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ABSTRACT

Residual stress is defined as the remaining stress present in an object with the absence
of an external load. It can be divided into tensile and compressive residual stress.
Compressive residual stress is beneficial to prolong the fatigue life of the product
especially for products made of metallic material. It was demonstrated that the fatigue
life of metallic materials can be extended by the near-surface macroscopic compressive
residual stress which can be introduced by shot peening process whereby fatigue crack
initiation and crack growth can be reduced. However, the initial residual stress field
inherent or induced in the finished product may not remain stable during the operation
due to the relaxation of the residual stress. The previous empirical model to predict the
residual stress relaxation did not incorporate the surface hardness parameter. The main
objective of this research is to determine the relaxation of the residual stress of ASTM
A516 Grade 70 carbon steel which is widely used in the automotive and oil industries.
Empirical and numerical model were particularly generated for this material at the end
of this research. This study involved simulation and experimental methods. The
simulation part was performed by developing a CAD model with the same dimension
of the actual sample. The simulation method consists of shot peening simulation to
induce the initial residual stress and simulation was the residual stress relaxation. On
the other hand, the experimental part began with the preparation of the sample material
according to standard dimension, followed by the introduction of residual stress in the
material through shot peening process at low and high intensities. The cyclic load was
applied to both variables with low load (20% of Yield Strength) and high load (80% of
Yield Strength). The load was varied by the number of cycles. Finally, the residual
stress was measured using X-Ray diffraction on the samples to study the relaxation
trend. Based on the results, the residual stress relaxed during the first cycle. The
experiment results of residual stress relaxation was validated numerically and showed
good agreement. Hence, the experimental result was validated by the simulation result.
Finally, two sets of equations (numerical model) were developed for the residual stress
relaxation of this material. Of the two, the FE model developed can be used to predict
the value of residual stress in any cycle.
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CHAPTER 1

INTRODUCTION

1.1  Background of study

Residual stress is defined as stress which remained in a body with the absence of external
loading or thermal gradient. Manufacturing processes are the most common cause of
residual stress that includes casting, welding, machining, moulding, heat treatment,
rolling, forging and shot peening [1]. Residual stress is generated due to the misfits in the
natural shape either between regions or between different phases within the material.
Figure 1.1 illustrates the two types of residual stress, namely macro and micro residual
stress. In many cases, these misfits span over large distances, for example, those caused
by the non-uniform plastic deformation of a bent bar [2].

* * Macrostresses Microstresses
stz )
[
- |
Peening Thermal Stresses

° ® (e
CHEar-)

Transformation Stresses

@ﬁ

Intergranular Stresses

Welding

Figure 1.1 Different types of macro and micro residual stress [2].

Compressive residual stress (CRS) plays an important role in improving the fatigue life
of metallic components. The fatigue life of metallic materials can be extended by the
near-surface macroscopic CRS. The macroscopic CRS can be introduced through many
mechanical processes whereby the fatigue crack initiation and the crack growth could be



reduced. However, compressive stress is needed to superpose the tension stress from
applied external loads on the material during operation. When a part is subjected to a load
for instance in a positive tensile direction, a material which is already in a positive stress
state would be exposed to even higher stress as a result of a combination between original
positive stress and positive tensile stress. This case is also applicable for different types
for bending load applied to the component. Therefore, an appropriate finishing operation
such as a shot peening can introduce compressive residual stress i.e. negative stress. A
shot peening process can relieve some of the local positive load where, as a result, the
mechanical performance of the materials can be increased. The introduction of the
residual stress and strain hardening at the surface can improve the fatigue resistance
[3-4]. CRS which can enhance the fatigue life of the product increases the stability of the

product’s geometry and the corrosion resistance [5].

The performance of materials can be improved markedly by the intelligent use of residual
stress. For materials which can plastically deform, the residual and applied stresses can
only be added simultaneously until the yield strength is achieved. In this respect, residual
stresses may accelerate or delay the onset of plastic deformation. However, its effect on
static ductile failure is trivial due to the small misfit strains that are soon removed by
plasticity. Residual stress can raise or lower the mean stress experienced over a fatigue
cycle. Free surfaces are often a preferred site for the initiation of a fatigue crack, which
means that considerable advantage can be gained by engineering compressive in-plane
stress near the surface region. The greatest benefits are experienced in low amplitude high
cycle fatigue, while the gain is least in large strain-controlled low cycle fatigue. The
variation exists because, in the latter case, initiation is caused by local alternating strains
that exceed the yield stress. These plastic strains will soon relax or smooth prior residual

stresses.

Residual stress can be measured using destructive and non-destructive techniques.
Examples of destructive methods are curvature, crack compliance and hole-drilling.

While the available non-destructive methods include magnetic, ultrasonic and diffraction

[6].



The main behaviour of residual stress is that it could be reduced due to applied
mechanical or thermal loading. This phenomena is known as residual stress relaxation
and it is caused by the stress distribution due to the superposition of the stress. For
example, compressive residual stress is opposed by external stress in tensile direction. As

a result, the remaining value of residual stress is reduced.

This study focuses on the ASTM A516 grade 70 steel which is an excellent choice to
fabricate pressure vessels and boilers because of its high tensile strength and its behaviour
under high temperature. Previous research did not focus on the residual stress relaxation
of this material. Since the application of ASTM A516 grade 70 steel is wide in various

industries [7], it is a good idea to focus this study on this material.

Modelling of residual stress relaxation has been done by few researchers in the pass. This
study focuses on the residual stress relaxation for this particular material by applying
cyclic loads. Both experiment and simulation were conducted and through these methods,
empirical model of residual stress relaxation incorporating a new parameter (surface
hardness) of this material is developed. The empirical model is then validated by

simulation using finite element (FE) method.

1.2 Problem statement

Fatigue life can be enhanced through mechanical surface treatments such as shot peening.
Shot peening process is proven to improve the fatigue life of metallic components up to
50% [8]. The improvement is contributed by the amount of CRS induced during the shot
peening process which is controlled by parameters namely shot size, shot angle and shot
velocity. The peening coverage and intensity of the process are affected by the control of
these parameters. However, due to the relaxation of CRS, the outstanding benefits of the
shot peening treatments become uncertain under cyclic load conditions. In this case, a
detrimental effect on the fatigue life can be expected, particularly in shot peened materials
because their fatigue life depends significantly on the stability of induced CRS [8]. The
external load could superpose the residual stress in the opposite direction causing the
initial value of residual stress to reduce. This phenomenon is called residual stress

relaxation.



Currently, there are many models which could be utilised to estimate residual stress
relaxation [9]. The existing models focus on the thermal influence and mechanical cyclic
loads governing the residual stress relaxation but did not incorporate surface hardness,
the number of cycles and ASTM low carbon steel. A thorough literature review indicated
that none of the existing models quantifies the cyclic residual stress relaxation by
incorporating the initial residual stress, surface hardness and the number of cycles. It is
important to find a method to calculate the remaining residual stress at any stage of
component life by non-destructive or semi-non-destructive tests such as surface hardness.

1.3 Research objectives

The aim of this study is to develop an empirical model of residual stress relaxation of
shot-peened ASTM A516 grade 70 carbon steel incorporating the surface hardness

parameter and a numerical model of residual stress relaxation.

The specific objectives of this study are:

1. To investigate the change in mechanical properties and microstructure of ASTM
A516 grade 70 carbon steel after shot peening process,

2. To determine the magnitude of residual stress on the ASTM A516 grade 70 steel
introduced by shot peening process,

3. To characterize the relaxation of residual stress of the shot-peened ASTM A516 grade
70 steel after cyclic load is applied by experimental and simulation, and

4. To measure the surface roughness developed by shot peening process on ASTM A516
grade 70 steel.



1.4 Scope and limitation of study

The scope of the study involves both experimental and simulation analyses to investigate
the relaxation of residual stress. The experimental method which was used to induce the
initial CRS was shot peening. The simulation method used, on the other hand, was a finite
element method (FEM) using Altair HyperWorks software.

The limitations and justifications of this study include:

1. The residual stress measurement was conducted on the surface as the samples
were re-used for the measurement for hardness and microstructure test. This is a non-

destructive test (NDT) measurement.

2. Due to the wide range of shot peening parameters, the introduction of residual
stress is limited to shot peening intensity alone where it was differentiated by different
shot sizes. Other parameters such as peening angle, velocity and shot size were not

controlled in this research.

3. The number of cycles for cyclic loads was set at 1, 10, 100, 1000 and 10000 due
to the high cost of X-Ray Diffraction measurement.

1.5  Thesis organisation

Chapter one is the introduction of the thesis. This chapter includes the study background,

problem statement, research objectives as well as scope and limitation of the study.

Chapter two is the literature review. This chapter focuses on the previous research or
studies that were related to this study. The topic covered in this chapter includes the
material properties used in this study which is ASTM A516 grade 70 carbon steel, shot
peening process which includes the mechanism and parameters of the process.
Furthermore, this chapter also covers the simulation of shot peening including the
software to be used for the simulation activity. Last but not least, the residual stress topic
which includes the methods of introducing the stress, the effect of the stress on fatigue

properties, methods of measurement and the relaxation of residual stress.



Chapter three is the methodology. This chapter discusses in details on the methods used
during this study which were divided into two parts, simulation and experimental.
Simulation part discusses on methods of performing the shot peening simulation and
residual stress relaxation simulation using HyperWorks finite element software.
Experimental part discusses mainly on the mechanical tests performed on ASTM A516
grade 70 steel before and after shot peening process. The mechanical tests performed
includes tensile test, hardness test, fatigue test and other test is scanning electron
microscope (SEM), performing cyclic loading with low and high amplitude as well as the
measurement of initial residual stress introduced by different shot peening intensities and
residual stress values after cyclic loads were applied. Additionally, surface roughness test

also is performed on the material.

Chapter four is results and discussion. This chapter discusses on the result for all
mentioned activity and tests performed on ASTM A516 grade 70 steel which also were
divided into simulation and experimental. The results include the simulation result of shot
peening and residual stress relaxation. At the end of simulation part, numerical model of
residual stress relaxation was developed based on the result obtained from simulation.
The experimental results include the tensile test, hardness test, fatigue test, microscopy
test (SEM), surface roughness test, initial residual stress values introduced by different
shot peening intensities and the values of the residual stress after cyclic loads (low and
high) were applied. The values obtained from the residual stress measurement after
different number of cycles were used to develop empirical model which is also discussed

in this chapter. Finally, this chapter also covers on the validation of simulation result.

Chapter five is the conclusion and recommendations for future work. This chapter
answers the five objectives that were proposed in this study. Moreover, recommendations

for future studies related to this topic were also proposed in this chapter.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

This chapter focuses on prior studies mainly to decipher the fundamental of the topic, to
analyse the methodology used, and to note previous acknowledgements. Furthermore,
research gaps are discussed in this chapter. This chapter starts with discussion of detailed
information regarding the selected materials for this research, which is ASTM A516
Grade 70 steel. The information includes chemical properties, mechanical properties, and
applications of this material in industries. The next section elaborates the shot peening
process, which refers to the metal surface treatment applied in this study. It focuses on
the mechanism of the process itself and the effect of this process on the material
properties. Shot peening simulation using Finite Element Method (FEM) is discussed

thoroughly to address several common methods applied for simulation.

The following section is related to residual stress introduced by surface treatment. It
explains the definition, the methods to induce stress, the effect of this stress on fatigue
properties of material, the methods of measurement. Lastly, the main topic, which refers
to the modelling of residual stress relaxation, is presented. Since residual stress relaxes
or reduces its value during operation due to applied external loads, many researchers have
proposed various models in light of cutting-edge trend. In fact, empirical and numerical
models have been developed in prior studies. The idea is to determine the gap in these
models, while the next chapter of this study presents the proposed model with new
contributions to knowledge and novelty.



2.2  Material ASTM A516 grade 70 carbon steel

ASTM A516 grade 70 is reckoned as pressure vessel material. This material is normally
used in oil & gas and petrochemical industries due to its exceptional performance under
low temperature and high tensile strength [10].

Table 2.1 lists the chemical composition of this material. One may observe the low
percentage of carbon, when compared to other elements contained in this material.
Nevertheless, this composition may vary with plate thickness. This material consist of
98.315% iron. Manganese varies between 0.85 to 1.2% and silicon varies between 0.15
to 0.4%. The rest of the material consist of 0.035% phosphorous, 0.05% sulphur and most
importantly 0.31% carbon which influence the hardness of the material.

Table 2.1 Chemical composition of ASTM A516 Grade 70 Carbon Steel [10].

Component element properties Percentage
Carbon, C 0.31%
Iron, Fe 98.315%
Manganese, Mn 0.85-1.2%
Phospohorous, P 0.035%
Silicon, Si 0.15-0.4%
Sulphur, S 0.04%

Table 2.2 tabulates the detailed material properties of ASTM A516 Grade 70 steel. The
properties are divided into three categories which are mechanical, electrical and thermal.
Due to its high tensile strength, this material has become the preferred selection in a range

of industrial applications.



Table 2.2 Physical, mechanical, electrical and thermal properties of ASTM A516 Grade
70 steel [10].

Properties Value Unit
Physical Density 7.80 g/cc
Ultimate tensile 485 - 620 MPa
strength
Yield strength 260 MPa
Elongation at break 17-21 %
Mechanical Modulus of elasticity 200 GPa
Bulk modulus 160 GPa
Poissons ratio 0.29 -
Shear modulus 80.0 GPa
Electrical Electrical resistivity 0.0000170 Ohm-cm
CTE, linear 120 pum/m-°C
Thermal Specific heat capacity 0.470 Jig-°C
Thermal conductivity 52.0 W/m-K

This material is usually used to make pressure vessels and boilers. The material offers
exceptional mechanical properties in tough condition, especially the aspect of corrosion

resistance [11].

2.3  Material properties

Material properties are the main reference to differentiate material grades. The methods
of testing adhere to several standards, such ASTM and ISO. The standards are specific to
the type of material. This research adhered to standards for metallic material, as the

material has low carbon steel.



2.3.1 Tensile properties

Tensile tests determine how materials behave under tension load. In a simple tensile test,
a sample is typically pulled to its breaking point in order to determine the ultimate tensile
strength of the material. A material property that is widely used and recognised is the
strength of a material. Tensile testing is imperative to ensure safe and high quality
material, apart from avoiding the major liabilities linked with non-compliant products.
ASTM ES8 “Standard Test Methods for Tension Testing of Metallic Materials” is used for
tensile test [12].

2.3.2 Hardness properties

Some available hardness tests refer to Rockwell, Vickers and Brinell, which adhere to
their own specific ASTM standards. Subtopics 2.3.2.1 to 2.3.2.3 discuss about the type
of hardness test. Rockwell hardness is performed on the samples based on ASTM E-18
“Standard Test Methods for Rockwell Hardness of Metallic Materials”. It is a rapid
method developed from production control, with direct readout, and mainly used for
metallic materials. The scales used in Rockwell hardness test can be differentiated based
on indenter size and total test force in kgf [13].

The Vickers hardness test method, also referred to as a microhardness test method, is
mostly used for small parts, thin sections, or case depth work. The Vickers method is
based on an optical measurement system. The microhardness test procedure, ASTM E-
384, specifies a range of light loads using a diamond indenter to make an indentation
which is measured and converted to a hardness value. It is very useful for testing on a
wide type of materials, but test samples must be highly polished to enable measuring the
size of the impressions. A square base pyramid shaped diamond is used for testing in the
Vickers scale. Typically loads are very light, ranging from 10gm to 1kgf, although

"Macro" Vickers loads can range up to 30 kg or more [14].

The Brinell hardness test method as used to determine Brinell hardness, is defined in
ASTM E10 [15]. Most commonly it is used to test materials that have a structure that is
too coarse or that have a surface that is too rough to be tested using another test method,

e.g., castings and forgings. Brinell testing often use a very high test load (3000 kgf) and
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a 10 mm diameter indenter so that the resulting indentation averages out most surface

and sub-surface inconsistencies.

2.3.2.1 Issues of hardness properties related to shot peening

Yang et al. (2018) studied the fretting wear behaviour of Ti-6Al-4V using experimental
method. This study compared the effect of different surface asperities and surface
hardness induced by shot peening. Morphological analysis was conducted on the samples
to compare the cracking phenomena caused by fretting wear for samples without shot
peening and after shot peening process. It was found that shot peening process with a
moderate intensity increases the wear volume during early fretting period, while reducing
material loss in the long-term fretting wear process. This moderate intensity produced a

good combination between hardness and toughness of the surface material [16].

Another studied conducted by Fu et al. (2018) was to find the relationship between
hardness and residual stress for GCr15 steel after shot peening process. The hardness was
found to increase due to the change in micro-structure (finer micro-structure) after shot
peening process and increase the compressive residual stress which was also agreed by
Ramkumar et al. (2017) in the previous study [17-18]. The methods of CRS measurement
was X-Ray Diffraction and the researcher managed to find a new type of non-contact and

non-destructive hardness testing using XRD.

2.3.3 Fatigue properties

Fatigue test on metallic alloy is according to ASTM E466. The method is applying
constant load amplitude, typically load controlled in fully reversed where the ratio of
maximum load to minimum load is -1 (R = -1). However, the load direction could be
changed to tension — tension or tension — compression depending on the requirement of
the test. For high cyclic test, the frequency is kept between 20 to 30 Hz because there will
be less damage per cycle. Higher frequency can cause the temperature of the specimen to
increase, hence higher possibility to become damage. According to the standard, the
temperature increment of the specimen should not exceed 2°C [19 — 20].
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2.3.4 Surface roughness properties

This test method describes a shop or field procedure for determination of roughness
characteristics of surfaces prepared for painting by abrasive blasting. The procedure uses
a portable skidded or non-skidded stylus profile tracing instrument. The usual measured
characteristics are maximum height of the profile, Rt and maximum profile peak height,
Rp [21].

2.3.4.1 Issues of surface roughness properties related to shot peening

Zhu et al. (2017) studied the influence of process parameters of ultrasonic shot peening
on surface roughness on pure titanium. Experimental work was done by changing
parameters like the peening duration, shot diameter, sonotrode amplitude and peening
distance. Higher impact of shot peening cause higher dislocation and higher hardness.
The result found there is a relation between microhardness and surface roughness where
the trend of changing in surface roughness followed the trend of the change in
microhardness. The change is quite drastic in the early stage of peening duration and both
became more stable (saturated) after longer peening duration [22]. The surface roughness
becomes rougher due to shot peening process and it was also agreed by Liu et al. (2017)
and Kumar et. al (2019) [23- 24].

2.3.5 Morphological characterisation

The scanning electron microscope is mainly used to observe the topography of the cells
in the samples over a large range of magnification. Sample preparation for SEM is simple.
It is adaptable to various samples and does not require producing ultra-thin slices. SEM
is already a routine method in medical research and is especially crucial for studies on

the morphologies and interactions of oral bacteria.

SEM can be used to analyze and interpret observations on a micron or nanometer scale.
The resolution of a field emission scanning electron microscope can reach as low as 1
nm. Another important feature of the scanning electron microscope is that it can be used
to observe and analyze samples three-dimensionally due to its deep depth of field. The

greater the depth of field, the more sample information is provided. In microbial
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identification, SEM is utilized to observe and detect surface morphology and structural

characteristics of microbial cells.

The scanning electron microscope is used to scan sample areas or microvolumes with a
fine focused beam of electrons, producing various signals including secondary electrons,
back-scattered electrons, Auger electrons, characteristic X-rays, and photons carrying
different levels of energy. When the electron beam scans the sample surface, the signals
will change according to the surface topography. The limited emission of secondary
electrons within the volume close to the electron focusing area results in high image
resolution. The three-dimensional appearance of images comes from the deep depth of

field and shadow effect of secondary electron contrast [25].

2.4 Shot peening process

Shot peening is a worldwide surface treatment process applied on various parts in a range
of industries to improve the mechanical properties of materials and fatigue life. This
process is a cold work process that retards crack initiation and propagation by inducing

compressive residual stress below the surface of materials.

The mechanism of shot peening is performed by applying multiple shots made by hard

particles at high velocity onto the surface [26-28].

The main parameters of this process are shot size, shot angle, and shot speed. Shot
peening is measured by its intensity using Almen strip. The following stages [29-30]
depict the mechanism required in the shot peening process that changes the
microstructure and the properties of the peened layer.

I.  The surface of a metallic component is hit by using a spherical particle called
“shot”, made of iron, ceramic beads, glass, cast high-carbon steel, or stainless steel
[31-32]. The dominant regime, which is fully plastic, can be indented by the
impinging velocities that may hit up to about 12-150 m-s? [35]. Figure 2.3
schematically illustrates this stage. Upon passing through the nozzle (from points
A to B on the left side of Figure 2.1), the particles are accelerated by compressed
air (or centrifugal forces) (right side of Figure 2.1) [33-34]. Point C displays the
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point where the particles highly loaded with kinetic energy from point B was
projected. A narrow cone surrounded by an area, which is destroyed at the surface,
describes the pattern of shot blast. Stream energy is directly proportional to impact
severity. The shot-derived kinetic energy is transferred to the surface during impact
with the target, and the shot is returned in the rebound stage, hence the varied target

and shot contact pressures with exposure time.

Some studies revealed equivalence to quasi-static behaviour [36-37] despite
dynamic conditions. Numerical assessment using FEM [38] for shot velocities can
reach up to 200 m/s at impact. The influence of time dependency is neglected,
while the process is modelled with quasi-static approach. Nevertheless, major
errors may occur due to the 300 m/s impact during the quasi-static analysis. Some
anomalies could be due to: a) formation of shear-band and micro-cracking (effects
of non-continuum), as well as b) interactions, strain-rate sensitivity, and elastic-

weave (effects of time dependency).

In order to dissipate kinetic energy from the particle that leads to dimple formation,
a finite plastic deformation takes place in the stressed material beneath the particle.
The material surface must be yielded in tension to generate dent. Upon energy
transformation, momentary rise is noted in temperature that has an impact on flow
of plastic for surface of fibres. Heat from rapidly deformed material causes non-
diffusing slip localisation called adiabatic shear bands [39]. Restoring surface
shape after shot rebounds is impossible due to material continuity in plastic and
elastic parts, thus capturing residual stresses in the component. Recovery is only
for certain elastic properties of the plastically-deformed area. Figures 2.3a and 2.3b
portray the trapped stresses with tensile residual stresses compressed in a thin sub-
surface layer dispersed across lower areas. The shot-driven kinetic energy is
absorbed by the component upon impact; causing plastic deformation at every
impact point on the component surface (see Figure 2.3a), while Figure 2.3b
illustrates rebound shot and trapped residual stresses. High impact stresses are

caused by rapidly moving or increased dislocation density due to initial impacts.
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Figure 2.1 Schematic representation of the SP process [35].

Figure 2.2 presents the permanent global deformation on the uniformly deformed
surface layers. The uniform plastic deformation occurs when all surfaces are
indented due to peening exceeding its schedule [40]. Figure 2.4 shows the
schematic diagram of low coverage of shot peening. The impact of shot on the left
caused six dimples, while the dents of plastically deformed layer upon attaining
100% coverage formed a uniform and compressive residual stress layer beneath
the surface. Frost and Ashby [41] explained the mechanism of increased fast
moving dislocation density. Higher dislocation density lowers mean dislocation

velocities that causes lower impact stresses upon saturation of the material.

Figure 2.2 Schematic illustration of a shot immediately before and after impinging
the surface [39].
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Figure 2.3 The mechanics: (a) a shot impacts a component, (b) on the rebound of
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Figure 2.4 Schematic diagram of: low coverage [40].

2.4.1 Almen Strip

Almen strip refers to a rectangular sheet metal (SAE1070) used to measure shot peening
intensity. This method of measurement was introduced by J.O Almen, an engineer at
General Motors Corporation in 1940. In the procedure, the sheet metal is clamped to a
test block and blasted with shots. After the blasting process, the sheet metal is removed
and its deflection is measured using an Almen gauge. This arc height determines the
intensity level of the shots. The higher height represents higher intensity, thus more

compressive residual stress is stored on the surface of material.

Almen strips are composed of N, A, and C types, which are differentiated by their
thickness. The dimension of these Almen strips is 3.0” (76.2 mm) long and 0.75”
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(19.05 mm) wide. These types are differentiated by their thickness [42]. The thickness of

all types are:

- Type ‘N’ —0.031” (0.7874 mm) — for low intensity
- Type ‘A’ —0.051” (1.2954 mm) — for average intensity
- Type ‘C’ —0.0938” (2.3825 mm) — for high intensity

Figure 2.5 illustrates the method of measuring Almen strip. This test is conducted by
applying the shots of Almen strip placed on a steel block.
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Figure 2.5 Shot stream applied on Almen strip for the intensity measurement [43].

The Almen arc height An of each strip is plotted as a function of its exposure time t to
obtain the saturation curve. Figure 2.6 shows the Almen saturation curve as a function of
exposure time. Shot peening saturation is defined as the point at which doubling the
exposure time results in 10% or less increase or less increase in curvature arc height. It is
assumed that the curvature of the Almen strip will indicate the rate of compressive stress

that leads to a resistance to fatigue failure.
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Figure 2.6 Almen saturation curve against exposure time [44].

2.4.2 Shotsize

Shot size is the most important property in the shot peening process. Shot size affects
saturation intensity, coverage rate, and depth of work-hardened layer. A range of shot
sizes can be applied for this process, which depends on the requirement of products. The
size differentiates the impact that contributes to the value of residual stress. Bigger shot
size generates higher impact and residual stress value. Table 2.3 shows the cast shot
numbers with the sizes and screening tolerances. Minimum shot size usually used in

industry is 0.1778 mm in diameter and the maximum is 3.3528 mm in diameter.
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Table 2.3 Cast shot numbers and screening tolerances [45].

Diameter Mass Particles
Shot inch mm mg Per 100g
code

S70 0.0070 0.1778 0.02313 4,322,983
S110 0.0110 0.2794 0.08976 1,114,037
S170 0.0170 0.4318 0.33134 301,808
S230 0.0230 0.5842 0.82055 121,869
S280 0.0280 0.7112 1.48046 67,547
S330 0.0330 0.8382 2.42362 41,261
S390 0.0390 0.9906 4.00052 24,997
S460 0.0460 1.1684 6.56441 15,234
S550 0.0550 1.3910 11.22045 8,912
S660 0.0660 1.6764 19.38894 5,158
S780 0.0780 1.9812 32.00414 3,125
S930 0.0930 2.3622 54.24643 1,843
S1110 0.1110 2.8194 92.23404 1,804
S1320 0.1320 3.3528 155.11154 645

Specifications, such as SAE J444 and AMS 2431, nominate cast steel shot size in terms
of sieving outcomes, thus nominal shot sizes are based on sieve mesh spacing. Cast steel
shot size can be associated with the diameter of a sphere. This is convenient because (a)
cast steel shot particles are approximately spherical, and (b) a sphere is the only
geometrical figure that has only one dimension. Association of a particle size with sphere
diameter is based on the concept of “equivalent sphere”. The “equivalent sphere” of an

individual shot particle is one that has the same volume as that of the particle (and hence,

the same mass).
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2.4.3 Shot angle

Shot angle affects the quality of shot peening in terms of surface morphology, surface
hardness, and surface roughness [45]. Fuhr et al. (2018) investigated the effect of
changing peening angle from 90° to 30° to the peening coverage experimentally. It was
found that the coverage varied to a wide extent ranging from 20% to 1200%. Low
coverage leads to a loss in the strength of a targeted material, therefore higher coverage
is very much important criteria of shot peening [46]. Kim et al. (2013) on the hand
investigated the effect of changing the angle using finite element model. The model
proposed could be used for various incidence peening angle for multi-shots simulation
[47].

2.4.4 Shot velocity

Based on the theory of momentum, higher velocity produces higher impact, hence higher
residual stress can be stored under the surface of contact plane. Many have discussed the
influence of shot peening speed. Gariépy et al. (2017) performed an experiment by setting
three shot velocities at 34.6 m/s, 53.7 m/s, and 66.2 m/s to study peening saturation on
L- and T-type aluminium test strips, as well as A-type Almen strips [48]. The results are
tabulated in Table 2.4. It is observed that higher velocity increases arc height and
decreases saturation time. The velocity of the shot ball is a crucial factor for residual
stress distribution mentioned by Xie et al. (2016) [49].

Table 2.4 Result of saturation study on L-type aluminium test strips, T-type aluminium
test strips and A-type Almen strips [49].

Shot Saturation time Arc height at saturation (mm)
velocity L T Almen L T Almen
(m/s)

34.6 9.466 9.919 23.219 0.224 0.209 0.127

53.7 6.846 6.673 12.178 0.321 0.308 0.189

66.2 5.886 6.119 8.304 0.387 0.376 0.220
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2.4.5 Effect of shot peening on material

It is obvious that any treatment experienced by the materials would change their
properties, such as mechanical, thermal, and electrical. Many researchers have assessed
the effect of shot peening process on material properties. The main concern of product
performance is operation duration prior to failure. In this case, the scale of measurement
is fatigue life. Shot peening increases fatigue life by slowing the propagation of

microcracks caused by applied loads while operation.

For instance, Maleki et al. (2018) estimated the fatigue behaviour of shot peened mould
carbon steels by applying a novel alternative approach that adhered to the concept of
artificial neural network. The outcomes showed that surface coverage is more important
than higher intensity of shot peening to enhance fatigue life [48]. Compressive residual
stress is required to increase fatigue life if external load is applied in tensile direction. On
the contrary, tensile residual stress is required if external load is applied in compressive

direction.

Upon focusing on micro-shot peening process, Zhang et. al (2019) asserted that the
process can improve the fatigue properties of alloy in air and in salt atmosphere. He
concluded the following [49]:

1. Compressive residual stress field and hardening layer were formed on specimen

surface after micro-shot peening.

2. The S-N curve of micro-shot peened specimens in salt atmosphere showed continuous
decrease with the increasing number of loading cycles, while that in air shows a step-
wise shape. The fatigue strength of peened specimens at 107 cycles was increased by 47%

and 67% in air and in salt atmospheres, respectively.

3. All the specimens failed from surface, except for the micro-shot peened specimens
tested in air, which failed from subsurface zone in high cycle fatigue region. The micro-
shot peening cannot change the fracture mode. The specimens in air showed shear mode

fracture, while those in salt atmosphere exhibited normal mode fracture.
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4. Micro-shot peening can delay both crack initiation and its early propagation, thus

improving fatigue strength.

Apart from fatigue behaviour, electrochemical behaviour of a material may also be
changed during the shot peening process. Aslan et al. (2019) investigated low-alloy steel
to test this said behaviour via corrosion test at room temperature in 3.5% NaCl solution
on several intensities of shot-peened sample. The samples were shot-peened with
intensities of 16 A, 18 A, 20 A, and 24 A. As a result, the corrosion resistance of the
material increased with the increasing shot peening intensity, owing to grain refinement
and formation of sub-grains [50]. Liu et al. (2019) also discussed the effect of shot
peening on corrosion behaviour. The materials assessed by the researcher were AZ31 and
AZ91 magnesium alloys. This study slightly contradicts with Kovaci and Bozkurt, since
Kovaci found increased corrosion resistance due to shot peening, while Liu et al.
discovered that the shot peening only improved the corrosion resistance of AZ31, but not
on AZ91 [51].

Otsuka et al. (2018), studied the effect of shot peening on permeation and retention
attributes of hydrogen in alpha iron. It was found that the permeation of a shot-peened
iron was reduced by a factor of ten, in comparison to unpeened iron. Permeation leakage
IS a major concern in several industrial parts, such as vessels, containers, and coolant

pipes, especially those made of steel [52].

The thermal behaviour of a material can also be enhanced via shot peening process.
Poongavanam et al. (2019), studied the effect of shot peening on heat transfer
performance of a tubular heat exchanger. The process improved the performance of heat
exchanging, as determined by the increased Nusselt number, friction factor, and figure of

merit, which were applied characterise the performance of tubular heat exchanger [53].

Shot peening has also been proven to reduce friction between mechanical components.
Hoffman et al. carried out simultaneous shot peening (SSP) of hard and soft particles in
reciprocal sliding to study if this process minimised friction. Reduction of friction is
crucial to reduce energy consumption. The researcher tested 25 combinations of normal
load and sliding speed during the experiment. As a result, it was revealed that SSP could

reduce the average friction by 33% [54].
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2.5  Shot peening simulation

There are many articles which discuss on the shot peening simulation using Finite
Element Method (FEM). Most of the papers discuss on the effect of changing the shot
peening parameters such as the shot size, shot velocity and shot angle.

2.5.1 Single shot simulation

According to Kubler et al. (2019), shot peening simulation can be performed with single
shot and multiple shots [55]. Single shot simulation is done to study the value of residual
stress induced during the impact between the shot and the surface. On the other hand
multiple shots is done to study the coverage as well as the change in the surface roughness

due to shot peening process.

The single shot simulation is also known as initial impact damage analysis model. Figure

2.7 illustrates the geometry setup of the model with varied angles of impact.

Figure 2.7 A schematic illustration of impact angle [55].
For shot peening using single shot method, the theory behind the calculation of the impact

radius is based on Hertz theory [56]. Figure 2.8 presents the geometry of a sphere in

normal contact or perpendicular to the plane.
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Figure 2.8 Geometry of a sphere in normal contact with a plane [56].

Equation 2.1 shows the total compression & is related to the contract radius a by:

a2 (2.1)
5=

where & is the total compression, a is contact radius and D is the shot diameter. In the

Hertz theory, the load P, resulting from the pressure forces of the ball on the plate, is
linked to o by Equation 2.2:

4E\D (2.2)

— 63/2

T 3V2

with E is the equivalent Young modulus defined as a function of the elastic material
properties of the shot (subscript s) and of the impacted plate (subscript p) as shown in
Equation 2.3:

E—lzl_v52+ 1-v) (2.3)
E, E,

In order to obtain a relationship between the shot peening parameters and the resulting

contact area of radius a, an equivalence between an elasto-plastic shock and an elastic
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one is made. The kinetic energy W of a shot is converted to an elasto-plastic energy Wep
of the impacted material and a energy Wy dissipated in the form of temperature and

oscillations such as Equation 2.4:

The efficiency of the impact is characterized by the ratio K between the elasto-plastic

energy and the total kinetic energy (Equation 2.5).

VVep (2.5)

The ratio K was estimated to be 0.8 by . The elasto-plastic energy is thus defined as

Equation 2.6:

1 Kmp,D3V? (2.6)
= - 2 = i
w K.ZmV 12

where ps is the density of the material of the shot, D its diameter and V its velocity. For a
plastic impact at moderate velocities (up to 500m/s), impact velocities are small
compared to elastic wave speeds. Thus the impact behaviour can be investigated under
static conditions. The kinetic energy W is absorbed in local deformation of the two
colliding bodies, up to the instant of maximum compression, which is expressed
by Johnson (1985) as Equation 2.7:

5 (2.7)
W—LP%

where the resulting load P is linked to the average dynamic pressure pq by Equation 2.8:

P = ma’py (2.8)
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By inserting Equation 2.1 and Equation 2.8 in Equation 2.7, the Kinetic energy is
expressed (Equation 2.9):

wa‘p, (2.9)
4R

a
sz ma’p Lda=
0 dR

By writing the equivalence between Equation 2.9 and Equation 2.6, the contact radius is

linked to the shot peening parameters finally by Equation 2.10:

K.T[pVZ 1/5 (210)
=D. —
< 4+/2E )

D = shot diameter

K = ratio of elasto-plastic energy to kinetic energy
P = density of the plate of impact

V = shot velocity

E = equivalent Young modulus

Guiheux et al. studied the martensitic transformation induced by singe shot peening in
austenitic stainless steel. It was found that the transformation occurs due to plastic
straining. In this work, the impact of a single spherical steel shot was used and the result
was that the martensitic transformation takes place only under the dent and the martensite
is in tension at the surface while austenite is in compression. The result was comparable

with X-ray diffraction in the experimental work [57].

2.5.2 Multiple shot simulation

It was proposed by Zarka (1990) to predict the stabilized elastoplastic response of
structure under a cyclic load using an analytical approach. This approach is used for
residual stress profile prediction after shot peening and their evolution during a cyclic
behaviour. The advantage of using this model is minimal computational cost for direct
resolution. However, this model is not suitable for material with non-standard behaviour

and can be used only for homogeneous surface treatment [58].
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The effect of shot peening is also often modelled with multiple impacts simulation model
using finite element (FE). Jianming et al. (2011), Murutganam et. al (2015), Tu et. al
(2017), and Zhang et al. (2018) had used this approach to model coverage, roughness and
residual stress profiles on a target material. The initial condition in their FE analysis are
the positions and initial velocities of shots [59-62]. Similarly, Guagliano et al. (2001)
proposed a model which linked the Almen intensity to residual stress profile prediction
in a shot peened part for material 39NiCrMo3 and SAE 1070 steel. Based on the residual
stress profile from simulation result of multiple impacts, the bending of Almen strip could
be predicted [63]. Klemenz et al. (2009) also used multiple impacts model by simulating
121 rigid spheres (shots) to hit the surface of a target material. This material selected is
AISI4140 steel and defined as elasto-viscoplastic model with a combined isotropic-
kinematic behaviour. A comparison of surface topography and residual stress field with
single and double impacts model was done [64]. To study the shot peening parameter
effect such as the impact velocities and shot diameters, Gari’epy et al. (2017) has also
used multiple impact model. Isotropi-kinematic hardening formulation is used and the
formula is built into the Abaqus solver representing the cyclic hardening behaviour of
AA2024-T351 alloy. It was found that residual stress distribution prediction with smaller
computational cost could be achieved by reducing the number of impacts [65]. Meguid
et al. (2002) investigated the effect of friction coefficient between the shot and the target
material on the residual stress profiles. It was found that the coefficient of friction does
not really make any changes to the residual stress profiles. Bagherifard et al. (2012) and
Xiao et al. (2018) have both studied the effect of random impacts to obtain 100%
coverage and impacting density | the residual stress profile using FE analysis [66 — 67].

Analytical and FE approaches were also presented by Gallitelli et al. (2016) to model
residual stress fields after shot peening of a part with complex geometries. The process
parameters were linked to the stress field which was obtained from the simulation
analytically using a dimensional analysis [68]. Chaise et. al (2012) also did something
similar with the study but the approach was based on calculation of inelastic stain field

and it could predict the same field as FE models with much less computational cost [69].
Few more researchers use the same approach of multiple impacts shot peening simulation

[70 — 82]. These researchers’ main objective is to determine the residual stress profiles

and to optimize the shot peening parameters to be implemented in industries.
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In summary, shot peening is an integral process, especially on mechanical components.
The process is widely implemented across various industries due to its benefits in terms
of cost and ease of handling. The mechanism is simple, while the results are prominent
and worthy. The parameters to be controlled during the process are shot size, incidence
angle, velocity, intensity, saturation, and coverage. For these, intensity is likely to be the
most used control parameter. The measurement method normally used by manufacturers
is the Almen strip, where the arc height is used to determine the level of intensity. Shot
peening improves the fatigue life of the material by changing its properties, such as
tensile, hardness, surface roughness, and microstructure. Compressive residual stress is
introduced by this process to superpose the external loads applied on the component

during the operation. Shot peening simulation can be categorised into the following:

(1) Expectedly uniform distribution of shots, in which the shots impinge the specified
position on the peening surface in the specified order
(2) Completely random distribution of shots, in which the shot impinge the

completely random position on the peening surface

This study used the first method, which refers to the expectedly uniform distribution of
shots. It is an ideal model with the advantage of low computation cost, wherein several
representative models have been developed by Meguid et al., [83], Kim et al., [84], and

Wang et al., [85], to name a few.
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2.6 Simulation software

There are a few simulation software used worldwide such as ANSYS, Abaqus and
HyperWorks. These software are very compatible for finite element analysis. Most of
previous works for shot peening simulation was done using Abaqus especially for
multiple impacts simulation [86 — 93]. There are also studies which used ANSYS as their
simulation tool [94 — 100]. However, when the study involves the cyclic loading or
fatigue life prediction, many researchers used Hyperworks as their simulation tool [101
— 105]. The advantage of using Hyperworks is it does not need complex coding since

everything seems to be found on the interface.

2.6.1 Comparison of simulation software

The simulation software can be compared by their advantages and disadvantages. Mainly
users would prefer a software with the most user friendly interface. Table 2.5 shows the

summary of advantages and disadvantages of each software [106].

Table 2.5 Advantages and disadvantages of ANSYS, Abaqus and HyperWorks.

2. Very basic but
one would

understand in a

in Abaqus as a

Plugin.

Software ANSYS Abaqus HyperWorks
Advantages 1. Wiring amacro | 1. The scripts can | 1. Best element level
IS easy. be written in control compared to
Python and work ANSYS and Abaqus.

2. One can use

Hypermesh to mesh

better way what 2. Very basic but for different solvers
happens inside the | one would like ANSYS and
software. understand in a Abaqus.

3. Same window
for geometry
handling and

meshing.

better way what
happens inside the

software
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Software

ANSYS

Abaqus

HyperWorks

3. Same window
for geometry
handling and

meshing.

4. Good element

level control.

5. Faster meshing.

6. Easier contact

treatment.

Disadvantages

1. Not so accurate
for multiple bodies

simulation.

2. User has to use
Design Modeler
for geometry
handling and
ANSYS
Mechanical for
meshing (different

interface).

3. Writing a macro

is not that easy.

4. Lesser element

level control.

1. Not aware of
units and user has
to key in the units
in a consistent

manner.

2. User interface
hasn't changed
much in all these
years and looks
really outdated.

3. Writing a macro
IS not that easy.

4. Lesser element

level control.

1. Mesh controls are

not stored.

2. Geometry handling
features are far
superior in
comparison with
ANSYS and Abaqus.
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2.7 Residual stress

Every manufacturing process introduces residual stress into the mechanical parts. The
residual stress can be in tension (positive) or in compression (negative) form. The stress
influences fatigue behaviour. Hence, the role of residual stress is crucial in designing and
producing mechanical parts. The stress that remains in mechanical parts and not subjected
to external stresses is known as residual stress, which exists in all rigid materials,
including metals, polymer, ceramic, wood, and glass. It is the result of metallurgical and
mechanical history of each point in the part and the part as a whole during its
manufacture. Depending on the scale of the stress, it can be divided into three levels
[107, 108]:

o The first level (macroscopic residual stress) affects the whole mechanical part or
a large part of the grains.

« The second level (2" level residual stress) refers to non-nil stresses caused by the
presence of mechanical stress on grains with varied yield points, as resilience
develops in adherence to the grains, mainly due to the heterogeneity and
anisotropy aspects of each crystal or grain in polycrystalline material. Elimination
of load results in heterogeneous attribute.

o Thethird level is on the on the crystal scale, which hits the limits of the stress due
to varying crystalline defects, for instance, grain joints, stacking defects,

substitute atoms, twin crystals, dislocations, and interstitial compounds.

2.7.1 Methods of introducing residual stress

Residual stress can be divided into mechanical, thermal, and metallurgical genres,
wherein the combination of these factors generates residual stress for grinding. An
instance of mechanism that creates residual stress in a particular case can be reflected in

the complexity of the origin of residual stress [107] (see Figures 2.9a-2.9b).
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Figure 2.9 (a) Residual stress produced by plastic deformation in the absence of
heating; (b) Residual stress resulting from exceeding the elastic limit after the presence
of a temperature gradient [107].

The following are some causes of macroscopic residual stress:

e non-homogeneous plastic flow under external treatment action (shot-peening,

auto-fretting, roller burnishing, hammer peening, shock laser treatment)

e non-homogeneous plastic deformation while non-uniform heating or cooling

(ordinary quenching, moulding of plastics)

 structural deformation from metalworking (heat treatment)

« heterogeneity of chemical or crystallographic order (nitriding or case hardening)



« varied surface treatments (enamelling, nickel-plating, chrome-plating)
o variation in expanded coefficients and mechanical incompatibility of differing
composite components (composites with metallic-organic matrix, ceramic

coatings)

Table 2.6 shows the origins of residual stress for metal working operations that are
commonly carried out in the industry. In order to produce an industrial part, one or several
techniques listed in the table may be applied. In order to calculate the residual stress that
exists in a part, the stress source must be determined at the early stage.

Table 2.6 Main origins of residual stress from different manufacturing processes

[108].

Process Mechanical Thermal Structural
Smelting No Temperature Change of phase
Casting gradient during

cooling
Shot-peening Heterogeneous No No
Hammer-peening | plastic
Roller burnishing | deformation
Bending between the core
Rolling and surface of the
Forging part
Straightening
Extrusion
Grinding Plastic Temperature Change of phase
Milling deformation due | gradient due to during machining
Drilling to the removal of | heating during if the temperature
Boring chips machining is sufficiently
high
Quenching No Temperature None
without a phase gradient
change

33



Process Mechanical Thermal Structural
Surface No Temperature Change of
quenching with a gradient volume due to a
phase change phase change
Welding Flanging Temperature Microstructural

gradient change (HAZ)
Brazing Mechanical Thermal New phase at
incompatibility incompatibility interface
Composite Mechanical Mechanical No

incompatibility

incompatibility

Electroplating

Mechanical

incompatibility

Mechanical

incompatibility

Composition of

plating depending

on bath used

2.7.2 Residual stress effect on fatigue properties

The actual stress for the subjected part is determined by tensor or + os, in which elastic
residual stress is characterised by tensor or, and tensor os defines the superposed field of
service stresses. The part is bound to be overloaded locally due to addition of residual
stress to service stress. Nevertheless, mechanical performance can be enhanced and the
part can be relieved of load upon introduction of compressive residual stress at the

finishing operation of shot-peening.

Use of residual stress, in a wise manner, may tremendously enhance material
performance. Applied and residual stresses can be integrated in plastically deformable
materials directly upon hitting yield strength. Plastic deformation onset may be delayed
or accelerated by residual stress, despite minor failure in static ductile due to slight misfit
strains, which are discarded via plasticity. Mean stress over a fatigue cycle can be
increased or decreased with residual stress. Besides, Gerber/Goodman correlation can be
applied to determine the impact on fatigue life (see Figure 2.10a). Upon increment in
mean stress due to tensile residual stress, reduction of stress amplitude ascertains
unaffected lifetime. Static fracture may be triggered by tensile residual stress at huge
mean values. Fatigue crack initiation often prefers free surface. Compressive plane stress

engineered near surface region offer a range of benefits. The least gains are noted in
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strain-controlle

d low cycle fatigue, while the largest can be found in low amplitude high

cycle fatigue. In the former case, local alternating strains that are beyond yield stress lead

to crack initiat

ion. Prior residual stresses are relaxed by the plastic strains. With the

growth of fatigue crack, mean stress heavily affects high growth rate and near threshold,

while being insensitive to Paris regime. Thus, the residual stresses would have minor

impact on growth rates of crack in Paris regime, unless crack closure is initiated by mean

stress change (see Figure 2.10b). Overall, stresses of types Il and Il can be washed out

via plasticity ar

ound crack tip zone, hence the consideration of type | from the perspective

of fatigue [109].

ON

Stress Amplitude (Gmax — Omin)

Gerber

Goodman

QO

)

A
Kmax
Kmin

Kcl

O
Mean Strees uts

Kres A

Kres B

b)

Figure 2.10 Effect of residual stress on fatigue lifetime (a) constant life plot for mean
stress versus stress amplitude; (b) effective stress intensity range AKefr for two

compressive

residual stress levels (A, B) with non-zero crack closure stress intensity
factor K [109].

To date, residual stress can be used to predict fatigue life in a quantitative manner. Fatigue

is often the cause of failure in mechanical origin based on statistics. The empirical
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outcomes displayed that the Goodman-type linear correlation can determine residual
stress:
Op
Oq = O0p — R_(Um + or) (2.11)
m
Where g, is amplitude of admissible stress, a,, is mean fatigue stress, o, is purely
reverse tensile fatigue limit, R,,, is true rupture strength, oy is residual stress measured in

the direction of the applied service stress.

2.7.3 Incorporating the concept of residual stress into the design

To date, only a handful of industrial sectors have considered the residual stress parameter
directly. In technical specifications, requirements included are often closely related to

residual stress without actually naming them.

Incorporating the concept of residual stress into the design must be gradual and can be

divided up into several phases [109].

In the first phase of incorporation, one can use a semi-quantitative concept to evaluate
the increase in performance in terms of fatigue life or fatigue strength. Table 2.7 presents
an instance of the efficacy of shot-peening to enhance fatigue life in a range of mechanical
parts [109].
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Table 2.7 Increase in the fatigue life of various mechanical components as a result

of shot-peening [109].

Component Stress type Fatigue life improvement
(in %)
Spindles Reverse bending 400 to 1 900
Shafts Torsional 700
Gear box Fatigue life tests in service 80
Crankshafts Fatigue life tests in service 3000 but highly variable

Aircraft coupling rods

Driving rods

Cam springs

Helical springs

Torque rods

Universal joint shaft

Gear wheel

Tank chain

Weld

Valve

Rocker arm

Tensile-compression

Tensile-compression

Dynamic stress

Fatigue life in service

Dynamic stress

Reverse bending

Fatigue life tests

Fatigue life tests

Fatigue life tests

Fatigue life tests

Fatigue life tests

105

45

100 to 340

3500

140 to 600

350

130

1100

200

700

320
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2.7.4 Residual stress measurement

The two techniques that determine residual stress are destructive and non-destructive
methods. The destructive techniques that destroy samples until stress relief are hole
drilling, compliance, and curvature, whereas ultrasonic, photo-/thermos-elastic,
diffraction, and magnetic are instance of non-destructive methods that do not destroy the

samples.

2.7.4.1 Curvature

Stresses within layers and coatings are commonly determined via curvature
measurements. Layer deposition may lead to curved substrate due to induced stress [110]
(see Figure 2.11). The stress variation due to deposit thickness may be calculated based
on curvature changes that occur during deposition by using either indirect contact
methods (video, laser scanning, grids, double crystal diffraction topology) or direct
contact techniques (profilometry, strain gauges) [111], which permits routine

characterisation of curvature by approximately 0.1 mm.

Narrow strips (<0.2 width/length) are used for measuring purpose, especially to prevent

mechanical instability and multi-axial curvature.

The Stoney [112] equation has been widely applied to associate stiffness E and deflection
g of a thin beam of length | to stress, o, along beam, and d is the thickness of primary

shear plane as in equation 2.12:

Eh?dg (2.12)
312 dh

where h refers to the current thickness.

This is commonly used for polymeric and metallic composites, as well as thin coatings
derived from plasma, or physical vapour deposition [111], or chemical vapour deposition
[113]. As it is impossible to discard additional layers, the in-plane stress levels may be
estimated based on thickness distribution. However, ambiguity is present in this method

due to insignificant stress distribution with curvature.
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Figure 2.11 Basis of method for monitoring development of residual stresses during
deposition, experimental data were obtained for various thicknesses of sputtered
[110].

2.7.4.2 Crack compliance method

In the method of crack compliance, a small slot is cut to determine stress relief in crack
with strain gauge interferometry. Increasing the depth of the slot will allow resolving the
stress field normal to the crack as a function of depth for relatively simple stress
distributions [114].

A number of removal approaches have been proposed. For instance, matrix etching and
fibre length changes determine residual thermal stresses in the fibre stage of continuous
fibre metal matrix composite. Apart from that, a section can be cut using an electro-

discharge machine to infer prior normal stresses from planarity deviation [115].

2.7.4.3 Hole-drilling

Residual stress can be measured via hole-drilling method, wherein a hole is drilled into a
sample that contains residual stresses. Measuring the surface strains relieved at hole
boundary using residual stress strain gauge rosette permit one to back-calculate residual
stress [116] by determining the changes in the strain gauge outcomes. Residual stress is

determined via hole-drilling upon removing a material from a stressed surface, thus
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allowing slight relaxation on the surface, and hence, relaxation of residual stresses as
well. Uninterrupted areas with residual stress will relax into varied shape upon machining

of locality, thus the generation of data to back-calculate residual stress [117].

As far as the hole drilling method is concerned, it is assumed that the samples are linear

elastic, isotropic, and have small stress variation at hole boundary [118].

The benefits of the hole drilling technique are: portable equipment, applicable on huge
components, cost-effective, rapid process, applicability across vast materials and surfaces
(flat/curved) [119].

Numerous small wires are applied in measuring strain using a strain gauge. Upon
modified length of wires when gauge is fixed onto a surface, wire resistance changes
indicate change in surface strain. Gauges are arranged in circular around the hole for
drilling. In fact, both hole and gauge circle should be concentric, which is determined via
special alignment equipment. Accuracy of measurement is determined by exceptional
installation and surface preparation [118].

As illustrated in Figure 2.16, the hole is drilled by using a tool, and later, the strain can
be measured with laser interferometry based on rosette of indentations, holography, or a

rosette of strain gauges. In general terms,

0= (Gmax + O-min)léI + (Gmax - O'min)ECOSZﬁ (2-13)

where A and B refer to hole drilling constants, while b is the angle from x axis to the
direction of maximum principal stress, ,,4,. For hole drilled in infinite plate, A and B

should be numerically calculated [120].

Despite the possibility to determine stress variation by deepening the hole, obtaining
reliable measurement is difficult if the depth is beyond its diameter. Only two in-plane
components of stress field can be measured with three-strain gauge rosette. The
advantages of this method are: cost-effective, and commonly applied, including for

polymeric material [121].
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The method of water jet is preferred over mechanical drilling to minimise deformation
depth induced by machining. Upon exceeding of residual stress by 50% of yield stress,
errors may happen because of localised yielding. Despite applicability for all stress levels
[122], this method is somewhat unviable for brittle or thin coating (< 100 um).

Some shortcomings of this technique of hole drilling are: the detection is sensitive to
close surface stresses (due to rapid decay of relieved strains), and varied results based on
depth of hole. Errors may occur due to hole diameter, position, concentricity (x 0.025
mm) [116], and depth (measured and controlled within 1 um) [117]. Since stresses can
be induced by drilling process, high drilling speed is employed. Such procedure is

destructive and the outcomes have readability issue [117] due to flat and rough surface.

The process of hole-drilling, application of calibration coefficients, and data analyses are
detailed in ASTM: E837-95 “Standard Test Method for Determining Residual Stresses
by the Hole-Drilling Strain-Gauge Method.” The related hole-drilling tool is illustrated
in Figure 2.12.

Figure 2.12 Hole drilling apparatus [116].
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2.7.4.4 Uncertainty of hole-drilling method

A number of uncertainties are present in the hole drilling technique. First, uncertainties
in test system derive from dimension of gauge circle, hole alignment, temperature, and
stress due to drilling, while second, stress calculation in test procedure [120]. Tools and
experiments may be re-designed in order to minimise the parameter impacts, apart from
addressing other factors, such as drill wear, operator skills, feed and speed of drill, gauge
installation quality, voltage excitation, and data reduction techniques [121-122]. Since it
is challenging to weigh in all parameters upon identifying drawbacks in hole drilling

techniques, only few selected parameters are employed for investigations [120].

Outcomes of residual stresses measurements derived from measuring methods normally
have single value based on fixed conditions. Uncertainties in methods applied are
indicated by the varying empirical outputs [122-123], which may be compared, but
unviable outcomes. In meeting the fixed conditions, measurement procedures and

experimental set-up must go through careful inspection.

2.7.4.5 Magnetic

Magnetostriction and Barkhausen noise refer to the two magnetic approaches. The
magnetostriction technique measures magnetic induction and permeability, whereas
magnetic domain wall notion in Barkhausen noise [124]. The preferred domain
orientations may be altered when magnetostrictive materials experience stress. This
causes domains with nearly-oriented tensile stress to shrink (negative magnetostriction)
or grow (positive magnetostriction). Stress-induced magnetic anisotropy send away
induced magnetic field rotation from the direction of application. Monitoring such non-
massive rotation is indeed possible using sensor coil for plane on the surface of
component. Without rotation, both stress and magnetic field (principal axes) become
parallel. Upon rotation of assembly, variance between principal stress size and direction
can be determined. Changes in magnetostrictive strain due to magnetic domain walls
movement generate elastic waves called ‘magnetoacoustic emission’, which can be
identified from bulk material [124]. Meanwhile, Barkhausen emission refers to changes

in emf that is proportional to the magnetic moment rate identified in probe coils as the
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domain walls have movement. High frequencies generated by eddy current shielding
attenuate it to provide solely near-surface probe (<250 um). The advantages of magnetic
techniques are cost-effective and viable for measurement of non-destructive residual
stress [117].

The eddy current methods reflect induced eddy currents in tested to detect changes in
magnetic permeability or electrical conductivity via changes in test coil impedance.
Penetration depth may be modified through alteration of excitation frequency (~ 1 mm),
while the applied stress direction cannot be determined by the probe. Studies pertaining
to this technique display that eddy current techniques may be applied to more material
genres than magnetic ones can. Despite inadequacy to fundamental residual stress
measurement (eddy current sensitivity in monitoring microstructural variance and plastic

work), the methods of eddy current offer cost-effective and rapid procedure [117].

2.7.4.6 Ultrasonic method

The ultrasonic speed alters when a material is subjected to stress, thus the measure of
stress along wave path. Calibration tests are used to calculate acoustoelastic coefficients,
which is integral for analysis. Varied wave types may be applied, but the critically
refracted longitudinal wave technique is the most common. Highest sensitivity is noted
when wave is propagated in similar direction as stress [118]. The following presents the

fundamental calculation of stress:

V=V,+Ko (2.14)

where V;, denotes that the velocity of a wave is in an unstressed medium, o is stress, and

K is acoustoelastic constant (material parameter) [117].
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2.7.4.7 Diffraction methods

Elastic strain, &, can be detected using Bragg’s equation (Equation 2.15) and interplanar
spacing, d, changes via change in the Bragg scattering angle, A8, and knowledge of the

incident wavelength, A.

A = 2dsin® (2.15)

Giving following (Equation 2.16):

€= Ad/do = —Acotf, (2.16)

Thus, it is essential to accurately determine d,, the stress-free spacing. The outputs of

strain may be translated into stress using suitable stiffness value [119].

) Neutron diffraction

Neutron diffraction refers to a non-destructive technique that determines residual stresses
in crystalline materials. This method offers values of elastic strain components, which
are parallel to scattering vector to be translated into stress. Strain components are
measured by neutron diffraction based on changes noted in crystal lattice spacing. When
the crystalline materials are exposed to wavelength radiation near interplanar spacing
(0.5-3 A) in coherent and elastic manner, the radiation, which is as distinctive as Bragg
peaks, is determined using position sensitive detector. The angle of peak is calculated
with Bragg’s equation [125] as following (Equation 2.17):

Zdhleinehkl =1 (217)

where A is radiation wavelength, dy,; is lattice plane spacing of crystallographic planes,
hkl, responsible for Bragg peak, and 6, is angular position of diffraction peak. The

peak appears at 26y, from the incident beam. When a sample becomes elastically
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strained, its lattice spacing modifies, hence the apparent elastic strain due to the shift in
20y for a plane that is illuminated by a fixed wavelength. Upon differentiating Bragg’s
equation [125],

NGy = — (Ad /do) tang, (2.18)

where Ad is change in lattice spacing, and d, refers to lattice spacing of a stress-free
sample. The following (Equation 2.19) displays the calculation for strain in hkl set of

planes.

€= Ad/do = —Acotf, (2.19)

The measured strain direction is perpendicular to diffracting planes, and along scattering
vector [120-121].

i) Synchrotron diffraction

Synchrotrons (hard X-rays) offers highly intense beams of high energy X-rays. These X-
rays possess higher depth penetration than conventional X-rays (~50 mm in Al). Such
scenario leads to increment in penetration depth, suggesting the capability of synchrotron
diffraction to give high spatial resolution, and 3D maps of strain distribution to mm depth
in engineered elements. Higher penetration depth is a major benefit of synchrotron

diffraction over conventional XRD [122].

The intense narrow beams (1 mm - 10 um) is also another advantage, which reveals
spatial resolutions rapidly, but limited by crystallite size of the material. To date,
availability of synchrotron diffraction is noted only at several facilities, similar case as
neutron diffraction [122-123].
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iii) X-ray diffraction

Figure 2.13 shows the orthogonal coordinate systems applied to generate the equations
displayed. The axes S; Siare for sample surface with S; and S, on the surface. L, defines
the laboratory system with L, being the direction of normal to planes (hkl), by measuring
interplanar spacing, d. L, is angle ¢ with S, and is in plane defined by S; and S,. Upon
obtaining interplanar lattice spacing, d, from the diffraction peak for a given reflection
hkl, the strain component along L5 is retrieved via [125] as following (Equation 2.20):

) dey — do (2.20)
(333)¢¢ = Wd—o

where d, is unstressed interplanar spacing.

(Primed components refer to laboratory system L., while those unprimed are sample

coordinate system, S; )

The strain in Equation 2.20 is translated into sample coordinate system via tensor

transformation [126] as following (Equation 2.21).

dyy — d (2.21)
' oY 0
(bl = 24—

= &1,c08%Psin*Y + g1,5in2¢Psin?P + &,,5in*Psin?P

+ £33008%Y + £13c05PsinY + £,35inPsin2yP

Equation 2.21 reflects the basic equation applied in XRD strain measurement.
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Figure 2.13 Sample and laboratory coordinate systems [120].

A major drawback of XRD refers to the measurement of un-stressed d-space. A number
of methods are available to measure unstressed lattice spacing, d,. Adhering to biaxial
assumption, the lattice spacing measured at 1 = 0 is replaced for d,, because this
assumption gives insignificant amount of errors. Meanwhile, another technique applies
data retrieved from the stress measurement itself. With biaxial stress state, this technique
can distinguish d, from d vs. sin?y graph. Measurement accuracy can be affected by the
procedures applied in identifying unstressed d-space. Increment in d, minimises the

measured residual stress amplitude [126].

Apart from the mentioned factors, some parameters may introduce errors in
measurements, for example, Psi angles for sin2y technique, peak position technique,
plane curvature, aperture dimension, and fluctuation. Nonetheless, XRD is an exceptional
method to determine residual stress due to the advanced XRD tools (hard/software) and
cutting-edge correction factors calculation in enhancing XRD accuracy. The XRD
accuracy in measuring residual stress is +20 MPa, limited by surface condition.
Penetration for aluminium is < 50 um, while other materials, titanium for instance, its
penetration isonly < 5 um [127]. Errors and uncertainties are present in residual stresses
measuring methods [128]. Shortcomings of XRD and hole-drilling are further elaborated
as these techniques are employed by 75% of industrial practitioners and academics [129].
Based on the findings of hole-drilling and XRD, it shows that XRD is a better choice of
measurement method in this study since the specimens need to be used for surface

hardness test as well. Therefore, a non-destructive is the obvious selection in this study.
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2.8 Residual stress relaxation

In surface treated components, the residual stresses are self-equilibrating and the profiles
of the residual stress fields are dominantly dependent on the material and treatment
method [130]. Despite vast studies [131], technical challenge in comprehending, as well
as accurately quantifying residual stress relaxation and redistribution (cyclic mechanical
and thermal load), is still present. Figure 2.14 shows observation made by Mattson and

Coleman [132] about cyclic residual stress relaxation.
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Figure 2.14 Residual stress relaxation before and after cyclic loading [133].

There is a positive impact on fatigue life despite partial relaxation of the compressive
residual stress. If residual stress relaxation is omitted, fatigue lives would be
underestimated. Nonetheless, the challenges in determining residual stress relaxation
while operation of component could impede tracking of relaxation and assessment of
effect in light of remaining fatigue life. Morrow and Sinclair [133] estimated residual

stress relaxation via mean stress relaxation derived from axial fatigue test.

Based on that conception, Jhansale and Topper [134] formulated a logarithm linear
correlation between mean stress relaxation and axial strain-controlled cycles. Both
models neglected the effect of stress ratio in light of residual stress relaxation, mainly
because the mean stresses in axial tests were dictated by the initially applied mean strain

that was held constant. Besides, neither model contended with self-equilibrating residual
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stress fields. Within the engineering domain, residual stress fields are subject to varied
stress ratios based on component position, except for the case in uniaxial mean stress
testing. At component operation, the beneficial compressive residual stresses at the
component surface are often imposed to cyclic loading with positive mean stress. As
such, the residual stress relaxation rate could become drastic at the initial phases of
fatigue cycling. In extreme cases [135], residual stress can become entirely relaxed for

the initial few load cycles.

In explaining the mechanism of residual stress relaxation, Kodama [136] measured the
decrease of residual stress on the surface of shot-peened samples via XRD. The empirical
outputs supported the linear logarithmic decreasing correlation between residual stress
and load cycles after the first cycle. This correlation becomes non-applicable to drastic
initial residual stress reductions for the first few load cycles. Based on the outcomes
illustrated in Figure 2.15, the compressive residual stress in the first load cycle may attain
relaxation that could exceed 50%. However, it is impractical to apply a model that fails
in estimating the integral relaxation at the initial load cycle. Holzapfel et al., [137]
extended this correlation by interpolating residual stress relaxation under thermal fatigue

loading, wherein cyclic and thermally activated stress relaxation may take place.

10
Shot peened specimen
Applied stress + 27 kg/mm?
< 0 -
£
<
% 107 /"’\‘:3%5%
3 o
= - 20
>
=2 —o- Lower surface
(5]
X _a5) -o- Upper surface
- 40

1e*° 1e*! 1e*? 1e*? e 1e®
Stress cycles, N

Figure 2.15 Residual stress relaxation at the surface of a specimen [136].
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2.8.1 Previous works on residual stress relaxation

Ghaderi et al. (2019) studied the effective parameters on welding residual stress
relaxation in aluminium cylindrical shells under cyclic pressure numerically and
experimentally [138]. FEM was used in this study to simulate the cyclic pressure with
various amplitudes and cycle numbers. Result found cyclic pressure redistribute the
residual stress which can be relaxation and enhancement depending on the initial residual
stress (compressive or tensile). Cui et al. (2019) found a similar result where the cyclic
loading would decrease the weld residual stress [139]. Zhu et al. (2019) performed a study
on thermal relaxation of residual stress on alloy composites by experiment. Shot peening
was used to induce initial residual stress and annealing temperature of 150°C, 200°C and
250°C were applied. Results showed that shot peened layer decreased firstly due to
thermal recovery. It can be concluded that increasing the temperature would accelerate
the residual stress decrement [140]. A few other researchers investigated the effect of
changing the parameters on material such as annealing temperature, post weld heat
treatment and cold expanded holes and they found that the initial residual stress would
definitely change or reduced significantly due to these parameters changing [141 -147].

2.9  Modelling of residual stress relaxation

The cyclic relaxation of compressive residual stress [132] reduces the benefits of surface

engineering residual stresses.

Strain-controlled fatigue tests and a relationship between mean stress and load cycle were
proposed and conducted to quantify cyclic residual stress relaxation [133] as follows
(Equation 2.22):

(2.22)

Where o,y IS mean stress at Nth cycle, a,,, refers to mean stress at the first cycle, g,

denotes the alternating stress amplitude, a,, reflects material yield strength, b is a constant
that relies on material softening and applied strain range, A¢. Equation (2.22) is non-

applicable for load ratio R # -1, as the surface residual stress is analogous to mean stress
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when material is subjected to completely reversed loading. The empirical outcomes were
supported by Equation (2.22) for N > 10° and g,y < 20 MPa.

A linear reduction in residual stress as a function of exponent of the number of cycles, N,

was proposed by [134] for welded steel components through the correlation between

(Jres)lcycle

residual stress ratio after a single load cycle to initial residual stress, and

Ores)ini
Ores)init+ 0.
res)ini* Japp ”S)‘;” PP as follows:
y

For

(Ores)ini + Oapp
Oy

<1

The relationship between the relaxed residual stress and number of cycle is as in Equation
2.23.

(Ores)relax = (O_reS)iniN_O'O04 (2.23)

On the other hand, for

Ores)ini + O
( res)ml app >1

Oy

The relationship between the relaxed residual stress and number of cycle is as in Equation
2.24.

(2.24)

Ores)ini T O,
(0res)retax = (Ores)ini {—1-6 [( res)mol- appl + 2.6} N ~0:004
y

The findings showed the relaxation of the residual stress was large at the first cycle load
however at the repetition of the cyclic load the residual stress relaxation is negligible to

estimate fatigue strength.
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The following (Equation 2.25) depicts the correlation between mean stress and load cycle

to determine cyclic residual stress relaxation [134]:
Omy = Oma (N)” (2.25)

where B is relaxation exponent dependent on material softening and applied strain range
Atg .

Residual stress decreases on the surface of shot-peened specimens via XRD was
measured by [135] and proposed the following linear logarithm relationship
(Equation 2.26).

o =A+mlogN (2.26)

where ¢ is surface residual stress after N cycles. A and m are material constants that
rely on stress amplitude, oa. The empirical outcomes supported the linear logarithm
decreasing correlation between residual stress and load cycles only after the initial cycle.

Using FEM proposed analytical model for relaxation of residual stress, it estimates
relaxation with R = 0 and R = -1 very close to that retrieved by FEM [126]. The model
includes the impact of initial cold work. The following (Equation 2.27) is the proposed

equation to estimate residual stress relaxation:

oy® Omax0a\ (2.27)
I\r’e = <M> (N—1E -1
o Cwoy

where Cy is a parameter that accounts for cold working extent. Material constants, m and
A, rely on cyclic stress and strain response. Constant B controls the relaxation rate versus
loading cycles. The initial residual stress is 6'%. In determining the impact of loading

ratio, R, on relaxation, Equation 2.27 is rewritten as follows (Equation 2.28):

(2.28)

oNe 20,°
lo

w B (1 - R)(Cwo-y)z

> (N-1)F -1

Nevertheless, empirical investigation is imminent for cycle-dependent residual stress

relaxation to verify both analytical and numerical models.
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2.10 Summary of literature review

A component’s fatigue behaviour is influenced by residual stresses that are introduced
into the mechanical parts during the manufacturing processes. Residual stress exists in
all rigid parts, metallic or otherwise. It is a result of the manufacturing process, the
metallurgical as well as mechanical properties of the component. Depending on the scale
of the stress it has three levels: first level (macroscopic residual stress), second level stress
(heterogeneity and anisotropy of each crystal/grain in polycrystalline material), and third

level stress (crystal scale).

The residual stress can be divided into mechanical, thermal and metallurgical categories.
The residual stress can be used to improve the material performance, for example,

inducing compressive residual stresses in the surface region can be advantageous.

The fatigue life can be estimated quantitatively using the residual stress. However, the
residual stress parameter is not considered directly by industrial sectors. The inclusion of
residual stress into design must be gradual and in phases.

The reduction and redistribution of the residual stresses during the component’s fatigue
life is called relaxation however compressive residual stress on fatigue life is still
beneficial. Quantifying residual stress relaxation and redistribution under cyclic
mechanical and thermal load remains a technical challenge. If the residual stress was not
taken into consideration, the fatigue life of a component will be under predicted. In
reality, the tracking of the residual stress relaxation and assessing its effects on the
remaining fatigue life is impeded by the difficulty in measuring residual stress relaxation

during component operation.

The main findings throughout the literature review is that the existing models of residual
stress relaxation does not incorporate the surface hardness. In addition, there were no
studies on the residual stress relaxation for ASTM A516 grade 70 steel material. These

findings is tabulated in Table 2.8 with a clear highlight of the research gaps.
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Table 2.8 Summary of previous studies on modelling of residual stress relaxation

Journal paper Author Year Summary/findings
title
Effect of shot Mattson & 1954 Relaxation of residual
peening variables | Coleman stress was studied only
and residual stress the 6x10° cycle and
on fatigue life of RS measurement also
leaf spring performed in depth
speciments (not only on the
surface).
Cycle-dependent Morrow & 1958 Empirical model
stress relaxation Sinclair developed was based
on axial fatigue and
did not incorporate
any other parameters.
The behaviour of Kodama 1972 Empirical model for
residual stress annealed carbon steel
during fatigue and correlation is
stress cycles linear logarithm and
not applicable for
drastic initial RS
reduction.
Engineering Jhansale & 1973 Empirical model and
analysis of the Topper neglected the effect of

inelastic response
of a structural
metal under
variable cyclic

strains

stress ratio.
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Journal paper Author Year Summary/findings
title

Residual stress Holzapfel & 1998 Empirical model

relaxation in an Schulze developed

AISI 4140 steel incorporating

due to quasistatic annealing temperature.

and cyclic loading Empirical model

at higher developed for residual

temperature stress relaxation after
cyclic load and did not
incorporate other
parameters.

Investigation of Zhuang & Hatford 2001 Numerical only and

residual stress not validated by

relaxation under experimental data.

cyclic load Model incorporated
cold work percentage.

Modelling of Zaroog & Ali 2011 Empirical model and

residual stress
relaxation of
fatigue in 2024-
T351 aluminium

alloy

incorporating “micro-
hardness” & cold
work for 2024-T351

aluminium alloy.
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CHAPTER 3

MATERIALS AND METHODOLOGY

3.1 Introduction

This chapter discusses the methods used for this study. This study is divided into two

parts namely the experimental and simulation methods.

Firstly, the experimental part was initiated with purchasing ASTM A516 grade 70 steel
plate from a material supplier. This plate was then cut into testing samples according to
ASTM ES8 standard. The samples were then subjected to observation under a scanning
electron microscope (SEM), shot peening process with two intensities (6.28A and
12.9A) and mechanical tests like hardness test, tensile test and surface roughness
measurement. X-Ray diffraction was used to measure the initial residual stress values
induced by different shot peening intensities for the shot-peened samples.
Simultaneously, the samples also underwent SEM examination to study the changes in
the microstructure due to shot peening process. Cyclic loads at low amplitude (20% of
Yield Strength) and high amplitude (80% of Yield Strength) were applied on the shot-
peened samples. This process was done to study the relaxation of the initial residual stress
and the reduction of surface hardness due to different amplitudes of the cyclic loads. X-
Ray diffraction was performed on each of the samples at different cycles (1, 10, 100,
1000 and 10 000) to measure the residual stress values. The result was used to generate
an empirical model of residual stress relaxation. In addition, the result from surface
hardness reduction was used to integrate with the residual stress relaxation model. The
residual stress relaxation model was also used to validate the numerical model generated

from the simulation part.

Next, the simulation was initiated with the development of the CAD model using
SolidWorks (2016) software according to the dimensions used in the experimental part.
The geometry was according to the standard ASTM E8 (Standard Test Methods for
Tension Testing of Metallic Materials). Secondly, the material properties and mesh size
were set up. In the first part of the simulation, shot peening was employed to introduce
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initial residual stress. The methodology of this step is explained in detail in subchapter
3.1. The second part of the simulation involved the mapping of the residual stress known
as the residual stress relaxation. The relaxation was simulated by applying a cyclic load,
where the remaining residual stress after different cycles (0, 1, 2, 10, 100 and 1000) was
determined. The last step for this simulation part was to generate a numerical model based
on the results of residual stress after each cycle. Figure 3.1 represents the overall research

flow.
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3.2  Experiments

The experimental method in this study begins from sample preparation, followed by
material properties testing which includes hardness test, tensile test, fatigue test, SEM
and surface roughness test. The samples were then shot-peened with a set of particular
parameters to introduce initial residual stress on the material. The shot-peened samples
were once again subjected to material properties testing. The properties between before

and after shot peening process were analysed.

Next, the shot-peened samples were subjected to cyclic loading. The surface hardness
and residual stress values for each of the samples at different cycle were measured. The
measurements were employed to generate an empirical model of residual stress relaxation

integrated with the reduction of the surface hardness.

3.2.1 Sample preparation

Material ASTM A516 Grade 70 Steel was purchased in 1-meter x 1-meter size with a
thickness of 6.4 mm. The material plate was cut using the Computer Numerical Control
(CNC) cutting machine according to the standard ASTM E8 dog bone measurement,
which is a Standard Test Methods for Tension Testing of Metallic Materials. Figure 3.2
illustrates the dimensions of the test sample sent for cutting. While Figure 3.3 represents

the actual sample after the cutting process.

~R128
|
e 12 f T 12
4 2
— LT
L rizs ‘ l—— 25—~ 64 «‘ 1—7
7275 , 7275

Figure 3.2 Detail drawing of test sample sent for cutting.
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145.5 mm

Figure 3.3 Actual sample after cutting process.

3.2.2 Raw material control (mechanical and microscopic test)

Prior to surface treatment, the control material (raw material) was subjected to
mechanical and microscopic testing. The test results were retained as control data for
comparison purposes. Therefore, the raw material ASTM A516 Grade 70 were subjected
to mechanical testing as in the flowchart (Figure 3.1). The tests conducted on the control

samples include tensile test, hardness test, fatigue test and SEM.

3.2.2.1 Tensile test

The tensile test was performed at a material laboratory in Uniten using Zwick-Roell
tensile testing machine (Zwick-Roell, United States of America). The tensile test was
performed according to the ASTM E8 standard [12] to measure the stress-strain
performance of the raw material. In this test, the dog-bone-shaped sample was pulled
until failure. The sample which experienced pulling within its elastic, necking and plastic
regions finally broke. During the pulling process, the data of stress and strain were
recorded to generate the “stress-strain curve”. Based on this curve, the value of Yield
Strength, Ultimate Tensile Strength and the Young’s Modulus were determined. Figure
3.4 demonstrates the tensile test performed on the samples.
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Tensile
tester

Sample

Figure 3.4 Tensile test equipment.

3.2.2.2 Hardness test

Hardness measurement was performed on the samples to study the relationship between
hardness and residual stress. Hardness test was carried out using Rockwell Hardness
Tester type B at a material lab in Uniten by measuring the hardness at 5 different points
on each sample. The measurement was conducted by applying an indenter with a
preliminary minor load of 10 kgf according to ASTM E18 standard [12]. Figure 3.5
represents the hardness test conducted on the samples.
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Hardness
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Figure 3.5 Hardness measurement equipment.

3.2.2.3 Fatigue test

Fatigue test was performed based on ASTM E466, “Standard Practice for Conducting
Force Controlled Constant Amplitude Axial Fatigue Tests of Metallic Materials” [13].
Universal Testing Machine (UTM) was used to conduct the test. The test was done by
applying cyclic loads of 85% (527 MPa) and 75% (465 MPa) of the Ultimate Tensile
Strength. The frequency of the test was 15Hz.

3.2.2.4 Morphological characterisation

SEM was used to examine the tensile cracks and fatigue fractures on the samples upon
the completion of the tensile and fatigue tests with the magnification of 1500x.
Furthermore, a Philips XL30 SEM was used to investigate the microstructural

characterisation under various sintering temperature and composition.
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The grain size of the elements present in the material was determined from the scanning
electron micrographs using the average grain intercept method. The average grain size is
then calculated according to the equation proposed by Mendelson [18] asin  Equation
3.10.

D=L/N (3.10)

where “D” is the average grain size, “L” is the measured average interception length and

N is number of intercepts the grain boundary makes with the line.

However, the line intercept technique used to determine the average grain size has its
limitations. This technique can only be used for polycrystalline ceramics containing
equiaxed grains which have grown normally to form a fully dense single-phase
microstructure [18]. Figure 3.6 illustrates the SEM machine used to observe the

microstructure of the material samples.

Figure 3.6 SEM machine.
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3.2.3 Shot peening process

In this study, the shot peening process was executed in two places with different
parameters. Shot peening was done at Asian Automotive Steels Sdn. Bhd. (A) and
Abrasive Engineering PTE Ltd (B). The former, A, produces stabilizer bars in Malaysia.

While, B is a blasting service company located in Singapore.

3.2.3.1 Shot peening A (SP A)

During the first round of shot peening (SP A), the samples were subjected to steel shots
using a large size machine which is usually used to produce stabilizer bar. The stabilizer
bar or also known as anti-roll bar is an automotive part used to reduce the body roll of a
vehicle during fast cornering. The stabilizer bar normally measures between 1.0 to 1.5 m

long.

Figure 3.7 illustrates the test sample assembled and ready for the shot peening process.
The samples underwent a shot peening process before surface pre-treatment and coating.
The stabilizer bar was also included in the figure to compare the size of the sample with
the actual part used for this machine. Since this shot peening machine is for bigger size
samples, the study samples from this study had to be hanged in the machine using steel

wire.

64



Stabilizer

bar
Tested
sample
Almen
strip
device

Figure 3.7 Shot peening process.

Parameters of the shot peening process were already fixed according to the
manufacturer’s product requirement which are the same parameters used for stabilizer
bar. There were no changes made in the parameter setting. Table 3.1 summarises the

parameters used in the first shot peening process.

Table 3.1 Shot peening A parameters.

Parameter Value
Arc height (mm) 04
Peening coverage (%) 100
Rotation (Amp) 5~10
Steel shot grade SAE S-330
Steel shot size (mm) 1.0
Steel shot hardness (HRC) 45~55
37.5

Nozzle angle (°)
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3.2.3.2 Shot peening B (SP B)

The parameters for SP B were adjusted to study changes in the result. In this shot peening
process, two types of steel shots were utilised to obtain different shot peening intensities.
The two types of steel shots used were SAE S-110 and SAE S-230. The diameter of the
steel shots was 0.4 mm and 0.7 mm respectively. Other parameters namely the applied
pressure, nozzle speed, media flow, part to nozzle distance and nozzle angle were fixed.

Table 3.2 summarises the parameters used for this shot peening process.

Table 3.2 Shot peening B parameters.

Parameter Value
Arc height 6.1A 12.9A
Steel shot grade SAE S-110 SAE S-230
Steel shot size (mm) 0.4 0.7
Applied pressure (psi) 30
Nozzle angle (degree) 45
Nozzle speed (m/s) 0.1
Part to nozzle distance (mm) 152.4

3.2.4 Mechanical test on shot-peened material

Following shot-peening of the test materials, mechanical tests like tensile, hardness,
fatigue and SEM examination were performed on the shot-peened samples as described
in subtopics 3.3.2.1 to 3.3.2.4 to compare the mechanical properties before and after shot
peening. An additional test was also done on the shot-peened samples which are the
measurement of introduced residual stress by the shot peening process. It involved the

application of cyclic loading to study the relaxation of this residual stress.

3.2.5 Cyclic loading

The cyclic load was applied to the samples after the shot peening process with a low load
of 52 MPa (20% of Yield Strength) and a high load of 208 MPa (80% of Yield Strength).
The number of cycles applied on the samples was 0, 1, 2, 10, 100, 1000 and 10000 cycles
for each load. The frequency was set at 15 Hz for cyclic loading, similar to the frequency
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for fatigue test. Figure 3.8 illustrates the UTM used to perform cyclic loading and the

fatigue test on the study samples.

Figure 3.8 Universal testing machine for cyclic loading and fatigue test.

3.2.6 Residual stress measurement (X-Ray diffraction)

X-Ray diffraction (XRD) measurement was done on the samples after cyclic load to study
the relaxation of compressive residual stress after the cyclic load was applied. The
measurement was only made on the surface in a longitudinal direction at the centre of the
gage region on the side opposite the specimen identification markings. XRD was
performed using the two-angle sine-squared-psi technique, in accordance with SAE HS-
784, employing the diffraction of chromium K-alpha radiation from the (211) planes of
the BSS structure of the material. Details of the parameters used during the XRD

measurement are listed in Table 3.3.
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Table 3.3 Diffractometer parameter.

Parameter Value
Incident beam divergence 0.8 degree
Detector Scintillation set for 90%
acceptance of the

chromium K-alpha energy

Psi rotation 10 and 50 degree
Irradiated area 0.15 x 0.15 in (3.8 x 3.8
mm)

3.2.7 Surface roughness measurement

As an additional test, surface roughness was measured for each sample after shot peening
process to study the change in surface roughness of the raw material after being exposed
to different shot peening intensities. This test was done according to 1SO standards using
TR200. Figure 3.9 illustrates the equipment used for the measurement. TR200 is a
portable device used to measure surface roughness. It includes graphical display on large
LCD with very complete instrument along with pickup stylus position indicator. This

product has 20 different roughness parameters..

TEIME®3200 “»

Figure 3.9 TR200 surface roughness measurer.
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3.3 Simulation

In the simulation part of this study, the actual conditions of the experimental setup were
modelled using a software known as Altair HyperWorks (2017). Simulation is divided
into three parts. First is the development of a CAD model according to the required
dimensions in ASTM E8 [12]. Secondly is the shot peening simulation, followed by the
residual stress relaxation. Defining the material properties is very important to ensure that

the simulation replicates the actual condition.

3.3.1 CAD modelling

CAD model was developed based on the dimensions according to the standard
ASTM E8. The sample dimension was set as described in Table 3.4 Figure 3.10 shows
the detail dimension on the model.

Table 3.4 Dimensions of CAD model

Length (mm) 145.5
Wide (mm) 24
Thickness (mm) 6.4

Radius of the 128

necking area (mm)
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Figure 3.10 Detail dimension of the model.

Figure 3.11 is a 3D representation of the model which was extruded at 6.4 mm thickness.

Figure 3.11 CAD model of test sample in 3D view.
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3.3.2 Defining material properties

The material properties are defined accordingly based on Piecewise Linear Method . This
method defines the material using stress-strain data from the experimental data.
Validation was performed by assessing tensile simulation and by comparing the stress-

strain curve result with the experimental result.

Based on tabulated Piecewise linear, ASTM A516 Grade 70 carbon steel is defined as an
isotropic elastoplastic. The experimental stress-strain data from the tensile test defined
the material behaviour in simulation. The values assigned for each property are 7.85 g/cc

for material’s density, 0.29 for Poisson ratio and 200 GPa for Modulus of Elasticity [9].

The elastic-plastic Piecewise linear material is a material model used to define material
properties in a simulation activity. This law models an isotropic elastoplastic material
using user-defined functions for the work-hardening portion of the stress-strain curve (for
example, plastic strain vs stress) for different strain rates. In this study, this method was
used to differentiate the properties of the materials based on their different peening
intensities. The elastic portion of the material stress-strain curve is defined by the Young
modulus (200 GPa) and the Poisson’s ratio (0.29).

3.3.3 Meshing

The objective of meshing is to study the mesh convergence towards the residual stress
value after shot peening (ball impact). The mesh type that was selected for this model
was the 8-node linear brick known as the software “HEPH”. It is a software using the co-
rotational 1 Gauss point with physical stabilization via an hourglass control approach.
HEPH is improved through the reduced integration with 8 node element, 1 point
integration, physical hourglass stabilisation and its best mesh type to compromise

between cost and quality. Figure 3.12 illustrates the mesh geometry of HEPH [149].
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Figure 3.12 Mesh geometry of 8-node linear brick (HEPH) [59].

Several models were created with different mesh densities but the changes are made only
around the middle area of the model. However, the mesh size and density at the other
parts were maintained at 3 mm. This variation in mesh size and density is because the
resulting stress and strain mainly occur in the middle area. While results from other areas
were neglected. Besides, different mesh density was used as the meshing strategy because
it is easier to control the mesh shape compared to specifying element size value. The
higher the mesh density, the smaller the element and the higher the number of total
elements. Therefore, five models with element densities ranging from 5x5 to 40x40 were
created. The total number of elements were recorded for each model. Figure 3.13
represents the meshed model where the middle area is green in colour and end area in
red. The number of elements for each model are tabulated in Table 3.5.

Fine mesh
area

v Coarse mesh
t area

Figure 3.13 Meshed area.
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Table 3.5 Number of elements for shot peening models.

Model No. of elements
1 61237
2 62337
3 63937
4 71498
5 78868

Figure 3.14 (a), (b), (c), (d) and (e) demonstrates the varying mesh sizes in the middle
area for all five models with number of element ranging from 61,237 to 78,868
respectively. With the increase in the number of elements in the midsection, accurate
simulation results can be generated. Another important criterion to be considered is the
computational time which is also known as the simulation running time. A high number

of elements increases the computational time and this computational time will be high

for both shot peening and residual stress relaxation simulation.
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Figure 3.14 Different mesh size for middle area on the body (a) Model 1: Uniform mesh
size in whole body (5 x 5 element density);(b) Model 2: Fine mesh in middle area (10 x
10 element density);(c) Model 3: Fine mesh in middle area (18 x 15 element
density);(d) Model 4: Fine mesh in middle area (30 x 30 element density); () Model 5:
Fine mesh in middle area (40 x 40 element density)

Using single shot impact method, the ball shot in the shot peening procedure is defined
as steel ball with a density of 7.85 g/cc, Young’s modulus of 210 GPa and Poisson’s ratio
of 0.3. These properties enable the ball to be classified as a solid. Whereas, the ball moves
in a translational motion as it moves along one direction without the involvement of any
rotational motion. The parameter of the impact is controlled only by the initial velocity
of the ball. The initial velocity of the ball is set at different values (2 m/s, 5 m/s, 25 m/s,
50 m/s and 100 m/s). The stress exerted onto the impacted area is considered as the initial
residual stress. The magnitude of the velocity to be used in shot peening simulation is
selected based on the value of stress result in the impacted area after the collision. Finally,
the results are mapped to test the stress induced by the impact as initial stress in the

relaxation simulation.

3.3.4 Shot peening simulation

Once the ball impact parameters were set, the residual stress was introduced onto the
material’s surface by shot peening simulation. Shot peening simulation is a method to
introduce the initial residual stress. This simulation is performed using a single shot

impact by a ball with a diameter of 10 mm to cover the gauge area of the specimen. A
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single shot was selected because the objective is to introduce a particular value of residual
stress in the middle area. Since the target is to produce one value of residual stress, the
number of shots does not influence the end result. Thus, the single shot simulation was

chosen as it is much simpler and time-saving compared to multiple shots simulation.

The simulation method, HyperWorks consists of the linear and non-linear solver. The
linear solver is mostly used in the static case. However, linear solver also can be used for
dynamics, buckling, thermal, plasticity, quasi-static and contact cases. This simulation is
faster (shorter time) but produces results with low accuracy. On the other hand, the non-
linear solver is divided into implicit and explicit solver. The implicit solver is used for
quasi-static, dynamics, post-buckling, materials and contact. While the explicit solver is
used for impact, thermal, materials and contact. The most suitable solver for the shot
peening simulation in this study which produces an impact between a steel ball and the

specimen is the explicit solver.

Next, using the explicit solver in HyperWorks, an impact analysis was run between the
two bodies as depicted in Figure 3.15 to simulate the shot peening process. The ball hit
the sample at a 90° angle from the centre. The bottom surface of the sample is fixed in all
direction by applying “ENCASTRE” as a boundary condition. A single spherical ball was
set to hit the sample by applying initial velocity perpendicular to the impact surface.
When shot particles pass through the impact region, they were accelerated by the drag
force from the nozzle. The equation (Equation 3.1) of particles is described as:

d?y nD? (3.1)

mﬁ = _TCDpa(y){u(x' y) - v(x' y)}z

where m is the particle mass and Cp is the coefficient of drag. For the spherical ball in
turbulent flow, the Cp is 0.47. While pa(y) is the air density, D is the particle diameter,
U(X,y) is the air velocity and v(x,y) is the particle velocity. Moreover, air density, pa(y),

air velocity and u(x,y) depend on the region of the shot particles [50].
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Figure 3.15 Direction of ball shot direction and angle towards the impact of the shot
peening simulation model.

The parameters of shot peening simulation is tabulated in Table 3.6.

Table 3.6 Shot peening simulation parameters

Shot diameter (mm) 10
Shot’s Young Modulus (GPa) 210
Shot’s density (g/cc) 7.85
Shot’s Poisson ratio 0.3
Shot angle (°) 90°
Shot speed To be determined based
on the impact stress
result
Sample size and dimension According to ASTM E8

The same FE model is exported to cyclic loading model to simulate the residual stress

relaxation, hence to verify the results obtained in the experimental works.
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3.3.5 Residual stress relaxation simulation

The relaxation simulation was conducted after the result of the stress impact in shot
peening simulation was mapped. The impact of stress was used as the initial stress. The
relaxation or reduction of this initial stress was investigated when the cyclic load was
applied. Figure 3.16 displays the boundary condition set up for the model of residual
stress relaxation. One end is fixed in every direction (ENCASTRE) and the cyclic load

was applied in the other end.

Load applied in this

direction

£

[ N
Fixed end <\ S

—

Figure 3.16 Boundary condition and load setup.

In this simulation, the cyclic load was introduced using load function (load vs time). Two
amplitudes of cyclic load were applied to the model to simulate the actual condition in
the experimental part. The ratio of the minimum and maximum load is 0.1 (R =0.1). Low
cyclic load fluctuates between 499.2 N to 4992 N which is 20% of the Yield Strength (52
MPa). While the high cyclic load fluctuates between 1996.8 N and 19,968 N which is
80% of the Yield Strength (208 MPa). The force applied was calculated by multiplying

the value of tensile stress, ot with the cross-section area, A (Equation 3.2):
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g max (3-2)

Otmax — A

Equation 3.2 is re-arranged into Equation 3.3:

Fnax = 0tA (3-3)

Where o, = 52 MPa (20% of Yield strength of 260 MPa)
And A = (15 mm X 6.4 mm) = 96 mm?

The values are substituted into Equation 3.3 to generate:

Epax = (52 MPa)(96 mm?)

Fpax = 4992 N

The ratio of minimum load to maximum load is 0.1. Therefore, Fmin Wwas calculated as

below:

4992 N
Fin = T
Fin = 499.2 N

Same steps were applied to calculate high load, where o t=208 MPa (80% of Yield
strength of 208 MPa). The o _t value was substituted into Equation 3.3 to generate:

Epax = (208 MPa)(96 mm?)
E,.. = 19,968 N

and
Fopin = 1996.8 N

79



Figure 3.17 demonstrates the low and high cyclic load function applied to the model

respectively.
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Figure 3.17 Cyclic load function defined in the residual stress relaxation simulation (a)
low cyclic tensile loading (b) high cyclic tensile loading.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Introduction

This chapter discusses the results obtained from the FEM simulation and experiments
that were conducted on ASTM A516 grade 70 steel in this sequence: the simulation result
of residual stress relaxation, effects of shot peening process on the mechanical properties
of the material, the initial residual stress induced by different shot peening process
intensities, and the experimental relaxation of residual stress due to tensile cyclic loading.
Additionally, the effects of the shot peening process on the material surface roughness
were also assessed. Finally, the numerical and empirical model of residual stress

relaxation of ASTM A516 grade 70 carbon steel were developed based on the results.

4.2  Experimental results

This subchapter discusses the variation in mechanical properties of the before and after
the shot peening processes. The results include a tensile test, hardness test, fatigue test,
and microstructure test using SEM. The discussion also includes the residual stress value
induced by different shot peening intensities, the surface hardness reduction result due to
cyclic loads applied to the material and the residual stress relaxation result due to cyclic
loads applied to the material.

4.2.1 Tensile behaviour

Tensile test was performed to study the change in the tensile strength of the material
due to the shot peening process. The tensile test was executed on raw material, shot
peened with intensity 6.28 A and 12.9 A according to the standard ASTM ES8 [11]. The
test was done on 3 samples for each variant and the average value for stress-strain for

each variant were calculated and plotted (Figure 4.1).
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250 =3P Intensity 12.9A
200 — 5P Intensity 6.28A

150 Raw

Strain

Figure 4.1 Stress-strain curve for raw material and shot-peened ASTM A516 grade 70
steel.

Based on the results obtained, raw material possessed the ultimate tensile strength (UTS)
of 420 MPa. When the materials were shot peened with 6.28A intensity, the UTS value
for this sample was recorded at 422 MPa, which was only 0.5% higher than that of the
raw material. To the contrary, samples with shot peening intensity of 12.9A recorded a
significant increase in the UTS value. The value of UTS for these samples was 450 MPa,
7.1% higher than the UTS of raw material.

Therefore, the UTS is higher when the materials were shot-peened with higher intensity.
However, a similar pattern was not observed in terms of elongation. The elongation for
materials shot-peened with higher intensity was slightly lower compared to the lower
intensity shot peening and raw materials. As hardness increases, tensile strength also
increases but the material becomes more brittle causing a smaller strain value.
Figure 4.2 displays the broken sample after the tensile test. A necking region formed in

the middle of the specimen before the specimen broke.

Necking area

-——

Figure 4.2 Broken sample after tensile test.
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4.2.2 Hardness

Hardness test was performed to study the change in the surface hardness of the material
due to the shot peening process. The hardness test was performed on raw material, shot
peened with intensity 6.28 A and 12.9 A according to the standard ASTM E18 [12].
Table 4.1 summarises the results generated through the hardness test. The average value
of hardness increased by 4.3% and 6.9% due to shot peening with 6.28 A and 12.9 A
intensity, respectively.

Table 4.1 Rockwell hardness value of ASTM A516 Grade 70.

Number of
measurement Raw Material . .
Intensity 6.28A Intensity 12.9A
1 754 84.5 81.5
2 81.3 82.0 83.0
3 77.1 84.5 85.4
4 79.9 85.5 91.7
5 81.4 78.0 86.0
6 80.3 87.5 86.0
7 80.2 83.0 84.1
8 80.6 81.0 85.3
9 79.4 87.5 83.0
10 77.8 73.5 80.5
Average 79.3 82.7 84.7

Hardness increases due to the change in dislocation and percentage of cold work of the
material. By applying shot peening with higher intensity, dislocation occurs more rapidly

and the material becomes harder [117].

In addition, to study the effects of cyclic loads on the hardness, further investigation was
conducted. The relationship between these two variables is tabulated in Table 4.2.
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Table 4.2 Hardness reduction for shot-peened material by 6.28 A and 12.9 A intensities
against cyclic load with 52 MPa and 208 MPa amplitudes.

Hardness (HRB)
Cycle/Load Intensity 6.28 A Intensity 12.9 A
52 MPa 208 MPa 52 MPa 208 MPa
0 82.7. 82.7 84.7 84.7
1 79.4 78.9 82.2 80.9
10 78.8 77.8 81.8 80.2
100 78.8 77.8 81.7 80.1
1000 78.2 77.8 80.7 79.9
10000 78.2 77.8 80.7 78.8

The values of hardness against the number of cycles were plotted to observe the trend

more clearly. Figure 4.3 (a) for full region and; (b) low cyclic region demonstrates the

plotted trend of hardness reduction against cyclic loading of 52 MPa and 208 MPa for
shot-peened samples with 6.28 A intensity.
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Figure 4.3 Hardness values against number of cycle for shot peening with intensity
6.28 A (a) 0 to 10,000 cycles (b) 0 to 10 cycles.

Based on the result from the hardness test of a low cyclic load of 52 MPa, the initial value
of hardness was recorded at 82.7 HRB which experienced a reduction by 4% to 79.4 HRB
in the first cycle. HRB continued to decrease by 0.76% in the tenth cycle to 78.8 HRB,
where this value was maintained at 100 cycles. After 1000 cycles of 52 MPa loading, the
hardness decreased by another 0.76% to 78.2 HRB. The value of hardness remained
constant from 1000 to 10,000 cycles at 78.2 HRB.

However, by applying a higher load of 208 MPa, the initial value of hardness reduced by
4.6% from 82.7 HRB to 78.9 HRB, 0.6% more than the reduction by 52 MPa load
amplitude. The hardness reduced by 1.4% from 78.9 HRB to 77.8 HRB after the tenth
cycle. The value remained constant from 10 to 10,000 cycles at 77.8 HRB.

Figure 4.4 (a) and (b) demonstrates the hardness against number of cycles after being

applied with 52 MPa and 208 MPa tensile cyclic loads shot-peened samples with 12.9 A

intensity.
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Figure 4.4 Hardness values against number of cycle for shot peening with intensity
12.9 A (a) 0 to 10,000 cycles (b) 0 to 10 cycles.

Based on the result from the hardness test of a low cyclic load of 52 MPa for samples
shot peened with 12.9 A intensity, the initial value of hardness, 84.7 HRB, reduced by
2.95% to 82.2 HRB in the first cycle. It continued to decrease by 0.49% at the tenth cycle
to 81.8 HRB. Followed by a reduction of 0.12% between 10 to 100 cycles from 81.8 HRB
to 81.7 HRB. After 1000 cycles of 52 MPa loading, the hardness decreased by 1.22% to
80.7 HRB. The value of hardness remained constant from 1000 to 10,000 cycles at 80.7
HRB.
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With a higher load of 208 MPa, the initial value of hardness reduced by 4.5% from 82.7
HRB to 80.9 HRB, 1.55% more than the reduction by 52 MPa load amplitude. After the
tenth cycle, the hardness reduced by 0.87% from 80.9 HRB to 80.2 HRB. HRB reduced
by only 0.12% between 10 to 100 cycles from 80.2 HRB to 80.1 HRB, similar to data
from 52 MPa load. The value of hardness continued to drop further by 0.25% from 80.1
HRB to 79.9 HRB between 100 to 1000 cycles and by 1.38% from 79.9 HRB to 78.8
HRB between 1000 to 1000 cycles.

Therefore, in short, higher load significantly reduces the hardness of a material which
agrees with [73]. High amplitude of external load would superpose more residual stress

resulting in a smaller value of stress left under the material surface.

4.2.3 Fatigue behaviour

Fatigue test was conducted only on the SP A samples. This test was done to prove that
the shot peening process increases the fatigue life. For this test, 85% and 75% of the UTS
were treated as the maximum stress for the fluctuating load force to be applied on all
specimens before and after shot peening.

For the samples before shot peening, the 85% UTS sample failed after 7 hours of applied
cyclic load with a max elongation of 2.433 mm. The 75% took 9.4 hours with a max
elongation of 3.195 mm. As for the samples after shot peening, the 85% UTS sample
failed after 7.5 hours of applied cyclic load with a max elongation of 2.446 mm. While

the 75% took 10 hours with a max elongation of 3.212 mm.

Table 4.3 summarises the final result for number of cycles before and after shot peening
samples. The fatigue increased by an average of 6.78% in number of cycles before fatigue
fracture shown in this test. This increment proved that the fatigue life of a material can
be increased by the shot peening process. However, the slight increment in the fatigue
life is again due to the instability of SP A process which reflects on the results of hardness

and tensile test.
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Table 4.3 Summary of fatigue test results before and after shot peening.

Parameters Result Before SP After SP
85% of UTS Elongation (mm) 2.433 2.446
(527 MPa) Time (h) 7 75
No. of cycle 252029 270032
75% of UTS Elongation (mm) 3.195 3.212
(465 MPa) Time (h) 9.4 10
No. of cycle 338440 360005

Fatigue life increases due to compressive residual stress (negative stress) on the surface
which can encounter the external tensile stress (positive stress) applied to the samples.
Higher intensity would increase the fatigue life. Although only one intensity was tested

in this experiment, the enhancement in fatigue life still could be measured.

4.2.4 Microscopy test

SEM was performed on raw and both shot-peened materials (SP A and SP B) to observe
the effects of shot peening process on the microstructure of ASTM A516 Grade 70 carbon

steel.

4.2.4.1 SEM of shot peening A

Based on the microstructure photos of the samples, it was observed that the molecules
appeared closes to each other after shot peening. Shot peening process compresses the
molecules closer to produce compressive residual stress in the surface of the material.
Figure 4.5 (a) and (b) represents the microscopic view of the material before and after SP
A.
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Figure 4.5 Grain size of ASTM A516 Grade 70 microstructure. Tensile fracture before
and after shot peening A (a) SEM before shot peening (b) SEM after shot peening.

By taking an area as a reference (see Figure 4.5 (a) and (b)), the size in molecules after
shot peening decreased by 55.3%. The calculation is as following:
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3.147 + 3.105 + 5.943

Average size before SP = . = 4.065 um
And
Average size after SP = L2414 184542398 — 1.818 um

4.065—-1.818

o X 100% = 55.3%

The reduction percentage is

4.2.4.2 SEM of shot peening B

Morphological analysis was performed on raw samples without shot peening, SP B with
intensities of 6.28 A and 12.9 A. Figure 4.6 (a); (b) and (c) displays the microstructure of
each sample. It was observed that the molecules became coarser with higher intensity of

the shot peening.
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Figure 4.6 Grain size of ASTM A516 Grade 70 microstructure. Tensile fracture
before and after shot peening B (a) SEM before shot peening (b) SEM after shot
peening 6.28 A (c) SEM after shot peening 12.9 A.

4.2.5 Residual stress induced by shot peening process

The initial residual stress values introduced by the shot peening process with 6.28A and

12.9A intensities were 259 MPa and 273 MPa, respectively. Based on this result, it was

stipulated that higher intensity can introduce higher compressive residual stress.

4.2.6 Residual stress relaxation against cyclic loading

Table 4.4 tabulates the data collection of XRD measurement for samples that were

exposed to cyclic loads with shot peening intensity of 6.28 A.

Table 4.4 Residual Stress after Cyclic Loads for shot-peened samples with intensity

6.28 A.
No. Of Cycle Residual Stress
Load 52 MPa Load 208 MPa

0 259 259

1 183 176
10 172.5 168.5
100 171.6 167.5
1000 163 158
10000 157.5 156.5
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Figure 4.7 (a) and (b) represents the trend plotted for the high and low load applied on
the samples that underwent a shot peening process with 6.28 A intensity against number

of cycles.
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Figure 4.7 Experimental re