate the average three-dimensional
surface roughness parameters such as an average areal roughness (Sa), a root mean squared
(Sq), @ maximum peak height (Sp), a maximum valley depth (Sv) and a maximum height of
the surface (S;). These parameters are the height parameters of the surface texture and
commonly used to quickly identify the quality of surface finish of the material. These

parameters defined according to 1ISO 25178-2: 2012 [42].

The tribological properties of the samples and wear test were investigated using a
ball-on-disc micro-tribological test (CSM®, Micro-Tribometer). The samples were tested

against a 100Cr6 steel ball with a diameter of 6 mm in a circular path of 1.5 mm in radius for
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40000 laps at a sliding speed of 50 mm/s under a normal load of 5 N at room temperature (~
22-24°C). The wear volumes were obtained after a test duration of 40,000 laps. Five

measurements on each sample were taken to obtain average tribological results.

3.3 Results and discussion

Figure 3-1a and b show the overview of the spherical shapes of media S230 and S110
with mean diameters of about 600 and 300 um respectively. Figure 3-2 presents the velocities
of S230 and S110 steel shots as a function of shot peening pressure. The measurements reveal
that the rise in pressure results in the velocities of both S230 and S110 steel shots. The stream
shots become less stable when the pressure increases causing an increase in variation of the
measured results. The dynamic energy of each shot was calculated using: E = % mv?, where m
and v are the mean mass and mean velocity of each shot respectively. The mean mass of each
shot S230 and S110 are 8.8 + 0.5 x 10* g and 1.1 + 0.1 x 10™* g respectively. It is clear from
figure 3-2 that even the velocity of shot S230 is smaller than that of shot S110, but the
dynamic energy of shot S230 is much higher than shot S110 under the same shot peening
pressure condition. The difference becomes more significant with the higher shot pressures.
The higher dynamic energies of shots will cause deeper and wider dimples on the shot peened

materials.

The shot peening intensities measured under different shot peening pressures are
depicted in figure 3-3 in which the shot peening intensities of both S230 and S110 steel shots
increased linearly with increased shot peening pressure was found. To measure the intensity
of the shot peening process, three types of standard Almen test strips are used, e.g. N, A and
C. The N strip is employed at low intensity levels, the A strip is the most common and used
in the medium range, while the C strip is used for very high intensity level only. In this

experiment, the standard A strip was used to measure the intensity of the shot peening
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process. Therefore, the unit of intensity is A. Besides, it is also indicated that the intensities

measured in the case of S230 steel shots are higher than that for S110 steel shots, due to S230

steel shots having higher dynamic energies under the same pressure conditions.

(@) (b)
Figure 3-1. SEM micrograph showing overview of media: (a) S230 and (b) S110.
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Figure 3-2. The velocity of shot and dynamic energy of each S230 and S110 steel shot

measured under different shot peening pressures.
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Figure 3-3. Intensities of S230 and S110 shots measured under different pressures.
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Figure 3-4. Surface topographies (above) and morphologies (below) of as-received
AISI 4340 steel sample.
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Figures 3-4 to 3-7 show the surface topographies and morphologies of the shot peened
AISI 4340 steel under different shot peening conditions. In figure 3-4, the as-received sample
reveals a relatively smooth surface. In the case of the samples treated by the S230 steel shots,
at the shot peening pressure of 68.9 kPa, the level of coverage is about 60% (figure 3-5a),
increasing to 80% at the pressure of 137.9 kPa (figure 3-5b) and reaching about 98% (can be
considered at full coverage) at the pressure of 206.8 kPa (figure 3-5¢).A totally full coverage
is achieved at the shot peening pressure of 275.8 kPa (figure 3-5d). It is clearly seen that, in
the case of the samples treated by the media S110, the full coverage of the shot peened
sample was achieved even at the shot peening pressure of 68.9 kPa (figure 3-6a). On the
other hand, the larger media roughens the surface of the shot peened samples by forming
deeper and wider dimples on these surfaces as shown by comparison of the shot peened
surface topographies after shot peening by S230 and S110 steel shots (figure 3-5 and figure
3-6). The increased surface roughness is inherent to the shot peening process. To reduce the
surface roughness caused by the larger shot (S230), an additional shot peening process was
performed called double shot peening in which the shot peened samples were shot peened
again by a smaller shot size (S110). However, the comparison between figure 3-5 and figure
3-7 displays that only the double shot peening process can improve the surface finish of the
shot peened material from the shot peening pressure of 206.8 kPa, which is the lowest

pressure required to achieve full coverage by the first treatment with media S230.
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Figure 3-5. Surface topographies (above) and morphologies (below) of the shot peened AlSI
4340 steel samples treated by the media S230: (a) S230-10, (b) S230-20, (c) S230-30, (d)
S230-40, (e) S230-50, (f) S230-60, (g) S230-70 and (h) S230-80.
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Figure 3-6. Surface topographies (above) and morphologies (below) of the shot peened AlISI
4340 steel samples treated by the media S110: (a) S110-10, (b) S110-20, (c) S110-30, (d)
S110-40, (e) S110-50, (f) S110-60, (g) S110-70 and (h) S110-80.
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Figure 3-7. Surface topographies (above) and morphologies (below) of the shot peened AlSI
4340 steel samples treated by the double shot peening process: (a) DP-10-20, (b) DP-20-20,
(c) DP-30-20, (d) DP-40-20, (e)DP-50-20, (f) DP-60-20, (g) DP-70-20 and (h) DP-80-20.
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Figure 3-8 shows the areal roughness parameters for the shot peened AISI 4340 steel
samples under different shot peening conditions. The average areal roughness as denoted by
Sa and Sq show an increase in roughness with increasing shot peening pressure and the media
size (figures 3-8a and b). A stronger trend is observed with a larger shot size which produces
a maximum S, value of approximately 10um. The peak and valley components of the surface
again follow a similar trend to that observed for Sa and Sq. The increase in S, (figure 3-8c)
and Sy (figure 3-8d) can be related to the impact of the shot on the surface which, with greater
pressure, will cause the surface to deform to a greater depth (as represented by Sy) while at
the same time, forcing the deformed material upwards (represented by Sp). As S; is the sum of
Sp and Sy, a similar trend is observed as is the case for Sy, which can be considered an average
S; value for the surface (figure 3-8e). What can be observed is that, by using double shot
peening, the overall roughness is reduced when using a second peening stage with a smaller

shot size.

The cross-sectional microstructures of the shot peened AISI 4340 steel samples under
different conditions are shown in figure 3-9. After etching with 4% nital and 2% picral (in
equal parts), the ferrite (o) grain in white, and the pearlite in black, are visible. In the
microstructure of the as-received sample presented in figures 9a and b, the sizes of the ferrite
grain are relatively even with a mean diameter of 3 um. The results show that the sizes of
ferrite grains become smaller with increased shot peening pressure or media size (figures 3-

9c-f).
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(€) S230-40 T (f) S230-80
Figure 3-9. Cross-sectional microstructures of the shot peened AISI 4340 steel samples under

different shot peening conditions: (a) As-received, (b) Coarse-grained interior, (c) S110-40,
(d) S110-80, (e) S230-40 and (f) S230-80.

Figure 3-10 presents the surface hardness of the AISI 4340 steel samples under
different shot peening conditions. Due to the cold work hardening caused by the shot peening

process, the surface hardness of the steel is higher after the treatment. The hardness of as-
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received sample is about 3.12 £ 0.08 GPa, while the hardness of the steels after shot peening
with S110, S230 steel shots and double shot peening under the pressure of 551.6 kPa are 3.92

+0.25,4.11 £ 0.25 and 4.13 £ 0.22 GPa, respectively.

Shot peening treatment causes plastic deformation on the sample through the surface
impact of the shot. The deformation depths induced by the media S110, S230, double shot
peening at different pressures vary. Due to the cold work hardening occurring on the surface
and the subsurface of the shot peened samples, the hardness reaches the largest value on the
surface and gradually reduces with depth (figure 3-11). The hardness of samples S230-80,
S230-40, S110-80, and S110-40 are 4.31 + 0.11, 3.79 + 0.15, 4.04 £ 0.16 and 3.54 + 0.18

GPa on the surface and reduce to about 3.09 + 0.20 GPa after 300 um, respectively.
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Figure 3-10. The surface hardness of the shot peened AISI 4340 steel samples under different

shot peening conditions as a function of shot peening pressure.
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Figure 3-11. Cross-sectional hardness variations of the shot peened samples as a function of

depth from the surface.

Figure 3-12 shows the friction coefficients of the as-received and the shot peened
AISI 4340 steel samples under different conditions tested against a 100Cr6 steel ball in dry
conditions. It is clear that the higher shot peening pressure results in a higher friction
coefficient, from 0.47 of the as-received sample to 0.51, 0.55 and 0.52 of S110-80, S230-80,
and DP-80-20 samples, respectively. Figure 3-12 also indicates that the shot peening with the
larger shots (S230) results in, the higher friction coefficients for all the shot peening
pressures. Besides, the second shot peening process (S110 with 137.9 kPa) can reduce the
friction coefficients on the surface of the shot peened samples caused by the first shot
peening process (by shot S230). The results also indicate that the rougher surface of the shot
peened samples results in the higher friction through mechanical interlocking between two

rubbing surfaces so that the friction of the shot peened steels under different conditions with
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increased shot peening pressure can be correlated to the significant increase in their surface

roughness (figure 3-8).

The friction coefficients of the shot peened steel AISI 4340 steel samples at different
treatment conditions tested against 100Cr6 steel ball under 5 N in a dry condition as a
function of the number of laps are displayed in figure 3-13. The as-received sample and the
sample S230-80 display the lowest and highest friction coefficients respectively during the
whole sliding test. The friction coefficient of all samples increases with increased laps for
first 5000 laps (also called running-in period) due to the increased removal of asperities

rubbing surfaces and then stabilize during the prolonged sliding [76, 84-87].
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Figure 3-12. The friction coefficient of the shot peened AISI 4340 steel samples under

different shot peening conditions as a function of shot peening pressure.
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Figure 3-14 presents the wear volume of the as-received, and the shot peened steel
samples under different conditions as a function of the shot peening pressure. The wear
volume of the as-received sample is about 25.3 + 1.9x10°3 mm?. Under the dry condition, due
to the increased wear resistance associated with their higher hardness [76], the wear volume
reduces gradually with the increasing of pressure in all tested conditions with media S110,
S230, and double shot peening. Besides, at the low pressure (68.9 kPa and 137.9 kPa) the
smaller shot size (S110) gives the better wear resistance, but the samples have a lower wear
volume in the case of larger shot sizes when the pressure treatment is higher than 206.8 kPa.
The reason is that the shot peened samples treated by media S230 do not achieve full
coverage under the shot pressure at 68.9 kPa and 137.9 kPa (figures 5a and b). Figure 3-14
also indicates that second shot peening is a beneficial process to reduce the wear volume for

the shot peened samples which were first treated by the shot S230 in all of the tests.

The wear topographies and morphologies of the as-received and shot peened AISI
4340 steel samples under different shot peening conditions are exhibited in figure 3-15. The
as-received sample tested against the 100Cr6 steel ball has a larger wear track on the surface
compared to those of the shot peened samples indicating that the latter have higher wear
resistance. It is also clear that some dimples induced by the shot peening process are still
visible on the wear track (figures 3-15c, d, e and g). It reveals that the dimples caused by the
shot peening process at the high pressure are even deeper than the wear depth attributed to the

sliding ball on the surface.
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Figure 3-15. Wear topographies and morphologies of the shot peened samples: (a) As-

received, (b) S110-40, (c) S110-80, (d) S230-40, (e) S230-80, (f) DP-40-20 and (g) DP-80-20.

Figures 3-16a and b show the wear morphologies of the 100Cr6 steel balls rubbed on

the surfaces of the as-received sample and S230-80 sample, respectively. The larger wear
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scar is found on the 100Cr6 steel ball slid on the treated sample. It indicates that the higher
hardness and higher roughness of the shot peened sample are responsible for the much higher

wear of its counter 100Cr6 steel ball.

In general, the above results show that the shot peening is a comprehensive process
with a lot of operating parameters. These parameters include shot flow rate, shot velocity,
impact angle, pressure of nozzle, distance from nozzle to workpiece (see figure 2-2), etc.
Among these parameters, shot pressure and media size are importance because they can
control the intensity and coverage are easily. The results in Chapter 3 reveals that shot
pressure and media size have significant effects on the microstructure, mechanical and
tribological properties of the low alloy steel. The details of the conclusion are presented in the

next section.

Figure 3-16. Wear morphologies of 100Cr6 steel balls slid on AISI 4340 steel samples: (a)

As-received and S230-80 sample.

3.4. Conclusion

The microstructure, mechanical and tribological properties of the shot peened AISI
4340 low alloy steel under different shot peening conditions were systematically investigated.

The following conclusions can be drawn from the obtained results:
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e Under the same nozzle pressure, the smaller S110 steel shots have higher velocities
but smaller dynamic energies which result in lower measured intensities compared with S230
steel shots.

e In the case of low shot peening pressure of 68.9 kPa and 137.9 kPa, the shot peened
samples cannot achieve full coverage with S230 steel shots but can with S110 steel shots. The
coverage is full when the shot peening pressure is higher than 206.8 kPa for S230 steel shots.

e The hardness of the shot peened sample increases with the increasing shot pressure
and media size due to higher cold working.

e The surface roughness of the shot peened sample increases with the increase in shot
pressure and media size. It indicates that the steel shots with higher velocities (dynamic
energies) and larger size form the deeper and wider dimples on the target material.

e The shot peening process influences the microstructure of shot peened steels by
reducing the grain size on the sub-surface depth of influence.

e The increased shot peening pressure and media size result in increasing the friction
coefficient but decreasing the wear volume of the shot peened samples due to the significant
influences of their surface roughness and surface hardness.

e The larger wear scar found on the 100Cr6 steel ball rubbed on the rougher and harder
shot peened sample.

e The double shot peening process not only reduces the surface roughness but also

improves the tribological properties of the shot peened material.
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Chapter 4: Investigation of the properties of
conventional and severe shot peened low alloy

steel

4.1 Introduction

Recently, ultrafine grain (nm in size) materials have attracted significant interest from
both industry and academia for their high mechanical performance [7, 9, 10]. Surface
properties have an important influence on the failure of engineering parts, for example in
fatigue fracture, fretting fatigue, wear, and corrosion, etc [7]. Therefore, in many
applications, it is recommended that it is not necessary to make entire components by
ultrafine grain materials [7]. Thus, the material with ultrafine grain on the subsurface close to
the surface is supposed to significantly improve the surface properties of the specimen
without changing its chemical composition and shape [7, 9]. In order to create an ultrafine
grain material, an aggressive form of shot peening is required with much higher intensity and
coverage. This process is known as severe shot peening (SSP) and has been successfully used
to generate the ultrafine grain layers on a variety of materials, including pure materials,
alloys, and intermetallic compounds [7]. It also worth to note that at high intensity, severe
shot peening process induces both high magnitude of compressive residual stresses as well as
generate the ultrafine grain layer on the surface. However, the surface roughness of the severe
shot peened target material is relatively high, which is considered as a negative side effect of
this process. To improve the surface finish of the severe shot peened component, a secondary
shot peening process with a smaller shot size media and a low intensity should be employed.

This process is called as re-severe shot peening (or also named double severe shot peening).
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Singh et al. [88] reported that the wear volume loss of quenched and tempered SAE
6150 steel could be reduced by employing the shot peening process. Mitrovic et al.[89]
proved that both shot peened 36CrNiMo4 and 36NiCrMo16 alloy steel showed an improved
wear resistance under dry and lubricated contact condition tests. Matsui et al. [90]
investigated the tribological performance of steel under the dry rolling/sliding contact
conditions and found that the samples with pre-shot peening treatment exhibited an improved
wear resistance. The wear performance of AISI 1017 steel after severe shot peening was
studied by Unal et al. [91]. This results suggest that the hardness and stiffness of the sample

surface and wear durability were enhanced with the increasing shot peening [91].

In this chapter, heat-treated AISI 4340 low alloy steel samples were shot peened
under conventional and severe conditions to investigate their mechanical and tribological
properties. The hardness distribution against the depth from the surface of the shot peened
components was evaluated by using a nanoindentor and their frictional and wear properties

were studied using a ball-on-disc micro-tribological experiments.

4.2 Materials and methods

In this study, AISI 4340 steel was used as the material for all experiments. The
nominal chemical composition of the AISI 4340 low alloy steel (weight %) is composed of C
(~0.34), Si (~0.24), Mn (~0.51), Cr (~0.91) Ni (~1.54) and Mo (~0.25). The steel was heat
treated at 815°C, quenching in oil at ~20°C, and followed by tempering at the temperature of

~230°C for 2 hours.
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Table 4-1. Shot peening parameter conditions used in chapter 4.

Specimen Almen Shot size Coverage Peening Pressure
intensity times
Conventional shot 10A S230 (6600 pum) 120 % 150 s 200 kPa
peening 1 (CSP1)
Conventional shot 12A S230 (¢$600 pm) 120 % 150s 350 kPa
peening 2 (CSP2)
Severe shot 24A S230 (¢$600 pm) 1200 % 1500 s 620 kPa
peening (SSP)
Re-Severe shot 24A S230 ($600 pum) 120 % 1500s 620 kPa
peening (Re-SSP)
10A S110 (¢300 pm) 120 % 150's 270 kPa
As-received NA NA NA NA NA

The samples were then mounted on the fixture and shot peened under different
conditions, as listed in table 4-1. To achieve a coverage of 120%, the specimen was shot
peened in 150 seconds. Therefore, the peening time to obtain the coverage of 1200% is
1500s. The media employed in this research were S230, and S110, the round high-quality

steel shot, which are the common media used in industry.

4.3 Results and discussion

Figures 4-1a and b show the cross-sectional optical microstructure of the as-received
steel sample observed at different magnifications. The micrograph shows a 20 pm thick iron
oxide layer due to heat-treated process. This iron oxide layer results in poor mechanical
properties which are not useful in mechanical components. Therefore, the formation of this
iron oxide layer in important mechanical parts is prevented by using vacuum furnace during
heat treatment process or by conducting a polishing process after heat treatment. The normal
mean grain size of the as-received sample measured by the optical microscope is about 10um.

Figures 4-1c and d present the cross-sectional microstructure of conventionally shot peened
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sample 2 (CSP2) observed at different magnifications. The iron oxide layer is partly removed
from the surface of the conventional shot peened sample (figure 4-1c) and remained over a
depth of about 3-5 um. Under the plastic deformation formed by the shot peening process, the
mean grain size of the second layer over a depth of 100 — 150 um is reduced to about 5um
(see figure 4-1d). The result demonstrates that shot peening is a good process to remove the
iron oxide layer from the surface. Figures 4-1e and f show the cross-sectional microstructure
of a severe shot peened (SSP) sample observed be specific magnifications. It can be clearly
seen that the iron oxide layer is totally removed by the high energy impacted from the shots
in the severe plastic deformation condition (figures 4-1e and f). There are three different grain
size layers formed on the cross-sectional microstructure of the severe shot peened sample.
The first layer with the ultrafine grain size, which cannot be discerned by the normal optical
microstructure equipment, appears on the top surface of the shot peened steel sample. The
depth of zone is about 20 um, which is generated by receiving very high strain from the shot
caused by severe plastic deformation. The next layer with a small grain size of approximately
2um has the depth of 150 um (measured by the optical microscope). This layer also
underwent the high strain process. Therefore, the grain size of this layer was reduced to be
smaller than the original grain size. The last layer is original grain size with the mean of grain
size of about 10um, where the effect of deformation caused by impacts is reduced

significantly.

Hardness tests were performed using an Agilent G200 Nanoindenter. Figure 4-2a
presents the microhardness distribution along the depth from the surface of the sample.
During the heat treatment process in the normal furnace, elemental carbon is depleted from
the surface over a depth of 300-500 um, and the quantity of amount of escaped carbon

reduces from the surface into inside material [92, 93]. This phenomenon caused a reduction
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in the hardness of heat-treated sample at the surface and near surface layer (up to 500 um)

[92, 93].

ron oxide layer

Original grain L% Original grain

(b)

Original grain

Itrafine grain layer
IDeformed grain layer

Itrafine grain layer

IDeformed grain size

(e) ()
Figure 4-1. Cross-sectional microstructure of shot peened AISI 4340 steel at different
magnifications: (a) and (b) as-received, (c) and (d) CSP2 sample, (e) and (f) SSP sample.
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Figure 4-2. (a) Micro-hardness distribution along the depth from the surface of the sample
and (b) Surface roughness of AISI 4340 steel after undergoing different shot peening
conditions.
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The shot peening process induced the plastic deformation on the surface of the target
causing work hardening on these peened samples. It is also clearly seen that comparing with
the as-received specimen, the near-surface hardness of SSP, Re-SSP, CSP1, CSP2 samples
have increased. The hardness of the surface layer of Re-SSP, SSP, CSP1, CSP2, as-received
samples is 6.5, 6.0, 4.8, 3.7 and 3.1 GPa, respectively. The difference in hardness profile
between the severe and conventional shot peening condition occurs in about 50 um from the
surface, where the ultrafine grain is formed in the severe shot peened sample due to the high

deformation process.

The surface roughness of the samples was measured using a surface profilometer
(Taylor Hobson®, Talyscan 150). In figure 4-2b, the measured areal arithmetic average (Sa),
root mean squared (Sq) surface roughness, the maximum height of surface (St) and the
average distance between the five highest peak and five lowest valleys (S;) values of the
treated AISI 4340 samples are remarkably larger than those of the as-received sample. The
difference between treated samples and as-received sample are more clearly in the case of St
and S; values because these values are sensitive to the height of peaks and depths valleys
caused by shots. It also can be clearly seen that using a smaller shot after severe shot peening

process can reduce the surface roughness in term of Sa, Sq, St and S; values.
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(e)
Figure 4-3. Surface morphologies and topographies: (a) SSP, (b) Re-SSP, (c) CSP1, (d) CSP2
and (e) as-received AISI 4340.

Figures 4-3a-d shows the surface morphology and topography of shot peened samples
and figure 4-3e presents surface morphology and topography of the as-received sample. In
figure 4-3e, the as-received sample has a relatively rough surface due to the formation of the
iron oxide layer (caused by heat treatment process). Obvious dimples caused by the treatment
appeared on the surface topographies of the peened sample as presented in figures 4-3a-d.
The dimples become deeper, and the surfaces become rougher in the case of higher shot
peening pressure [76]. It is also clearly seen that the re-severe shot peening process can make
the surface topography smoother by reducing the height of the peaks after severe shot
peening. This result is in agreement with the measured surfaces roughness of the treated

topography in figure 4-2b.

The tribological properties of shot peened samples were investigated by the ball-on-

disc micro-tribometer (CSM) machine. The sliding friction coefficient was measured by the
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ratio of the friction force to the normal load on the pin. In this research, the pin stylus was
kept stationary while the samples were mounted on the rotating disk. The tribological
properties of the samples were studied by sliding against 100Cr6 steel balls (diameter of 6
mm) in a circular path (radius of 1.5 mm) for duration of 40000 laps with a sliding speed of
50 mm/s under a normal load of 5 N at room temperature (RT ~22 — 24°C). During the
sliding test, wear tracks were steadily made on the surface of the samples mounted on the
rotating disc and on the surface of the top of the ball mounted on the stationary pin due to the
material loss from friction/wear. The material removal can be associated with abrasive wear
attributed to both two body and three body wear mechanisms. The average friction coefficient
of each sample was obtained from three wear tests. Then, the width and the depth of wear
tracks with surface profilometry were used to calculate the average wear volume (material
loss) of each specimen. Figure 4-4a presents the friction coefficient between the shot peened
samples against the 100Cr6 steel balls in the dry sliding wear tests. The results indicate that,
compared with the as-received sample, the friction coefficient in the cases of conventional
shot peened samples (CSP1, CSP2) slightly increases, while the values of SSP and Re-SSP
samples are noticeably higher. The friction coefficients between the steel samples, i.e. SSP,
Re-SSP, CSP1, CSP2, and as-received against the 100Cr6 steel balls are 0.53, 0.51, 0.47,
0.48 and 0.46, respectively. The possible reason is that the surface roughness plays an
important role to raise a higher friction by mechanical interlocking between two rubbing
surfaces [94, 95]. The results can show that the samples with higher surface roughness (figure
4-3 and figure 4-2b) exhibit a higher friction coefficient for all the tests. However, in the case
of Re-SSP, the surface roughness value of Re-SSP sample is equal to that of CSP1 and
smaller than that of CSP2, but the friction coefficient is still higher. As mentioned above, the
ultrafine grain layers are formed on the surface and near-surface of the SSP sample and Re-

SSP samples. This ultrafine grain layer has different properties compared with the original
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grain size of the material [7]. Therefore, the highest friction coefficients in cases of Re-SSP
come from the effect of this ultrafine grain layer. Figure 4-4b shows the friction coefficients
of the shot peened steels against the steel ball under the load of 5N as a function of the
number of laps. The friction coefficient increases gradually in the first 10,000 laps (also
called running-in period) due to the increased wear of asperities rubbing surfaces [76, 84-87].
From 10,000 laps onwards, the tested samples exhibit a steady friction coefficient during the

entire sliding test [76, 84-87].

Figure 4-5 illustrates the wear volume of the shot peened steel AISI 4340 samples
under different peening conditions tested against the steel ball under a normal load of 5N.
Wear volumes were calculated from the width and the depth of the wear track profiles. The
wear track profile was measured after tested friction coefficient for 40000 laps by using a
surface profilometer (Taylor Hobson®, Talyscan 150). It is clear that the decrease in the wear
volume in the tested sample is probably due to the increased wear resistance associated with
the corresponding increase surface hardness[76, 96]. It is further confirmed by considering
the hardness distribution at the surfaces of these samples (see figure 4-2a). The highest
hardness surface sample (Re-SSP) has the lowest wear volume of 8x10 mm? and the lowest

hardness surface sample (as-received) has the highest wear volume of 27x10° mm?.
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Figure 4-4. (a) The friction coefficient between the shot peened samples against the 100Cr6
steel balls in the dry sliding wear tests. (b) The friction coefficients of the shot peened steels
against the steel ball under the load of 5N as a function of the number of laps.
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Figure 4-6 shows the wear track morphology and topography of the shot peened AlSI
4340 steel. Abrasive wear formed by the repeated sliding of the steel ball clearly creates
grooves on the wear tracks under the load of 5N. The as-received sample has the largest wear
track on the surface and consequently the highest material loss[76, 84-87]. The severe shot
peened and re-severe shot peened samples have smaller wear tracks and wear volumes
compared to the conventional shot peened samples. This is due to the higher wear resistance
of the shot peened samples can reduce their wear tracks [76, 84-87]. Figures 4-6a-b also
reveal that some dimples formed by the impact of the shot during shot peening have a higher

depth than that of the material removed by the sliding ball and thus can still be seen.
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Figure 4-6. Surface morphologies and topographies of wear tracks: (a) SSP, (b) Re-SSP, (c)
CSP1, (d) CSP2 and as-received AlSI 4340 steel.

In general, a conventional shot peening parameter was used in industrial application
for over fifty years, but a severe shot peening process was about a decade. The main purpose
of the severe shot peening is to create an ultrafine grain on the surface of the material while
the conventional shot peening aims to induce the compressive residual stress in the
subsurface of the material. With the very high intensity (24A compared with 10A) and
coverage (about 10 times compared with a conventional process), the severe shot peening
caused a severe plastic deformation on the surface of the material. Therefore, severe shot
peening process leads to a high surface roughness of the sample due to the formation of deep

indentations on the surface.

4.4 Conclusion

In this chapter, the low alloy steel AISI 4340 after quenching and tempering was shot
peened under conventional and severe conditions to investigate their mechanical and
tribological properties. After heat treatment, there was an iron oxide layer with a depth of
about 20 um formed on the sample surface. The conventional shot peening process could
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partly remove this layer and improve the properties of material while the severe shot peening

process totally removed it from the surface.

The severe shot peening generated an ultrafine grain layer with a depth of 20 um. The
severe shot peening process increased the hardness of the surface and subsurface close to the
surface of the material as a result of promoted cold work hardening effect. The increasing
surface hardness by applying conventional shot peening and severe shot peening process
could improve the wear resistance properties of material, as a result of decreasing the wear

volume of peened samples.

Severe shot peening process leads to a high surface roughness of the sample due to
the formation of deep indentations on the surface. Therefore, the increase of surface
roughness of severe shot peened sample was responsible for their increased friction
coefficient against the steel ball. The high surface roughness was considered as a side effect
of severe shot peening process. To reduce its side effect, additional shot peening process with
smaller media was employed. This method not only reduced the surface roughness on severe
shot peened surface samples but also improved the wear resistance of the low alloy steel (Re-

SSP).

It could be concluded that the severe shot peening process could remove the iron
oxide layer and generate an ultrafine grain layer on the surface of a low alloy steel; the
experimental results showed that this layer had an influence on the mechanical and

tribological properties of the treated AIS1 4340 low alloy steel specimens.
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Chapter 5: Three-dimensional modeling of shot

peening process

5.1 Introduction

Computational modeling is widely used for a number of manufacturing processes
including shot peening in order to avoid the expensive and time consuming experiments to
process optimisation [97, 98]. Its results can be used to predict for the experimental studies,
etc. It can also reduce the number of experiments required to establish the ideal processing
parameters. Different approaches are proposed to study the numerical simulation of the shot
peening process [48, 65-69]. It is observed that three-dimensional multiple-shot impact
models did not concentrate on the coverage parameter, but on the development of stress state
during the impact process. These the multiple-shot impact simulations studied uniformly
distributed positions and prearranged sequences. The details of these impact patterns have
been discussed in a review paper by Bagherifard et al. [70]. Though the use of symmetry
patterns reduces the computational costs, cannot totally define the random nature of practical
shot peening process. Therefore, these patterns often fail to simulate a full coverage condition

for the actual shot peening process.

A random impact model was developed by Miao et al.[49], where the center of shot

coordinates was generated by equation (5-1).

x=0.75+1.5xrand(L1)
y =0.75+1.5xrand(11) (5-1)
z=-05-(N-1)x1.5xrand(Ll)

where rand(1,1) is a uniform pseudo-random number generator in the interval [0,1]

and N is the number of impacts.
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Bagherifard et al. [50] developed a multiple-shot random impact simulation model to
predict the generation of the nanostructured surface layer. In this research, to obtain the
coverage parameter, the Kirk and Abyaneh model [99] given by the Avrami equation

(equation 5-2) was applied.

C% =100[1—e*]
d

2
N Xﬂ'(} 2
5-2
Ar=—22 =N(ij (5-2)
I
zl =
2
where N is the number of shots, d is the diameter of a dimple caused by a single shot;
D is the diameter of impact region of the target material. In shot peening experiments, a

coverage of 98% can still be assessed visually [1], and is considered as full coverage. To

obtain 98% coverage, the Ar value is equal to 4.

It is also worth noting that the high shot intensity obtained with large shots at a high
velocity is effective to induce a high magnitude of compressive stress in the target material.
However, the surface roughness of the shot peened target material is relatively high. To
improve the surface finish of shot peened components at high intensity, lower shot intensity
obtained with smaller shots at a lower velocity is used to reduce the surface roughness. This
process is called double shot peening. The experimental results of the double shot peening
process are reported by Vielma [71] and Scuracchio [72], but there is the lack of modeling

and simulation knowledge.

In this chapter, a new method is introduced to estimate the number of shots and the
arrangements required to achieve full coverage of the target material. A multiple-shot impact
model, implemented in a commercial explicit FE analysis program LSDYNA, was used to

investigate the effect of different shot peening parameters on the compressive residual stress
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distribution of the material. The effect of double shot peening on the residual stress

distribution of the material was also studied in the simulation.

5.2 Materials and methods

In this research, a new approach method is introduced to estimate the coverage of
target material using a simulation model. This model is based on the assumptions of the Kirk
and Abyaneh model [99]. The assumptions are that during shot peening process, a simplified
model is considered, in which a fixed diameter of circular impression is created by uniformly
sized spheres impacting a flat surface. A new approach can provide the number and
arrangement of required shots for the coverage of 98%. To estimate the level of coverage

parameter, a Matlab™ code is developed as per the flow chart in figure 5-1.

The first step of this flowchart is the calculation of the diameter of a dimple on target
material surface caused by a single impact. Figure 5-2a presents the original region of a target
area which is divided into several small cells. The value of each node of the cell is set equal
to 1 at the beginning of the process. Value “1” means that the node is not peened. The first
ball, which has the radius “R”, randomly impacts on a target (the center of the ball is located
in the target area) to generate an indentation with radius “»” on the target surface. Therefore,
the values of all nodes, which are located inside the circle, change from “1” to “0”, and value
“0” remains unchanged (figure 5-2b). Value “0” means that the node is peened. After each
shot, the degree of coverage is calculated by equation (5-3). If this ratio is less than 98%, an
additional ball will impact the region area (figure 5-2c) until this ratio is larger than 98%, so
that the program will stop and provide coordinates of all impacted balls and the final

coverage of the process.

Cop = number of nodes with value "0" 53
total number of nodes
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surfaces after (b) first impact, and (c) first two impacts.

To validate the result of this newly introduced method to estimate the coverage of the
shot peening process, a multiple-shot impact FEM model was developed. The steel target
material parameter was set based on Majzoobi study [48], in which mass of density p = 7800
kg/m?, a Young’s modulus E = 210 GPa and the initial yield stress 6o = 1500 MPa. The shots
used were assumed to be rigid with two radii of 0.15 and 0.3 mm. The dimensions of the
target material were 2 mm x 2 mm x 1.5 mm, and the shot peened target area was 1 mm X
1mm. The target material and the shots were meshed using an eight-node brick element with
an element size of 0.04 mm. The dynamic friction coefficient between the shots and target is
set at f 0.1 [48]. The plastic strain-rate dependent behaviour follows that of the Cowper-

Symonds law was given by (5-4).

o \1/p
&
o =0, 1+[EJ (5-4)

in which o, is static yield stress, C and p are material constants. The values C and p of

steel are 2.1e+11 and 3.3, respectively [48].

The rigidity of shots was based on the fact that the yield strength and hardness of
typical steel shots are required to be significantly higher than those of the target material [12].
The interaction between shots was ignored. The shots in the simulation have a perfectly
spherical shape and impacts with the same velocity. The velocity was studied from 30 m/s to

50 m/s. The bottom surface of the target is fully constrained.
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5.3 Results and discussion
5.3.1. Coverage parameters

Figure 5-3 presents an example result of the introduced method, i.e. an indentation
with r = 0.064 mm caused by the impact between a 0.3 mm diameter shot at 40 m/s on 1 mm
x 1 mm target. Figure 5-3a provides the result of locations of all shots and the coverage of
98.11% after peened with 311 shots. Figure 5-3b presents the coverage of target surface as a
function of the number of shots. The curve is close to the Arvami curve when the single
dimple area (zd?/4) is very small compared with the shot peened target area (zD?/4). The ratio

of the area, (d%/D?), is small, meaning that N is large.

Number of impact: 311
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Figure 5-3. (a) Coordinates of impact shots employed to obtain coverage of 98%, and

(b) dependence of the degree of coverage on a number of shots.

In this method, the random function was used to generate the position of shots
including the number of shots and their locations and the degree of coverage varied with
different repeated runs. For example,when R = 0.15 and v = 40 m/s, the number of shots
required to obtain the coverage of 98.11%, 98.05%, 98.03%, 98.12%, and 98.01% in five

consecutive repeated runs are 311, 309, 315, 314, and 310 respectively. It is worth noting that
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the difference in the number of shots required to obtain a coverage of 98% in different

consecutive repeated runs become more significant with the large ratio of (d/D)>?.

A practical shot peening process is a random process thus the number of shots used to
achieve the full coverage in one unit of the surface target area is a random number followed
the standard normal distribution. Hence, it is missing in the Kirk and Abyaneh’s model e.g.
the equation (5-2) only provides one result. Therefore, the result of equation (5-2) only
becomes accurate when the N is sufficiently large. In that case, the value of N is
approximately equal to the mean value p of the standard normal distribution. It can be seen
that if the number of shots N is sufficiently large, the Kirk and Abyaneh’s model based on the
Avrami’s equation is approximately equal to the mean value p of the standard normal
distribution, so there is an agreement of the Kirk and Abyaneh’s model with this proposed

method result. Figure 5-3 shows this comparison.

However, when the number of shots N is small, the Kirk and Abyaneh’s model is not
accurate. For example, a shot with a diameter of 1.2 mm was employed to impact the material
at the velocity of 115 m/s. The single indentation was formed on the surface of the material
with a diameter of 0.58 mm. The equation (5-2) provides the result of N = 15 impacts to
achieve the full coverage of 98% in the unit of 1 mm?. It can be concluded that this result is
not accurate. Figures 5-4a-f displays the number of shots and their coordinates to obtain the
full coverage of 98% in six consecutive repeated runs using this proposed method. It shows
that 23, 24, 20, 14, 17 and 26 impacts were employed to achieve coverages of 100%, 98.30%,
99.98%, 99.24%, 98.82% and 99.89% respectively. The comparison shows that there is a
large difference in six consecutive repeated runs due to the random function of the shot
peening process. Figure 5-4qg illustrates a dependence of coverage on the number of shots of

the Kirk and Abyaneh’s model and six consecutive repeated runs of the proposed method.
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The figure presents the coverage of target surface as a function of the number of shots.
Increasing the number of shots results in the increment of shot-peened coverage. However,

the proposed curves follow the same trend but are close to the Arvami curve.
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Figure 5-4. (a-f) Coordinates of impact shots employed to obtain coverage of 98% in six
consecutive repeated runs, and (g) dependence of the degree of coverage on a number of

shots.

5.3.2. FEM multiple-shot impact model
To investigate the effect of full coverage of shot peening process, the result of the new
proposed method was applied in the multiple-shot impact model. In the random multiple-shot

impact model presented in figure 5-5, multiple shots were impacted onto the surface of a
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kinematic plastic model. The effect of coverage, velocity of shot, and shot size on the
distribution of residual stress and surface roughness of target material under different process

conditions were investigated.

Figure 5-5. Finite element model of multiple-shot impacts.

5.3.2.1 Mesh sensitivity analysis

In finite element modeling, there is a trade-off between greater accuracy which is
achieved by smaller mesh size mesh and computational power or time needed. Therefore, it is
important to evaluate the effect of mesh size on the simulated results. By doing this, the
appropriate  number of elements which allows adequate simulation time without
compromising the accuracy can be determined. In current study, the simulated distribution of
residual stresses in the centre plane (y = 0) and along the z direction (in the centre plane) at
the contact point are obtained by using five different mesh sizes (0.06 mm, 0.05 mm, 0.04
mm, and 0.03 mm) as shown in figure 5-6. The results converge when the mesh size becomes

less than 0.05 mm. In this research, the mesh size 0.03 mm is chosen for the simulation.
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along the z direction below the contact point at different mesh sizes.

5.3.2.2 Validation the studied FEM model with the reference model

To validate the result of the studied FEM model, a comparison between
the studied results with the reference model was made at the velocity of 50 m/s.
Figure 5-7a and b show the multiple shot impact model and target plate with
indentations created by shot impacts employed in Majzoobi research [48]. The
comparison between the numerical study of Majzoobi research [48] and the
experimental work of Torres [100] with this studied FEM model depicts that the
results of Majzoobi research [48], Torres [100] and this study are very close,

I.e. the similar compressive residual stress profile is found, the maximum
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compressive stress is about 1.2 GPa, and the depth of the compressive residual
stresses zone is about 200 um. However, a significant difference between this
studied result with these reference results is the residual stresses in the
subsurface below the depth of 200 um. The literature review in Chapter 2
indicates that under the deformation process, the compressive residual stress in
the subsurface results in the formation of the tensile stresses in the rest of the

material for equilibrium.
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5.3.2.3 Effect of shot peening process parameters on the residual stress

distribution

The effect of the coverage on residual stress of target material were examined and

depicted in figure 5-8. Multiple impacts with 0.3 mm radius shot onto the target material at a

velocity of 50 m/s.
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Figure 5-8. Residual stress distribution: (a) on centre plane (y = 0) at coverage of 100%, (b)
on plane y = 0 at coverage of 200%, (c) on centre plane (y = 0) at coverage of 300%, and (d)

average residual stress long z direction (x = 0, y = 0) on the target area at different coverage
degrees.

Figures 5-8a-c display that, on the centre plane (y = 0), the compressive zone

becomes slightly deeper, when the coverage increases from 100% to 300%. The number of
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shots employed to obtain coverages of 100%, 200%, and 300% were 69, 137, and 208,
respectively. Figure 5-8d presents the distribution of the average residual stress along the z
direction on the target peened area. The maximum value of compressive residual stress in the
case of 100% coverage is -1.15 GPa which is smaller than -1.40 GPa achieved with 300%
coverage (figure 5-6d). Moreover, the depth of influence (of compressive stresses) also
increases. The simulation results in this research present that increasing the coverage is an

effective approach to obtain a higher compressive residual stress in the target material [101].

The effect of the shot velocity with R of 0.3 mm was examined in the multiple-shot
impact model using various velocities of 30, 40, and 50 m/s. The indentation size caused by
each single shot increases with increasing shot velocity, therefore the number of shots needed

to achieve the required 98% coverage with these velocities were 82, 73, and 69, respectively.

Figures 5-9a-c illustrate that increasing the velocity increases the compressive
residual stress region. Figure 5-9d shows that the largest value of compressive residual stress
caused by the shots with a velocity of 50 m/s would be higher than that of the one caused by
the shot with a velocity of 30 m/s. In addition, the compressive stress zone increases from
0.125 mm to 0.200 mm when the velocity of shot increases from 30 m/s to 50 m/s. Therefore,
the result illustrates that increasing the velocity of shots is an effective approach to obtain
deeper compressive stress zone in the target material. Similar observation was made by
Meguid et al. [12, 102] and Majzoobi et al. [48], the effect of velocity on the distribution of

residual stress on the shot peened material is achieved.
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Figure 5-9. Residual stress distribution: (a) on plane y = 0 at velocity of 30 m/s, (b) on plane
y = 0 at velocity of 40 m/s, and (c) on plane y = 0 at velocity of 50 m/s, and (d) average
residual stress long z direction on the target area at different velocities.

The effect shot size was studied by applying two different shot radii 0.15 mm and 0.3
mm. In this section, the velocity of the shot was 50 m/s. The size of the dimple formed by
each single impact increases when the size of shots was increased; therefore, the number of
shots employed to obtain a full coverage were 311 and 69 for the shot radii of 0.15 and 0.3
mm, respectively. The compressive residual stress region after shot peening is wider and
deeper for the larger shot radius due to the higher impact energy of the shots (figure 5-10).
The result suggests that increasing the shot size is an effective approach for obtaining a
higher compressive residual stress and deeper compressive residual stress zone in the target

material [102].
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Figure 5-10. Residual stress distribution: (a) on plane y = 0 at shot radius of 0.15 mm, (b) on
plane y = 0 at shot radius of 0.3 mm, and (c) average residual stress along z direction on the
target area at a velocity of 50 m/s.

The results reported in the previous paragraph also suggest that a larger shot size can
induce higher compressive stress in the subsurface of the target material. However, it was
mentioned that a smaller shot size can result in a more uniform compressive residual stress
distribution and a smoother target surface finish. Therefore, it is possible to use two different
sizes of shots for double shot peening to obtain their combined effects. The target material
after shot peening with large shots of 0.3 mm in radius at a velocity of 50 m/s for 100%
coverage was shot peened by using smaller shots of 0.15 mm in radius at the velocity of 30
m/s (DP1) and 50 m/s (DP2) for the 100% coverage. Figure 5-11 shows that consecutive

second shot peening with the smaller shots of 0.15 mm in radius slightly lowers the
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maximum value of the compressive residual stress, but does not affect the depth of
compressive zone obtained after first shot peening of the target material with the larger shots
of 0.3 mm in radius. However, the compressive residual stress becomes more uniform, and

the surface profile looks smoother after the double shot peening process [71, 72].
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Figure 5-11. Residual stress distribution: (a) on plane y = 0 at first shot peening with shots of
0.3 mm in radius, (b) on plane y = 0 at double shot peening with velocity of second shot of 30
m/s, (c) on plane y = 0 at double shot peening with velocity of second shot of 50 m/s, and (d)
average residual stress along z direction on the target area.

5.4 Conclusion

A new approach was introduced to estimate the number of shots and their

arrangements to obtain the desired coverage. This method could provide the number of shots,
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and their coordinate positions required to obtain full coverage. Based on the new approach,
multiple-shot impact models of the shot peening process were studied using a finite element
simulation. The simulation results suggested that increasing the coverage, shot velocity and
shot size were effective approaches to obtain a higher level of compressive residual stress and
deeper the compressive stress zone in the target material. Also, the simulation results
suggested that it was possible to apply the smaller shots after peening the target material with
the large shots. The double shot peening simulation results showed that the smaller shots
reduced slightly the compressive residual stress previously induced by the larger shots but did
not affect the depth of the compressive stress zone. The second shot peening process could be
used in low intensity, in that case, double shot peening was considered as a simple, low-cost

method for improving the surface finish of shot peened components.
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Chapter 6: Experimental and numerical
investigation of the effect of shot peening process
parameters on the surface topography, residual

stress distribution of shot peened low alloy steel

6.1 Introduction

Recently, Bagherifard et al. [58] indicated that the shot peening process can improve
the fatigue life for the treated sample but also create the high surface roughness of the
material surface. The rough surface has a detremental effect which reduced the fatigue life of
the material. It is reported that the initiation crack of the fatigue fracture usually occurs at the
weakness link, which has the low restraint on the slip, in the material [103]. Therefore, the
free surface roughness or the appearance of inclusions i.e. impurities or small defects are the
preferable conditions for the initiation of the micro cracks [104]. As a consequence, the
increase in the surface roughness in the case of shot peening process with high intensity or
large media size make the treated surface material become a favorable condition for a
formation of nucleation cracks prevent [105]. In addition, the shot peening process is often
the final surface treatment method for the mechanical components, which often have the high
price or are employed at important positions in the equipment or system [1]. That reason
explains why these products require high surface finishing after surface treatment. Therefore,
to maximize the benefits of the shot peening process, the operating process parameters need

be optimized.

The numerical simulations of the shot peening process are studied and reported in
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many published papers [12, 13, 49, 50, 73]. In these studies, the surface target material is set
as a flat surface. It is based on the fact that, in practice, prior to the shot peening process, the
samples are polished to reduce the initial surface roughness. In addition, this assumption
reduces the complexity of the simulation process. However, the flat surface somehow reduces
the accuracy of the numerical simulation results and cannot be applied to consider the effect
of the as-received surface roughness condition on the surface topographies of the shot peened

samples.

In this chapter, a multiple-shot impact FEM model introduced in Chapter 5 was
employed to validate with the experimental data conducted in Chapter 3. In addition, the
original surface of the FEM model was created by using the data point coordinates of the as-
received sample, which was collected by 3D scanning the surface of the as-received
component. In this Chapter, the AISI 4340 high strength steel continued to be selected as a
material for the numerical and experimental investigation of the effects of the shot peening

process on the sample topography.

6.2. Experimental details

Commercial AISI 4340 high strength steel was selected as a material for both
numerical and experimental study. The nominal chemical composition of the steel in weight

% is C (~0.34), Si (~0.24), Mn (=0.51), Cr (~0.91) Ni (~1.54) and Mo (~0.25).

Figure 6-1 presents the flowchart of the numerical and experimental study to
investigate the effect of shot peening process on the surface topography of the components.
The test samples were cut from an ingot of 16mm diameter and were 10mm thick. To reduce

the effect of the cutting process as well as the initial surface roughness of the as-received

99



components, prior to the shot peening experiment, the steel samples were polished using

sandpapers with the grit size of 240, 600, 1000 and 1500.
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intensity of shot peening study for shot peened materials|

Figure 6-1. The flowchart of the numerical and experimental shot peening study.

A dog-bone sample was machined, and tested under uniaxial tensile test under
displacement control of 0.1 mm/mm. The measured properties are Young’s modulus of
elasticity (E) 210 GPa, initial yield stress (o0) 1000 Mpa, and ultimate tensile strength (UTS)
1105 MPa. Density (p) of the steel is 7800 kg/m3. These parameters are used as input
parameters for FEM model. The specimens were mounted on the fixture and shot peened
under various conditions with both single media S230 and S110 and a combination of these

two media. The shot peening process parameters are shown in table 6-1.

The surface roughness and topography of the as-received and shot peened samples
were studied using a surface profilometer (Taylor Hobson®, Talyscan 150). Five areal
measurements per samples were performed to calculate the average surface roughness value

e.g. arithmetical mean height of scale-limited Sa [42].

The residual stresses of the as-received and shot peened samples were measured using
a Prism instrument (Stresstech®) with the help of the drill bits of 0.7874 millimeters (0.031
inch) in the diameter. It is an advanced hole-drilling equipment to measure residual stresses
quickly and accurately with minimum surface preparation [41]. This method has a similar

measuring mechanism with the conventional strain gage hole-drilling systems, it measures
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changes in the part surface caused by the hole drilling and determines the previously existing
residual stresses [39]. Nevertheless, this method can avoid time-consuming application of

strain gages and large required areas for the measurement.

Table 6-1. Shot peening process parameters used in chapter 6.

Samples Media type Pressure (kPa) Pressure (Psi)
S110-10 S110 68.9 10
S110-20 S110 137.9 20
S110-30 S110 206.8 30
S110-40 S110 275.8 40
S110-50 S110 344.7 50
S110-60 S110 413.7 60
S230-10 S230 68.9 10
S230-20 S230 137.9 20
S230-30 S230 206.8 30
S230-40 S230 275.8 40
S230-50 S230 344.7 50
S230-60 S230 413.7 60
DP-10-20 S230 68.9 10
S110 137.9 20
DP-20-20 S230 137.9 20
S110 137.9 20
DP-30-20 S230 206.8 30
S110 137.9 20
DP-40-20 S230 275.8 40
S110 137.9 20
DP-50-20 S230 344.7 50
S110 137.9 20
DP-60-20 S230 413.7 60
S110 137.9 20
As-received NA NA NA

The random multiple-shot impact model was developed by using the commercial
finite code LS-DYNA [51]. The input parameters were set up based on the measured results,
such as E, p, go, UTS. The dimension of the target was 2 x 2 x 1 mm and the shot peened area
was 1 x 1 mm. In this model, the multiple shots impacted onto the kinematic hardening

model. The details of this model were presented in Chapter 5.
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6.3. Results and discussions

Prior to the shot peening process, to determine the shot velocity at different pressures
in the range of 68.9 to 413.7 kPa, a shot Meter G3 — partial velocity sensor equipment was
employed at a distance of 150 mm from the outlet of the pressure nozzle. This result provides
a relation between the experimental operation parameter (e.g. pressure) and the input
numerical parameter (e.g. velocity) of the shot. In addition, the standard Almen test A strip,

Almen gauge and holding fixture were also used to determine the shot intensity.
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Figure 6-2. The velocity of shot and dynamic energy of each S230 and S110 steel shot

measured under different shot peening pressures

Figure 6-2 shows the velocity and intensity of shots S230 and S110 as a function of
peening pressure. Increasing the nozzle pressure increases the shot velocity and thereby
peening intensity. This figure also shows that the smaller media S110 has a higher velocity
but is lower in intensity compared with media S230. The reason is that the larger size media
has a higher dynamic energy due to its mass in the energy equation E = % mv?, where m and v

are mean mass and mean velocity of each shot.
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Figure 6-3. (a) Surface topography, (b) Surface layer point cloud of as-received AISI 4340
steel sample and (c) Surface reconstruction from the point clouds for the FEM model.

Figure 6-3a illustrates the surface topography of the as-received sample. It is shown

that the surface is smooth after polishing with the arithmetical mean height of scale-limited
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surface Sa = 0.5 + 0.05 pum. The measurement result from the stylus scan also provides the
three-dimensional coordinates of points on the as-received surface. These point clouds are
presented on figure 6-3b, with the help of Meshlab software and were meshed into a free

surface (figure 6-3c). Finally, this free surface was developed to be a three-dimensional block

and applied as a target material for the shot peening process (figure 6-6).

X1E (18 18

(j) S110-40 (k) S110-50 () S110-60
Figure 6-4. Surface morphologies of shot peened AISI 4340 steel samples.
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Figure 6-4 depicts the surface morphologies of shot peened samples under various
pressures with media S230 and S110. The figure indicates that the higher pressure and larger
media size can cause larger and deeper indentations on the target material. It is observed that
at 68.9 kPa and 137.9 kPa, the surface of shot peened specimens did not achieve full
coverage (>98%). The full coverage is obtained at 206.8 kPa for S230. In the case of the
treatment with media S110, the surface can achieve about 95-98% at 68.9 kPa. This result
provides an important information to calculate the required number of shots which should be
used. The velocity of the shots S230 and S110 in the simulation work were initial set up
based on the measured velocity of shots at 206.8 kPa and 68.9 kPa respectively. In the
experimental work, the shot peening time and mass flow rate are kept constant at 20 seconds
and 3 kg/s, respectively under different pressures. Hence, in the FEM model, the number of
shots for media were also maintained under various velocities. This explains why the initial

condition is important.

To simulate the shot peening process with multiple-shot random impact model, the
number of shots and their coordinates are determined. The proposed method to estimate the
number of shots and their locations were presented in detail in chapter 5 [106, 107]. In the
case of the shot peening process with media S230, the velocity of shot S230 with a mean
diameter of 600 um at a pressure of 206.8 kPa is 65 + 5 m/s. Therefore, 65 m/s shot velocity
was used in the simulations. The results show that the number of shots required to achieve the
full coverage (>98%) of 98.05%, 98.11%, 98.14%, 98.08% and 98.02% in five consecutive
repeated runs were 69, 60, 75, 64 and 75 respectively. Figure 6-5a presents an example of the
coordinates of the 69 impact shots employed to obtain full coverage of 98.05%. A similar
process was used with the media S110. The number of shots required to achieve the full

coverage of 98.08%, 98.01%, 98.03%, 98.05% and 98.07% in five consecutive repeated runs
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were 259, 268, 250, 265 and 255 respectively. Figure 6-5b illustrates an example of the

coordinates of the 259 impacts employed to obtain the full coverage of 98.08%.
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Figure 6-5. Coordinates of impact shots employed to obtain full coverage (>98%): (a) S230
media and (b) S110 media.

The shot peening time and mass flow rate in the experiment were kept constant under
different pressures, therefore in the numerical study, the number of shot and their coordinates
were also the same under various shot velocities. To obtain an average surface roughness
value, at each pressure, five measurements were conducted in the experiment. Hence, in the
numerical study, under each velocity, the calculation was performed five times with five
different impact models having a different number of shots and their coordinates. Five
multiple-shot impact models for each media were used to perform the process e.g. media
S230 used 69, 60, 75, 64 and 75 impacts and media S110 employed 259, 268, 250, 265 and
255 impacts. Figures 6-6a and b present an example of one multiple-shot impact model for
each media S230 and S110, respectively with an assumption that the interactions between

shots were ignored to reduce the complexity of the calculation.

106



To simulate the double shot peening, the two media were used in a multiple-shot
impact model (figure 6-6¢), in which the smaller shot was set above the larger shot to make

sure that the S110 shot impacts only when all of the media S230 impact the target.

(c)
Figure 6-6. Finite element model of multiple-shot impacts: (a) S230 media, (b) S110 media

and (c) Double peening process.

Figures 6-7, 6-8 and 6-9 depict the surface topography of the shot peened AISI 4340
steel samples investigated via simulations (left) and experiments (right) with the media S230,
S110 and double shot peening respectively. It can be seen that, at the pressure of 68.9 kPa,
the surface of material treated with S230 has partial coverage, with about 60+5% in both
numerical and experimental works (figures 6-7a and b). At 137.9 kPa (figures 6-7c and d),

the indentations caused by the shots are deeper and wider so the surface becomes rougher
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compared with the process treated at 68.9 kPa. Figures 6-7c and d also present that the
coverage increases to about 80+5%. It can be concluded that the high velocity induced by the
high pressure can increase the coverage of the shot peened components (under the same shot
peening time). When the pressure was increased to 206.8 kPa (figures 6-7e and f), the larger
and deeper indentations make the surface further rougher and also increase the coverage for
the samples (about 98%). At higher pressure, ranging from 275.8 to 413.7 kPa (figures 6-79-

), the treated samples archived full coverage (even higher than 100%).
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Figure 6-7. Surface topographies of shot peened AISI 4340 steel sample shot peened by
S230 media (left: numerical study and right: experimental result).
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The topography of the shot peened samples treated with media S110 (figure 6-8) have
similar trend as with S230 e.g. the higher velocity or pressure causes the larger and deeper
indentations on the target surface leading to rougher surface. Besides, 95% to 98% coverage

achieved even at the low pressure of 68.9 kPa and full coverage obtained at 137.9 kPa.
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Figure 6-8. Surface topographies of shot peened AISI 4340 steel sample shot peened by S110
media (left: numerical study and right: experimental result).

In the double shot peening process (figure 6-9), the secondary shot peening process
with media S110 was used to after treating them with media S230, to reduce the high surface
roughness caused by the previous treatment. The secondary shot was applied at a pressure of
137.9 kPa corresponding to the shot velocity of 61 m/s. Figures 9 a-b and 9 c¢-d show that full

coverage of the double peened samples are achieved, as the media S110 itself can make the
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target surface achieve full coverage at 137.9 kPa. Up to 206.8 kPa, the peening effect of S230
is low so the surface of the sample becomes rougher after applying the secondary shot
peening. Consequently, it can be concluded that the secondary shot peening process is not
necessary. However, when the pressure is higher than 275.8 kPa, the high peaks caused by
the high velocity shot impacts in the previous treatment are lower and the surface becomes
smoother after the second process. Hence, the secondary shot peening process becomes

polishing to reduce the surface roughness.

z Z Displacement

0.045
0.040
0.035

0.030 20.5

0.025
0.020
0.015

0.010
0.005
-0.000
-0.005
-0.010
-0.015

l'""’z" um45 40 35 3025 20 15 10 5 0 -5 -10 -15-20 -25 -30 -35 -40
R [ I

-0.025

-0.030
-0.035 I

i) (b) DP-10-20

i

2 mm

(a) DP-10-20

Z Displacement

0.045
0.040
0.035

0.030
0.025
0.020
0.015

0.010
0.005
-0.000
-0.005
-0.010
-0.015

:33'2_)(5) um45 40 35 30 25 2015 10 5 0 -5 -10 -15-20-25-30-35-40
-0.030 1 1 1 A | S |
0.035 f
2 mm £
(mm) (d) DP'20'20

(c)DP-20-20

112



Z Displacement

0.045
0.040
0.035
0.030
0.025
0.020
0.015

0.010 :

0.005

-0.000 :
-0.005

-0.010

-0.015 -

-0.020

-0.025 um45 40 35 3025 2015 10 5 0

-5 -10 -15-20-25-30-35 -40

0.030
0.035
0.040

(mm) (f) DP-30-20

(€) DP-30-20

Z Displacement

0.045
0.040
0.035
0.030
0.025
0.020
0.015

0.010
0.005
-0.000
-0.005 3
-0.010
~ 0015
giocs) uma4s 40 35 30 25 20 15 10 5 0

-5 -10 -15-20-25-30 -35 -40

0.025
0.030
0.035
0.040

(mm) (h) DP-40-20

(g) DP-40-20

Z Displacement

0.045
0.040
0.035
0.030
0.025
0.020
0.015

0.010

0.005

-0.000

-0.005

-0.010

-0.015

-0.020

-0.025 um45 40 35 30 25 20 15 10 5 0

-5 -10 -15-20-25-30-35 -40

0.030
0.035
0.040

() (j) DP-50-20

(i) DP-50-20

Z Displacement

0.045
0.040
0.035

0.030
0.025
0.020
0.015
0.010
0.005

-0.000

-0.005

-0.010

-0.015

333(5) um45 40 35 3025 2015 10 5 0 -5 -10 -15-20-25-30-35-40

-0.030

-0.035

10 (I) DP-60-20

(mm)

(k) DP-60-20
Figure 6-9. Surface topographies of shot peened AISI 4340 steel sample shot peened by
double shot peening process (left: numerical study and right: experimental result).
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Figure 6-10 shows the arithmetical mean height of scale-limited surface (Sa) of the
shot peened samples. There is a good agreement with the morphologies (figure 6-4) and
topographies (figures 6-7, 6-8, and 6-9) that the increment of shot pressure or shot velocity
results in increased surface roughness. It also can be concluded that at low pressures, the
double shot peening process is not recommended as it cause an unexpected side effect on the
surface roughness of the previously treated samples. However, at higher pressures, it polishes
the earlier peened surface. Therefore, the secondary shot peening process should be selected

wisely to obtain the benefits of the double shot peening process.
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Figure 6-10. The arithmetical mean height of scale-limited surface Sa of the shot peened AlISI

4340 steel samples as a function of shot peening pressure.
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Figures 6-10a-c also compares the arithmetical mean height of scale-limited surface
(Sa) in the numerical study and experimental work as a function of pressures. The results
show that Sa value increases gradually with pressure in both cases. However, under the same
pressure conditions, the measured Sa value (in the experimental study) is always smaller than
that of calculated Sa value (in the simulation). The discrepancy could due to neglecting the

temperature effect and considering the shots as rigid in the numerical simulations.

Figures 6-11 to 6-14 show the distribution of the residual stresses within the material
under various shot peening conditions. The residual stresses are compressive on the surface
and are maximum in the sub-surface and then reduce to balancing tensile stresses into the
depth, finally turning to the neutral value. The depth at which maximum compressive stress
occurs depends on the shot peening process parameters. Studies on of the fatigue life of the
shot peened material [103, 108] reveals that the initial crack usually starts from the point
located at the sub-surface close to the free surface of the as-received samples. The primary
failure initiates at the weakest region of the material under fatigue testing [103, 104, 108].
Therefore, the presence of the compressive residual stresses from the surface to a depth of 80
to 350 um (depending on the shot peening conditions) shifts the nucleation crack location to
the surface. As a consequence, when the weakest link occurs on the free surface of the shot
peened material, the effect of the surface texture of the material on the fatigue life becomes
more significant. In this case, the indentations caused by the shot impacts on the material
become a preferable condition for the initial fatigue failure. The residual stresses of the as-
received sample is almost zero, so under the deformation process, the compressive residual
stress formed in the subsurface results in the formation of the tensile stresses in the rest of the

material for equilibrium.
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Figures 6-11 and 6-14a illustrate the distribution of the residual stresses in the
subsurface of the S230 shot peened samples. The depth of the compressive residual stress
layer increases with the pressure, starting from about 140 um at a pressure of 68.9 kPa to 350
pum at a pressure of 413.7 kPa. It can be seen that, although the coverage of the shot peened
samples are not full i.e. about 60% and 80% at the low pressure of 68.9 kPa and 137.9 kPa,
the layers at the depth of 150um and 200 pm are fully compressive. Due to the random nature
of the peening process, the residual stresses are not uniform across the section, i.e. the
variation is with £ 50 MPa. Good agreement between the figures 6-11 and 6-14a, which is the
depth of the compressive stress zone, increases the shot peening pressure. It is also noted that
the maximum value of the compressive residual stress is a function of the shot velocity is

65% to 85% of initial yield stress.

Figures 6-12 and 6-14b show the distribution of the residual stresses within the shot
peened material under various pressures with media S110. A similar trend can be seen in the
treated samples, i.e. the depth of the compressive stress layer increases with the increment in
pressure, from 80 um to 200 um at the pressure of 68.9 kPa and 413.7 kPa respectively. The
results also reveal that the depth of the compressive stress zone of the S230 treated sample is
about two times deeper than that of the S110 peened material at the same peening pressure
(note that the diameter of the media S230 is twice that of S110). In the case of the maximum
compressive stress value, it can be concluded that the shot size has an effect on this value

under the same shot peening pressure.

Comparing figures 6-14a and 6-14b displays that, although the depth of the
compressive stress layer in the subsurface of S230 shot peened samples are two times larger,

the compressive stress at the surface and subsurface near the free surface are smaller than

117



S110. It also was reported that the compressive stress has more significant influence on the

fatigue life of sample when it exists near the surface [103, 108].

Therefore, it can be concluded that distribution of the residual stresses has three
important parameters i.e. the depth of compressive stress layer, the maximum compressive
stress value and the compressive stress value in the subsurface which is near the free surface.
The treatment with the larger media results in the deeper compressive residual stress zone but
in the case of the last factor the smaller media gives the better result. It can be seen that the
shot peening pressure and media size have a significant effect on the maximum compressive

stress value.

The results reported in this paper suggest that the media S230 can introduce up to a
two times deeper the compressive stress zone in the subsurface of the material but the smaller
media S110 can induce higher compressive stresses at the surface and subsurface near the
free surface of the material. In addition, the surface finishing of S110 shot peened material
has an average areal roughness parameter Sa lower than that of S230. Therefore, it is possible
to use two media S230 and S110 in the double shot peening process to achieve the combined
effects. Comparing figures 6-11 and 6-13 shows that on the plane y = 0, the distribution of
the residual stresses of the double shot peened material is more uniform. In addition,
comparing figures 6-14a and 6-14c shows that the secondary process makes the compressive
stress layer to be slightly deeper but this parameter is not the main purpose of this method.
Instead, the secondary shot peening can induce the compressive stress value at the surface
and subsurface near the free surface more largely, especially in the cases of pressures ranging
from 137.9 kPa to 275.8 kPa. As a consequence, the prediction can be made that the fatigue
life of the double shot peened samples will be higher than that of S230 under these shot

peening pressure conditions.
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Figure 6-11. Residual stress distribution of the S230 shot peened samples on plane y =0

under various shot peening pressures.
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under various shot peening pressures.
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Figure 6-13. Residual stress distribution of the double shot peened samples on plane y = 0

under various shot peening pressures.
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Figure 6-15 illustrate the average longitudinal residual stress measured under various
shot peening pressures in the experimental study. It can be seen that, the tensile residual
stresses are presented in the subsurface of the as-received components. Due to the surface

polishing operation carried out, these tensile stresses of 70+40 MPa appeared over a depth of

400 pm.

Figures 6-15a and b show the measured residual stresses of the shot peened samples.
It is shown that the compressive residual stress areas are formed close to the peened surface
followed by the tensile stress areas. A similar trend with the numerical results can be seen in
both measured treated samples (see figure 6-14), i.e. the depth of the compressive stress layer
increases with pressure and media size, from 150 pm to 230 pm (S110) and from 230 um to

370 um (S230) and at the pressure of 137.9 kPa and 413.7 kPa respectively. The shot peening
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pressure and the media size have significant effects on the maximum compressive stress
value but the changing trend is not clear. For example, the maximum compressive stress of
the treated samples is 755 MPa at 137.9 kPa and reduces to 632 MPa at 275.8 kPa and again
increases to 682 MPa at 413.7 kPa. In addition, figure 6-15c shows that secondary peening
process (by smaller shot) makes the compressive stress layer to be slightly deeper than the
S230 treated samples. The secondary process can improve the depth of compressive zone, the

maximum compressive stress value.
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A comparison between the numerical and experimental residual stress distributions
(figure 6-14 and figure 6-15, respectively) demonstrates that the shot peening pressure and
media size are two main factors affecting on the presence of compressive residual stresses in
the subsurface of the material in both studies. The compressive residual stress increases with
depth and achieve the largest compressive value at the depth from 150 pm to 370 pum
(depending on media size and shot pressure). The compressive stress layers are located close
to the free surface and followed by the tensile stress areas. It also reveals that in both studies,
at the same shot peening pressure, the larger media causes the deeper compressive stress
layer in the subsurface of the material. Moreover, the results in both studies displayed that the
treatment with higher pressure results in the deeper compressive zone in the subsurface
material of the components treated with the similar shot media. However, it only can
conclude that the pressure and media size have significant effects on the value of the largest
compressive value and its location in the subsurface but it is hard to predict the changing
trend. In addition, the secondary process was proved by both studies that it is a promising
process can be used to enhance the compressive stresses in the material but the parameters
should be carefully selected to prevent detrimental results. In general, the numerical and
experimental studies give a good agreement in the results of the distribution of the residual
stresses in the subsurface of the shot peened material, but it can be seen that there is a
difference between the numerical and experimental results, i.e. the numerical value is higher
than the later study result. The reason of this difference can be explained that in the
numerical study, some physical conditions of the process were ignored to reduce the
complexity of the calculation, i.e. the impacting of the media (the interaction of the reflective
shots (after hitting the surface) and the incident shots), the heating transfer due to the
deformation process and the initial residual stresses of the as-received samples (the initial

measured value is 70 £ 40 MPa).
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6.4. Conclusion
The numerical and experimental study of the effect of the shot peening process
parameters on AISI 4340 high strength steel under different conditions were systematically

investigated. The following conclusions are drawn:

e Both studied results confirmed that full coverage only achieved at a pressure of 206.8
kPa in the case of S230 and at a pressure of 68.9 kPa in the peening process by shot
S110.

e The higher velocity caused by the high pressure increases the surface roughness.

e The bigger media had the larger intensity although having smaller velocity hence it
could impact the surface target with higher dynamic energy creating deeper and
wider indentations.

e The secondary shot peening treatment is a promising method to reduce the surface
roughness caused by the previous shot peening process with high intensity and larger
media. While this can be seen as a beneficial process, the operating parameters
should be carefully selected to prevent detrimental results.

e A comparison of Sa value between two numerical and experimental process reveals
that this value increases gradually with the increment of pressures. However, the
value in the later process is always smaller than that of the previous one under the
same pressure condition due to some physical conditions were ignored in the
numerical process to reduce the complexity of the calculation.

e The depth of the compressive residual stress layer in the S230 shot peened material is
about two times higher than that of S110. However, the compressive residual stress at

the surface and subsurface near the free surface is higher.
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The increase in the shot peening pressure and media size results in the increment of
the depth of the compressive residual stress zone. However, the effect of these
parameters on the changing trend of the maximum compressive residual stress value
IS not clear.

The comparison between the numerical and experimental studies gives a good
agreement of the distribution of the residual stresses in the subsurface of the shot
peened material. The shot peening pressure and media size are two main factors
affecting on the presence of compressive residual stresses in the subsurface of the

material.
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Chapter 7: Fatigue life of shot peened low allow

steel

7.1 Introduction

Shot peening process can significantly improve the fatigue strength of engineering
components [7]. Hassani-Gangaraj et al. [59], Voorwald et al. [74], and Zavodska et al. [109]
have described shot peening as a viable method to introduce the compressive residual stresses
to retard the crack propagation in the material but, Bagherifard et al. [58] indicated that the
high surface roughness, which occurs during the peening process, has a deterimental effect in
reducing the fatigue life of the shot peened steel. Hence a secondary polishing step is
recommended to decrease the surface roughness of the treated samples: these could be
prolonging the treatment time, removing a thin layer of material (abrasive grinding and

electropolishing), or re-shot peening.

Mikova et al. [64] specified that the fatigue strength of the shot peening specimens
increased in both cases for the smooth and notched samples. Nevertheless, the increment in
the notched sharp sample compared with the relative as-received sample is much more
significant. Although shot peening is a commonly used industry process, little published data
is available about the influence of the shot peening process on fatigue life of components

which are either single or double shot peened.

In the previous chapters, AISI 4340 steel was chosen as a material to examine the
microstructural, mechanical and tribological properties of the specimens under different shot
peening conditions. In this chapter, the focus will be on the fatigue life analysis of AISI 4340

steel under various shot peening conditions.
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7.2 Experimental details
7.2.1 Material

As in the previous work-chapters, commercial AlISI 4340 low alloy steel was chosen
as the material for all of the experimental tests. The nominal chemical composition of the
AISI 4340 low alloy steel (weight %) is composed of C (~0.34), Si (~0.24), Mn (~0.51), Cr

(~0.91) Ni (~1.54) and Mo (~0.25).

7.2.2 Shot peening

The mechanical drawing of the specimen shown in figure 7-1 was designed according
to the ASTM standard E466-07 [110] (all the dimensions had a unit in mm). A fixture was
designed and fabricated to mount the sample firmly on it by Abrasive Engineering Pte Ltd ®.
All specimens were shot peened under various conditions at for the same duration of 150
seconds with two types of media S230 and S110 (the same hardness of about 500 + 30 Hv),
which have a mean diameter of about 600 um and 300 pm respectively. In the double shot
peening process, the samples were first shot peened by the larger shot S230 and then treated
by the smaller media S110. The shot peened samples were analyzed for the level of coverage
with the help of an optical microscope at 50 times magnification. The details of the shot

peening operation parameters are provided in table 7-1.
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Figure 7-1. The geometry of the specimens used for all the experimental tests.
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Table 7- 1. Shot peening process parameters used in chapter 7.

Samples Media type Pressure (kPa)
S110-10 S110 68.9
S110-20 S110 137.9
S110-30 S110 206.8
S110-40 S110 275.8
S110-50 S110 344.7
S110-60 S110 413.7
S110-70 S110 482.6
S110-80 S110 551.6
S230-10 S230 68.9
S230-20 S230 137.9
S230-30 S230 206.8
S230-40 S230 275.8
S230-50 S230 344.7
S230-60 S230 413.7
S230-70 S230 482.6
S230-80 S230 551.6
DP-10-20 S230 68.9
S110 137.9
DP-20-20 S230 137.9
S110 137.9
DP-30-20 S230 206.8
S110 137.9
DP-40-20 S230 275.8
S110 137.9
DP-50-20 S230 344.7
S110 137.9
DP-60-20 S230 413.7
S110 137.9
DP-70-20 S230 482.6
S110 137.9
DP-80-20 S230 551.6
S110 137.9
As-received NA NA

7.2.3 Fatigue test

Fatigue testing was carried out using a MTS 810 (MTS®), a servo-hydraulic testing
machine. The fatigue tests were performed under the tension-compression axial loading
condition with the maximum applied load started from 0.70% (700 MPa) to 0.45% (450

MPa) of the static yield strength with the cycling frequency of 5 Hz. It was reported that the
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fully reversed condition, R = -1, gives the least fatigue life [103]. The fatigue life of the shot
peened sample was investigated in the most severe fatigue condition tests. After failure, all

specimens were sectioned transversely to the loading direction for fractographic studies.

7.3 Results and discussion

The fatigue response of the as-received samples in terms of maximum stress versus
the number of cycles (N) to fracture is shown in figure 7-2. It was reported that the fully
reversed condition, R = -1, gives the least fatigue life [103]. The fatigue tests were performed
under the tension-compression axial loading condition with the maximum applied load
started from 0.70% (700 MPa) to 0.45% (450 MPa) of the static yield strength. The fatigue
life of the shot peened sample was investigated in the most severe fatigue condition tests. The
Figure 7-2 also shows that the fatigue limit of the AISI 4340 is 475+£10MPa. At that
maximum stress, the fatigue tests run out, so the tests were stopped after 4x107 cycles

without fracture.

The fatigue life of the shot peened samples is shown in figure 7-3. All of the tests
were performed under the maximum stress of 550 MPa to fracture. The as-received samples
fractured at 40+3x10° cycles while all of the shot peened specimens witnessed a significant
improvement in the fatigue life. In the shot peening process with media S110, the fatigue life
reaches the highest value of 93+3x10° cycles at the pressure of 344.7 kPa then gradually
reduced to 84+5x10° cycles. In the case of the media S230, the fatigue life of samples
achieves the highest value of 84+4x10° cycles at the pressure of 413.7 kPa and reduced
significantly to 61+3x10° cycles. The figure also shows that at the same shot peening
pressure condition, the media S110 can improve the fatigue life of shot peened samples
higher than media S230. In the previous chapter[105], the intensity of shot S110 and S230

and the topography of the shot peened samples were investigated. The higher intensity,
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caused by the higher shot peening pressure, could introduce a higher compressive residual
stress in the subsurface of the treated components [1, 105]. This explains the increased
fatigue life when pressure rises from 0 kPa to 344.7 kPa (with media S110) and from 0 kPa to
413.7 kPa (with media S230). The topography of shot peened steels reveals that the higher
shot peening pressure resulted in increased surface roughness [105, 111] when the shot
peening pressure is higher than 344.7 kPa. The increased surface roughness was known to be
a detrimental effect the shot peening process. This is why the shot peening media S110
improve the fatigue life of the material compared to the sample treated by media S230 at the
same operating pressure although having a lower intensity. The increased pressure leads to
greater shot peening intensity and also coarser surface finish. These factors have an opposite
effect on the fatigue strength of the material. In case of pressure lower than 482.6 kPa, the
effect of compressive residual stress dominate in improving the life, whereas pressure from

551.6 kPa causes the increased surface roughness so reduced the fatigue life.
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Figure 7-2. The S-N curve of the as received AlSI 4340 samples in the tension-compression
axial loading.
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Figure 7-3. The fatigue life of shot peened samples under the maximum stress of 550 MPa.

The double peening process is considered as a promising method to improve the
surface roughness of the shot peened samples [58, 71, 105]. In the double peening process,
the materials first undergo the primary shot peening process with large media with high
intensity and are then subjected to a secondary peening with smaller media and lower
intensity [58]. In figure 7-3, the fatigue life of the double shot peened samples increases
significantly and reaches the highest value of 83+5x102 cycles at 206.8 kPa and then reduces
with the peening of pressure. At the first three levels of pressure (from 68.9 to 206.8 kPa), the
primary shot peening process with media S230 cannot achieve the full coverage [105], and
the compressive residual stress is low due to the reduced shot intensity. Therefore, with the
second treatment by media S110 at 137.9 kPa, the components achieve full coverage and the
fatigue life increases by 12+3x103 cycles or 27+2% compared with the fatigue life of media
S230. However, when the pressure increases beyond 344.7 kPa, the fatigue life drops
significantly and has a value even smaller than the samples peened with S230. Therefore, the
operating parameters of the shot peening should be analyzed and selected suitably to prevent

detrimental results.
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Figure 7-4. SEM micrographs showing the fatigue fracture surface of the as-received AISI

4340 samples at different magnifications: (a) over view of the fracture surface, (b) the
fatigue failure diagram, (c) close view of the initial failure at the magnification of 50 times,
(d) close view of the main first initial fracture, (e) close view of the second main initial

fracture, and (f) close view of the crack growth zone.
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After failure, all fractured specimens were cut across the transverse section from the
loading direction to investigate the fracture process. Figure 7-4 depicts a fracture surface of
the as-received sample failed at 42159 cycles at the stress value of 550 MPa. The striation
marks indicate three zones on this surface, e.g. failure initiation, crack growth and final
failure as shown in figure 7-4a and schematically depicted in the figure 7-4b. Figure 7-4a and
c also demonstrate that there are two initiation cracks on this surface, in which the right one is
larger. The SEM micrographs of these two initiation cracks are illustrated in figures 7-4d and
e. It can be seen that the initial failure is located in the subsurface at a depth of 10 to 20 um
from the free surface of the sample. Failure initiates at the weakest link of material under
fatigue loading [103, 108]. Therefore, the free surface and the appearance of inclusions, such
as impurities or very small defects inside the material, are the preferable conditions for
nucleation of the micro crack (due to the low restraint on slip) [103, 104]. As a consequence,
the observation of the nucleation of a micro crack shows that the initial failure usually occurs
in the subsurface (at the inclusion) but very close to the free surface or even on the free

surface of the material [103, 108].

The transgranular paths shown in figure 7-4c paths start from the initiation crack and
grow to the center of the specimen. The fatigue cracks grow along the transgranular path, i.e.
across the grains [103, 108]. The figures 7-4c and d illustrate that there are some ratchet
marks appearing on the failure surface shown as the bright paths. The marks are created when
more than one growth crack or initiation crack at different locations join together. Therefore,
in general, counting the number of ratchet marks can roughly provide the information of the
number of crack initiation or crack growth paths [108]. Figure 7-4f exhibits the striations on

the failure surface of the as-received sample. The SEM micrograph reveals that striations
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occur in pairs, which implies that each pair of striation corresponds to one cycle of load

fatigue test (tension and compression test).

() S110-50 (x300) T (f) 5110-80 (x300)
Figure 7-5. SEM micrographs showing the fatigue fracture surface of the shot peened AISI

4340 samples at different magnifications: (a) and (b) over view of the fracture surface, (c)
and (d) close view of the initial failure at the magnification of 100 times and (e) and (f) close

view of the one main initial fracture of the S110-50 and S110-80 sample, respectively.
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Figure 7-6. SEM micrographs showing the fatigue fracture surface of the shot peened AISI

4340 samples at different magnifications: (a) and (b) overall view of the fracture surface, (c)
and (d) close view of the initial defect at the magnification of 100 times, (e) and (f) close
view of the one main initial fracture of the S230-50 and S230-80 sample, respectively.

Figures 7-5 and 7-6 present the SEM micrographs of the fatigue fracture surface of

the S110-50, S110-80, S230-50 and S230-80 samples at different magnifications. Figures 7-
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5a and b show the overview of the fracture surface; it shows that the fracture failures of the
shot peened samples are also similar to that of the as-received specimens, e.g. having three
failure regions (initiation crack, crack growth and final failure). The number of initiation
cracks are more than two, as indicated by the multiple ratchet marks. The transgranular paths
and striations also appear on all of the shot peened fracture fatigue surfaces. However, there
is an important difference which demonstrates the improvement of the fatigue life of the shot
peened samples; that is the location of the nucleation crack. All of the nucleation cracks
appear on the free surface of the shot peened samples, not in the subsurface anymore. In the
as-received steel, the fracture initiated at the subsurface of the sample with the depth from 10
to 20 um from the free surface. Nevertheless, due to the shot peening process, the
compressive residual stress is induced to the subsurface of the specimen [1]. As a result, the
weakest link is no longer at the subsurface, and it moves up to the free surface. When it
happens to be on the free surface, the effect of surface roughness on the fatigue life becomes
significant. In this case, the indentations caused by the shot peening process become a
preferable location for the micro concentration and consequently the initiation crack has a

favorable condition to appear stress at the rough surface.

Figure 6-15 (chapter 6) illustrates the average longitudinal residual stress measured
under various shot peening pressures in this study. It can be seen that, in the subsurface of the
as-received material, due to the preparation process (cutting and polishing process) the tensile
residual stresses are located at the areas close to the surface. As a consequence, in the fatigue
test, the initiation cracks are easily formed on the surface or in the subsurface (which is close
to the surface). In addition, the results indicated that the fatigue life of the as-received sample
is low because the tensile residual stresses are the favorable condition to for the development

of the crack propagation. The shot peening process was removed the tensile stresses and
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induced the compressive stresses to the subsurface of the treated material, as a result the
fatigue life of all shot peened samples are significantly higher than that one of the as-received
sample. The depth of compressive residual stresses increased with the increase of pressure
and media size. The increment of compressive stresses results in the enhancement of the
fatigue life. However, to induce the high compressive stresses to the subsurface of the
material, a higher pressure and media size should be employed. The increase of the later
parameters caused the side effects on the surface topology of the shot peened material so it
reduces the fatigue life of samples. In addition, figure 6-15c shows that secondary process
makes the compressive stress layer to be slightly deeper than the S230 treated samples. The
secondary process can improve the depth of compressive zone, the maximum compressive
stress value and therefore enhance the fatigue life of the double shot peened samples when
the shot peening parameters were selected widely. Therefore, the operating parameters should

be carefully selected to prevent detrimental results.

7.4 Conclusion

The fatigue life of the shot peened AISI 4340 low alloy steel under different shot
peening conditions was systematically investigated. The resulting conclusion can be drawn

from the obtained results:

e The fatigue endurance of the as-received AISI 4340 steel specimen was 475+10 MPa.
e The highest fatigue cycle of the shot peened samples with the media S110 (at a
pressure of 344.7 kPa), media S230 (at a pressure of 413.7 kPa) and double peening
(at a pressure of 206.8 kPa) are about two times higher than the fatigue life of the as-

received sample.
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For a same shot peening pressure, the media S110 can improve the fatigue life of the
treated samples better than the media S230.

The double shot peening is a promising method to improve the fatigue life, but shot
peening pressure has to be carefully selected based on the analytical study to prevent
detrimental results.

In the case of the as-received samples, the initiation cracks occurred in the subsurface
of the specimens at a depth from 10 to 20 um. However, all the initiation cracks of the

shot peened steel start from the free surface.
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Chapter 8: Conclusion and future work

8.1 Conclusion

This report presented experimental and numerical investigation of the effect of shot
peening process parameters on the surface topography and mechanical performance of low
alloy steel 4340. A comprehensive literature review has been undertaken in the first two
chapters to understand the shot peening process, the equipment, the limitations and the

measurement techniques.

To further understand the shot peening process and provide a foundation for this
research, a number of the experiments were undertaken as reported in Chapters 3 and 4. The
experimental results in Chapter 3 concludes that, for a given nozzle pressure, the smaller
S110 steel shots have higher velocities but smaller kinematic energy which result in lower
measured intensities compared with S230 steel shots. Moreover, at low shot peening pressure
of 68.9 kPa and 137.9 kPa, the shot peened samples didnot achieve full coverage with S230
steel shots whereas the S110 steel shots able to. The coverage is full when the shot peening
pressure is higher than 206.8 kPa for S230 steel shots. It also can be seen that the hardness of
the shot peened sample increases with the increasing shot pressure and media size due to the
promoted cold work hardening. The surface roughness of the shot peened sample increases
with the increase in shot pressure and media size. It indicates that the steel shots with higher
velocities (kinematic energy) and larger size formed the deeper and wider dimples on the
target material. The increased shot peening pressure and media size result in increasing the
friction coefficient but decreasing the wear volume of the shot peened samples due to the

significant influences of their surface roughness and surface hardness.
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The investigation of the properties of conventional and severe shot peened low alloy
steel in Chapter 4 reveals that there was an iron oxide layer with a depth of about 20 um
formed on the sample surface due to the prior heat treatment. This layer had poor mechanical
properties and reduced the surface quality of mechanical parts. The conventional shot
peening process partly removed this layer and improved the properties of material while the
severe shot peening process totally removed it from the surface. The severe shot peening
generated an ultrafine grain layer with a depth of 20 um. The severe shot peening process
increased the hardness of the surface and subsurface close to the surface of the material as a
result of promoted cold work hardening effect. The increase in surface hardness by applying
conventional shot peening and severe shot peening process could improve the wear resistance
properties of the material, as a result of decreasing the wear volume of peened samples.
However, the severe shot peening process caused the high surface roughness of the surface.
To reduce it, additional shot peening process with smaller media was employed. This method
not only reduced the surface roughness on severe shot peened surface samples but also

improved the wear resistance of the low alloy steel (Re-SSP).

A number of numerical finite element models were developed based on both single
and multiple impacts. The single impact model was developed first to provide a deeper
understanding of the relationship between the shots, the workpiece surface, and the peening
parameters. The surface deformation during from the shot impact could be better understood.
In order to better represent the actual shot peening process, a multiple impact model was
developed, which allowed for further such as coverage and intensity to be considered.
However, according to the literature review (Chapter 2 and 5), most of the studies used the
multiple-shot impact model using uniformly distributed positions and prearranged media in a
sequence of impact. The use of symmetry patterns can help to reduce computational costs.

Nevertheless, this assumption cannot totally define the random nature of practical shot
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peening process. Hence, these patterns often fail to simulate a full coverage condition of the
actual shot peening process. Therefore, a new approach is introduced in Chapter 5 to estimate
the number of shots and the arrangements required to achieve full coverage of the target
material. A multiple-shot impact model, developed using a commercial FE analysis program
LSDYNA, was used to investigate the effects of shot peening process parameters on the
compressive residual stress distribution of the material. The simulation results suggested that
increasing the coverage, shot velocity and shot size were effective approaches to obtain a
higher level of compressive residual stress and deeper the compressive stress zone in the
target material. Also, the simulation results suggested that it was possible to apply the smaller
shots after peening the target material with the large shots. The double shot peening
simulation results showed that the smaller shots reduced slightly the compressive residual
stress previously induced by the larger shots but did not affect the depth of the compressive
stress zone. The second shot peening process could be used at low intensity, in that case,
double shot peening was considered as a simple, low-cost method for improving the surface

finish of shot peened components.

In Chapter 6, comparison of numerical results with experiment measurements
confirmed that full coverage was achieved at a pressure of 206.8 kPa in the case of S230 and
at a pressure of 68.9 kPa in the peening process by shot S110. A comparison of S, value
between two numerical and experimental process reveals that this value increases gradually
with the pressure. However, the value in the later process is always smaller than that of the
previous one under the same pressure condition due to some physical conditions were
ignored in the numerical process to reduce the complexity of the calculation. The increase in
the shot peening pressure and media size results in the increment of the depth of the
compressive residual stress zone. However, the effect of these parameters on the changing

trend of the maximum compressive residual stress value is not clear. It can be concluded that
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the numerical and experimental studies show a good agreement in the results of the residual
stress distribution in the subsurface of the shot peened material. The shot peening pressure
and media size are two main factors affecting the presence of compressive residual stresses in

the subsurface of the material.

The main objective of the shot peening process is to enhance the fatigue life of the
shot peened material, so the study of the effect of this treatment process on the material was
discussed in Chapter 7. It has been seen that the highest fatigue cycle of the shot peened
samples with the media S110 (at a pressure of 344.7 kPa), media S230 (at a pressure of 413.7
kPa) and double peening (at a pressure of 206.8 kPa) are about two times higher than the
fatigue life of the as-received sample. Besides, at the same shot peening pressure, the media
S110 can improve the fatigue life of the treated samples better than the media S230. In
addition, in the case of the as-received samples, the initiation cracks occur in the subsurface
of the specimens at a depth of about 10 to 20 um. However, failure initiates on the free

surface of the shot peened material.

The results from works in from Chapter 4 to 7 present that the secondary shot peening
treatment (or the double shot peening process) is a promising method to reduce the surface
roughness and to improve the fatigue life of the shot peened samples treated by the previous
shot peening process with high intensity and larger media. While this can be seen as a
beneficial process, the operating parameters should be carefully selected to prevent

detrimental effects.

8.2 Scope for further work

The following future research directions and recommendations are proposed base on

this scope:
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- Double shot peening process is a promising method to reduce the surface roughness
and to improve the fatigue life for the shot peened samples. However, the operating
parameters should be carefully selected to prevent detrimental results. Therefore, to further
understand the double shot peening process and provide optimized operating parameters for
this treatment process in the different target material, a number of the experiments should be

undertaken and analyzed.

- Severe shot peening process is one of the modern trends of the application of shot
peening process since it generates the ultrafine grain size for the surface layer of the material.
However, it is necessary to find the potential application for the severe shot peening for

industrial usage.

- The numerical model should be further enhanced by taking into account the grain

refinements, crystal plasticity, thermal effect, etc.

- A comprehensive study on the fatigue response of shot peened samples under
varying loading parameters should be proposed. A fatigue life model needs to be developed

for practical designs.
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Appendix A - Contributions

The main contributions of this Ph.D. work are as follows:

- Providing the data on mechanical and tribological properties of shot peened low
alloy steel under different shot peening conditions, and double shot peening process (Chapter

3and 4).

- A new approach was introduced to estimate the coverage of target material using a
simulation model. This approach can provide the number of required shots for the coverage
of 98%, the arrangement of shots and the dependence of the degree of coverage on the

number of shots.

- According to the literature review, this is the first time the double shot peening
process was analyzed and reported in numerical work. It is worth noticing that the numerical
study of the surface topographies of the shot peened material were firstly reported and
validated with the experimental results. In addition, it was also a first time the initial surface
of the FEM shot peening model was not assumed as a flat surface. Instead, it was developed

based on the scanned surface.

- SEM micrographs of the fatigue fracture surface showed the location of the initial
fracture, it was one of evidence used to explain why the shot peened material has a better
figure life compared to the as-received one. According to my best knowledge, this evidence

was firstly reported to explain how the shot peening process can improve the fatigue life.
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pressure, media type and double shot peening on the microstructure, mechanical and
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