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Abstract

This work focuses on modeling the microstructure evolution induced by surface
mechanical attrition treatment (SMAT) in TWIP/TRIP steels. The features of the
generated gradient microstructure of a 304L TWIP/TRIP steel are characterized by
SEM, XRD, and nanoindentation. Nanoindentation is applied to a multilayer material
for the investigation of the mechanical properties of the gradient microstructure.
Based on the experimental results, a dislocation density model considering the
influence of twinning and martensitic transformation of TWIP/TRIP steels is
proposed to investigate the effect of SMAT controlling parameters. Then the
dislocation density of austenite and martensite as well as the volume fraction of twin
and martensite generated by impact loading is numerically evaluated using a full
Finite Element (FE) model. Afterward, to study the evolution of damage during the
SMAT process, the damage is introduced in the dislocation density model. Finally, a
dislocation density based visco-elastoplastic model considering the effects of grain
size, dislocation density, twin, and strain rate is proposed to further understand the
effect of impact loadings on the mechanical properties of TWIP/TRIP steel with
gradient microstructure based on the results of nanoindentation tests. To study the
overall elastoplastic response of the SMATed material, the mixing rule is used by
considering the SMATed gradient material as a gradient structure consisting of

different layers with particular microstructures and mechanical properties.

Keywords: SMAT; Steel, Stainless; Dislocations in crystals; Martensitic

transformations; Twinning (Crystallography)



Résumé

Ce travail est centré sur la modélisation de 1’évolution de la microstructure
induite par le procéd¢ SMAT (surface mechanical attrition treatment) dans un acier
TWIP/TRIP. Les caractéristiques de base dun acier TWIP/TRIP sont mises en
¢vidence par la microscopie électronique a balayage (MEB), la diffraction des rayons
X (DRX) et la nanoindentation. La nanoindentation est appliquée sur différentes
couches pour 1’étude des propriétés mécaniques du matériau a gradient de
microstructure. Un modele basé sur la densité¢ de dislocation tenant compte de
I’influence du maclage et de la transformation de phase martensitique dans un acier
TWIP/TRIP est proposé pour étudier I’influence des parametres induits par SMAT.
Ensuite, la densité de dislocations dans 1’austénite et celle dans la martensite, ainsi
que les fractions volumiques de macles et de martensite au cours d’un impact, sont
évaluées numériquement avec un modele d’éléments finis. Par ailleurs, afin d’étudier
I’évolution de I’endommagement pendant le processus d’impact, I’endommagement a
été introduit dans le modéle de la densité de dislocations. Enfin, un modéle
visco-¢lastoplastique basé sur la densité de dislocations considérant I’effet de la taille
de grain, le maclage et le taux de déformation a été proposé afin de mieux comprendre
les effets du SMAT sur les propriétés mécaniques d’un acier TWIP/TRIP avec
gradient de microstructure. Ainsi, pour étudier la réponse élastique globale du
matériau SMATE, la loi de mélange est utilisée en considérant le gradient du matériau
comme une structure composée de différentes couches avec des microstructures et des

propriétés mécaniques différentes.

Mots clefs: SMAT ; Acier inoxydable ; Dislocations dans les -cristaux ;

Transformations martensitiques ; Maclage (cristallographie)
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CHAPTER 1 INTRODUCTION

CHAPTER 1 INTRODUCTION

1.1 General background

Austenitic stainless steel (SS) is an alloy of iron with chromium (Cr) and nickel
(Ni) elements and is known for its excellent corrosion resistance [1]. Therefore,
stainless steel is widely used in modern industrial production fields, such as
automotive, biomedical, chemical, food, aerospace, chemical processing, and nuclear
industries [2]. However, stainless steel has some defects, such as low mechanical
strength, low fatigue strength, and poor cutting performance. The mechanical
properties of SS can reflect the changes of the microstructure caused by fatigue, while
the fatigue depends on surface hardness, initial residual stress (IRS), etc. The
progressive accumulation of plastic strain under cyclic loading caused by material
fatigue may lead to the formation of microcracks [3]. When lacking compressive
residual stress (CRS) of structural components, the fatigue performance of stainless
steel is reduced, which can restrict the use of SS. Previous studies also showed that
most of material failures start on top surfaces such as fatigue fracture, fretting fatigue,
wear, corrosion, etc. These failures are very sensitive to the structure and
characteristics of the material surface. The overall performance of the material can be
significantly enhanced by effectively changing the surface structure and properties.
Therefore, the CRS field can be introduced by surface engineering/modification
technology to improve the fatigue performance of structural components [1], [2].

In the past few decades, due to the advantages over other methods (such as
chemical deposition or composite materials), the technology of surface treatment by
plastic deformation has attracted more and more attention. The performance
improvements brought by the surface deformation process are mainly attributed to
plastic deformation without changing its chemical composition. Various surface
deformation processes have been proposed, and many experimental studies have also

been conducted to obtain nanocrystalline structures under plastic deformation
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CHAPTER 1 INTRODUCTION

[4]-[14]. These experimental results show that the main deformation modes and
surface nanocrystallization mechanisms during high energy ball impacts depend on
the crystal structure and the Stacking Fault Energy (SFE) of impacted solid. However,
as many details of the grain refinement mechanism are unclear, there is still a lack of

direct theoretical explanation or simulation of nanoscale grain formation.

1.2 Motivation and objectives

SMAT can transform coarse-grained material in the top surface into
nanostructured material. Fig. [-1 shows a typical -cross-sectional optical
microstructure of a pure titanium sample after SMAT processing for 30 min [15]. An
overall microstructure gradient with a grain size distribution from a few nanometers to
several micrometers can be observed in the SMAT affected region. Three different
areas can be roughly distinguished. They are respectively the nanostructured layer, the

interior region non-affected by SMAT, and the transition region between them.

treated
layer

malrix

Fig. I-1. Optical micrograph of a SMATed pure titanium sample [15].

Due to some excellent mechanical properties of SMATed materials, it is
necessary and useful to investigate the SMAT process both experimentally and
numerically to obtain a better understanding and control of the process. Experimental
studies performed previously in the literature [16]-[19] have shown that the
mechanical properties of SMATed materials are highly influenced by the

13
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microstructure such as grain size and by the mechanical state such as work hardening.
From a modeling point of view, it would be highly beneficial to establish accurate
numerical models of SMAT process to consider the influence of different parameters.

During SMAT, high compressive residual stresses are generally introduced in the
mechanically affected layer due to the incompatibility of elastic deformation of the
material [8]. The presence of the nanostructured layer and the high compressive
residual stresses can significantly improve the mechanical properties of materials
under various loading conditions. As the near-surface region is mechanically affected
by SMAT, it can lead to a uniform grain size refinement due to severe plastic
deformation, whereas the bulk of the part is not mechanically deformed so that its
characteristics and mechanical properties remain unchanged [20]. A gradient
microstructure is thus formed from the treated surface to the interior region of the
material [21]. The particularity of the SMAT with respect to the conventional shot
peening lies in the fact that it can transform the top surface layer of materials from
coarse grains to nano-sized grains. This nanostructured layer, even if it is thin in
general, may have a significant effect on the performance of materials since
engineering components are mostly loaded on their surface, for example, in the case
of friction, torsion, or contact loading [22]. To understand the mechanical behavior of
SMATed materials, it is also important to characterize the mechanical properties of
different regions, such as the nanostructured layer and the plastically deformed
region.

TWIP/TRIP steels gain increasing attention, especially in automotive structural
applications, due to their high energy absorption capacity and fatigue strength. Their
mechanical behaviors in relation to microstructure evolution during deformation have
been extensively studied [23]-[25], and the deformation mechanisms of this kind of
steels, even if complex, have been well highlighted [26]. From the metallurgical point
of view, TWIP/TRIP steels have a narrow range of SFE (from 15 to 22 mJ/m™,
according to [27]), which is essential to ensure the presence of both twinning and
martensitic transformation during deformation [28]. For these kinds of materials,
during the material deformation process, twinning and martensitic transformation can
be induced by plastic deformation [29]-[31]. The occurrence of twinning reduces the
mean free path, through which a dislocation can slide [32]. The generated martensite
makes the alloy harder and stronger due to its mechanical strength higher than that of

the original austenite before transformation [33]. Therefore, it is interesting to study
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the simultaneous influence of both twinning and martensitic transformation on the

strength and the plasticity of such materials during and after SMAT treatment.

Modeling of Microstructure Evolution Induced by Surface Mechanical
Attrition Treatment in TWIP/TRIP Steels

i J/

Stugiy of mgterial Study of material
properties during SMAT properties after SMAT
process treatment

Tensile property test of

untreated sample Tensile property test of

the treated sample

Characterization of
microstructures of
untreated material during
tensile test (XRD, SEM)

Characterization of
microstructures of treated
material(XRD, SEM,
Nanoindentation)

Theoretical model:
Dislocation density based
with/without damage
model for TWIP/TRIP
steel

, |

Simulation: Plastic strain, Simulation: Plastic strain,

Theoretical model:
Dislocation density based
model for gradient
TWIP/TRIP steel

residual stress,
dislocation density,
twinning, martensitic
transformation and
damage distribution
during SMAT process

dislocation density,
twinning, martensitic
transformation and work
hardening verification of
the gradient material
after SMAT treatment

Fig. I-2. Flow chart of this work.

In summary, the goal of the whole project can be defined as “Modeling of
microstructure evolution induced by Surface Mechanical Attrition Treatment in
TWIP/TRIP steels.” The main tasks of this work are described in Fig. I-2. First, a
dislocation density-based model is used to study SMAT process and investigate the
influence of various SMAT parameters, such as ball size, impact velocity, impact
angle, impact duration, collision frequencies and so on. At the same time, twinning
and phase transformation will be numerically evaluated. The studies provide more

information for us to better understand the SMAT process. Then the hardening
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properties of the gradient TWIP/TRIP steel with a nanostructured layer generated by
SMAT are studied experimentally by nanoindentation in the cross-section at different
distances from the top surface. Based on the dislocation density model, a dislocation
density visco-elastoplastic model considering the effect of grain size, dislocation
density, twinning, strain rate, and damage is proposed to better understand the

influence of SMAT on the material.

1.3 Organization of this thesis

This thesis is mainly focused on the investigation of the SMAT process through
modeling. The dissertation is organized as follows. A comprehensive literature review
is presented in Chapter 2, which provides an overview of SMAT and the studied
material. The SMAT set-up, the microstructural characteristics and the properties of
materials after SMAT are introduced. The mechanism of grain refinement during
SMAT is studied.

Chapter 3 introduces the investigation methodology and equipment used in this
work, which includes scanning electron microscopy (SEM), X-ray diffraction (XRD),
and nanoindentation.

In Chapter 4, a dislocation density model for TWIP/TRIP steel is developed and
implemented to investigate the influence of SMAT controlling parameters. Then, a
full FE model for a single impact simulation is established. The distribution and
evolution of twin and martensite during SMAT are numerically evaluated.

Chapter 5 presents the constitutive model developed to take into account damage
in the modeling. The user material subroutineVUMAT provided by the FEM software
ABAQUS are used. The evolution function of damage during plastic deformation
based on Gurson—Tvergaard—Needleman (GTN) model is introduced in the
dislocation density constitutive model and programmed in the form of subroutine. The
backward Euler algorithm is used to integrate the constitutive equation over the
Gaussian points of each element. The distribution and evolution of twins, martensite
and damage during impact loading are numerically evaluated.

In Chapter 6, the micromechanical behavior of a 316L TWIP steel with gradient
microstructure is studied by nanoindentation tests at cross-sections at different
distances from the top surface. Then a dislocation density-based model is adapted

considering the effects of grain size, twinning and dislocation density, and strain rate
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based on the experimental results, which is validated by comparing with tensile
stress-strain curves available in the literature. The model is also implemented in a
subroutine of ABAQUS Explicit to perform a 3D simulation of the nanoindentation
test at different depths with different strain rates to study the properties of the gradient
material after SMAT.

In Chapter 7, a summarization of the whole work is given, and an outlook on

future researches is addressed.
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CHAPTER 2 LITERATURE REVIEW

2.1 Introduction to SMAT

Mechanical surface treatment technologies are widely used to improve the
mechanical properties of materials by changing the near-surface microstructures to
enhance engineering components [34]. These mechanical surface treatment
technologies, such as shot peening and its variants based on impact loadings, can give
rise to severe plastic deformation in the near-surface area of materials. Therefore, the
compressive residual stress field associated with the work hardening region will be
generated after treatment, which is usually helpful for improving fatigue life of
mechanical parts in use by delaying the initiation and propagation of fatigue cracks
[12]. Based on grain refinement induced by severe plastic deformation in metals, Lu
et al. [35] first proposed a new surface treatment technology known as Surface
Mechanical Attrition Treatment (SMAT) in 1999. It is able to refine the grains in
metals and alloys to improve their mechanical properties. This is presently one of the
most widely studied mechanical surface treatment technologies. SMAT is based on
the repeated and random multidirectional impacts between the material surface and
spherical shot driven by ultrasonic generator. As shown in Fig. II-1a, SMAT machine
has an ultrasonic generator that converts electrical energy into mechanical motion
[36]. The balls are placed in the reflection chamber, and they are vibrated by this
ultrasonic generator. The system's frequency is very high (20 kHz), producing very
high sound pressure near the surface of the ultrasonic generator, which will project the
balls with a desired speed. Generally speaking, the diameter of the steel balls is
between 1 and 10 mm, and the speed of the balls is between 1 and 20 m/s [37]. Once
the balls resonate, the surface of the engineering parts to be treated is impacted by
these balls in a short time (in the order of T = 1/f = 5*10~ s) [38]. The shot directions

of these balls in the vibration chamber are random, so the balls impact the surface of

18



CHAPTER 2 LITERATURE REVIEW

the sample randomly. Each impact can cause a high strain rate plastic deformation on
the surface of the specimen. Therefore, repeated multidirectional impacts can lead to
severe plastic deformation along different crystal directions (Fig. II-1b). The diameter,
the number, the kinetic energy of the balls, and the processing time are four of the
main technological parameters of this process [39].

In the process of SMAT, due to the high strain rate and the considerable
accumulated plastic strain, a large number of micro-defects, such as dislocation or
deformation-induced twins, can be produced on the top treated surface, depending on
the properties of materials, especially the Stacking Fault Energy (SFE) [38], [40]. For
example, for Face-Centered Cubic (FCC) and Body-Centered Cubic (BCC) metals,
dislocation walls and cells generally appear to accommodate strains. Moreover,
twinning and slip are competitive deformation processes. In general, in
high/medium-SFE materials, slip plays a major role at room temperature and low
strain rate. However, in low SFE materials, twinning is likely to occur even during

quasi-static deformation at room temperature [41].
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Fig. II-1. Schematic diagram of SMAT setup (a) and illustration shows the surface plastic deformation

caused by the impact of a ball (b) [36].

In the SMAT process, due to the incompatibility of the elastic deformation of
materials, high residual compressive stresses are generally introduced in the region
affected by the treatment. The existence of nanostructured layer and high compressive
residual stresses can significantly improve the mechanical properties of materials,
such as hardness, yield strength, fatigue, and wear properties. In the past decades, due

to the significant advantages of ultrafine-grained materials, nanocrystalline and
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sub-microcrystalline materials have been synthesized and studied to optimize their

microstructures to increase the strength of the materials [42].

2.2 Microstructural characteristics of AISI 316L and 304L
stainless steels after SMAT
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Fig. II-2. TEM images of SMAT samples at different depths and corresponding Selected Area Electron
Diffraction (SAED) patterns (insets): the initially formed dislocations (a) and dislocation cells (b) at
about 100-150 um depth, the twins (c) and twin intersection (d) in austenite grains at about 50-100 pm
depth, and the lamellar twins (e) and ultra-fine equiaxed austenite grains (f) at about 20-50 um depth in
AISI 316L stainless steel [43].

The two materials used in this project are AISI 316L stainless steel and AISI
304L stainless steel. AISI 316L and AISI 304L are low carbon austenitic stainless
steels.  AISI 316L stainless steel has medium SFE (40.0 mJ/m?), while AISI 304L
has very low SFE (16.8 mJ/m?), much lower than other FCC metals such as aluminum

(166 mJ/m?), nickel (128 mJ/m?) or copper (78 mJ/m?). They are widely used as
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structural materials and components of offshore oil and gas platforms, and also as
components and structural materials in many nuclear applications. In recent decades,
more and more attention has been paid to strengthen stainless steels. Many methods
have been developed, such as changing the chemical composition of stainless steels to

induce solid solution [44] and grain refinement [45].

(d)

Probability (%)

Grain size (nm)

Fig. II-3. Plane diagrams of bright-field TEM (a), dark-field TEM (b), and corresponding SAED
diagrams (c) showing the microstructures of 316L samples at 11 um below the surface after SMAT
treatment, and grain size distribution (d) determined by TEM [46].

In the work of Lu et al. [43], the surface nanocrystallization of 316L stainless
steel was successfully achieved through SMAT. During SMAT, the vibration
frequency was 50 kHz, the diameter of the balls was 8 mm, and the processing time

was 60 min. The evolution of the structure, as well as the grain refinement behavior,
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was observed by XRD and TEM. The experimental results show (see Fig. II-2) that
high-density dislocations are formed at a depth of about 100 um below the surface of
the sample. Then as the strain and the strain rate increase, the mechanical twins are
induced to a depth of about 50 pm. The lamellar twins cross each other to refine the
grains. Finally, after the SMAT process, a nanostructured surface layer with a
thickness of about 20 pm is formed, whose microstructure is composed of a mixture
of austenite and martensite with a grain size of about 10-30 nm. The realization of
surface nanocrystallization seems to be attributed to the grain refinement due to
dislocation-twin and twin-twin interactions, and its hardness is greatly improved after
SMAT treatment.

Lu et al. [46] also studied the microstructural characteristics of 316L steel on the
top layer (about 6-8 pm from the polished top surface). Samples of the same type as
[43] were used with a thickness of 1.8 mm. The diameter of the balls was 3 mm, the
vibration frequency was changed to 20 kHz, and the treatment duration was 30 min.
Fig. II-3a and II-3b are respectively the bright and the dark field TEM images of 316L
samples. As shown in Fig. II-3c, SMAT induces ultrafine twining grains with random
orientation on the top surface. The histogram of grain size distribution obtained from
bright and dark field images shows a positive logarithmic distribution of narrow grain
size. As shown in Fig. II-3d, the grain size of the top layer is about 40 nm.

Lu et al. [47] also experimentally studied AISI 304L samples as a plate (100
*100 mm?) using SMAT treatment. Before SMAT, the samples were annealed in
vacuum at 1080 °C for one hour to obtain a single austenitic phase (FCC) with
uniform grain structure. Typical microstructures of the annealed samples are shown in
Fig. [I-4a. The grain size is in the range of 100-200 um, and annealing twins can be
seen in some grains. SMAT was performed on AISI 304 stainless steel in vacuum for
15 min at room temperature, and the vibration frequency was 50 kHz. A surface layer
of nanostructure was generated by SMAT, and its microstructure evolution was
studied by SEM and TEM (Fig. 1I-4). Microstructure examination shows that the
grain refinement process of this material includes: (1) formation of plane dislocation
arrays and twins; (2) grain refinement and martensitic transformation; (3) formation

of random orientation crystals [47].
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Fig. I1-4. The microstructures of AISI 304 stainless steel after welding annealed (1 h under 1080 °C in
a vacuum) observed by SEM (a). The cross-sectional SEM observation (b) of the typical microstructure
for the SMATed AISI 304 stainless steel, and the letters A, B, and C denote three, two, and one
directions of mechanical twin. The cross-sectional TEM observations (c) at a depth of about 150 um
from the treated surface. A bright-field (d) and a dark field cross-sectional TEM images (e) at about
100 pm deep from the top treated surface. The cross-sectional TEM observation (f) of the
microstructure at a depth of about 300 um from the treated surface in the SMATed samples [47].

Tao et al. [48] also studied the grain refinement process during SMAT of AISI
304 stainless steel with low SFE by TEM and High-Resolution Electron Microscopy
(HREM). The material was treated by SMAT for 15 min. The vibration frequency
was 50 kHz, and the diameter of the steel balls was 8 mm. Fig. II-5a and b show the
bright and dark images of SMATed nanocrystals (NC) 304L samples under TEM,
which indicates that the formation of rhombic blocks is caused by the intersection of
mechanical twins. The corresponding Selected Area Electron Diffraction (SAED)
diagram shows that some of these blocks are BCC martensitic phase. The martensitic
phase is formed at the intersection of two sets of mechanical twins, which is similar to

that for AISI 304 stainless steel shock loaded in cylindrical geometry [49] and
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balanced biaxial straining during balanced biaxial tension test [50]. Typical planar
TEM micrographs and top statistical grain size distribution are shown in Fig. II-5c,
and d. The microstructures have uniformly distributed nano-sized grains. The grain
size distribution obtained from the dark field image has the characteristics of positive
logarithmic distribution, and its grain size distribution is narrow, ranging from 8 to 50

nm. The average grain size is about 10 nm.

Proﬁability (%)
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Fig. II-5. Plane-view bright-field TEM image (a), dark-field TEM image (b) at a depth of about 100 um,
and typical plane TEM observation results (c), and statistical grain size distribution (d) from the top

surface of AISI304 sample observed by TEM [48].

2.3 Mechanical properties of SMATed materials

The compressive residual stresses and the nanostructured layer induced by
SMAT can significantly improve the mechanical properties of workpieces and the
strength of materials. The validity of SMAT treatment for improving yield strength at
room temperature was verified by tensile tests. Fig. II-6 shows the true stress-strain
curves [51] of a stainless steel treated by SMAT with different numbers of balls and
different time durations for SMAT. The results show that the nanostructured samples

have higher strength than the coarse-grained samples. After 20 min of treatment, the
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yield strength (0.2% offset) of the material treated with 200 balls reaches 980 MPa,
about three times higher than that of coarse-grained samples (350 MPa), and the
ultimate tensile strength is about 1250 MPa.
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Fig. I1-6. True stress-strain curves of the as-received 304 stainless steel and treated by SMAT [51].

Fig. II-7a [52] shows the cross-sectional morphology of SMAT specimens, which
were treated for 180 min. The microhardness measurement was performed in the
near-surface area. Fig. II-7b shows the hardness variation of SMAT processed
specimens with different treatment durations. From Fig. II-7a, we can see from the
microstructural characteristics that the surface layer is severely deformed, and the
thickness of the deformed layer is about 200 um. In the heavily deformed area, the
mechanical twins are highly present, while, near the surface, the multidirectional
twinning phenomenon in the grain occurs with two or three groups of systems of
twining named as “operating systems” by the authors. It can be seen by removing a
thin layer about 10 um from the surface treated with SMAT after slight grinding and
polishing. As the distance from the surface increases, the number of mechanical twins
operating systems gradually decreases to two, followed by one. This deformation
behavior is related to the refinement and nanocrystallization of the surface area. In

addition to severe plastic deformation and surface nanocrystallization, another
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well-known phenomenon, strain-induced martensite formation, can be observed in
severely deformed austenitic stainless steels [52]. It has been proved that martensite is
formed at the intersection of multidirectional mechanical twins. Therefore, strain
hardening, nanostructure, and martensite formation are helpful for improving the
hardness of the deformed layer. It can be seen from Fig. II-7b that the hardness and
the thickness of the deformed layer increase by increasing SMAT treatment time, but

after prolonged treatment, it seems to have been saturated.
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Fig. II-7. The cross-sectional morphology (a) of SMAT samples processed for 180 min and the

microhardness variation (b) measured on SMAT layers processed at different durations [52].
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Zhou et al. [53] studied the fatigue behavior of a surface nanostructured AISI
316L stainless steel generated by SMAT. Compared with the untreated material, the
fatigue strength of the nanostructured AISI 316L steel is improved. There were two
investigated SMAT conditions: SMAT low amplitude (SLH) and SMAT very high
amplitude (SVH). For SLH, 30% of the generator power is used for 30 min, As for
SVH, 30% of the generator power is used for 15 min, followed by a generator power
of 50% for 5 min. The cyclic stress amplitude evolution during fatigue loading is a

good indicator of the properties of the material in terms of softening or hardening.
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Fig. II-8. Cyclic stress amplitude curves for different material states under strain amplitudes of £0.5%

(a), £0.8% (b), and +1.25% (c) [53].

As shown in Fig. 1I-8, the cyclic stress amplitude evolves with the number of
cycles for different material states under strain amplitudes of 0.5%, 0.8%, and 1.25%.
It can be seen that the mechanical strength has been significantly improved, and
SMAT has changed the cyclic hardening/softening behavior of samples. Fig. II-8
shows that the greater the strain is, the greater the cyclic stress is. For a given strain
range, the cyclic stress amptitude of SMATed specimens is much higher than that of
untreated specimens. In addition, higher SMAT intensity leads to higher stress

amplitude.
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Compared with untreated samples, the increase in stress amplitude of SVH and
SLH samples is due to the SMAT affected area. Because of dislocation entanglement,
strain hardening can increase mechanical strength, which will hinder further
permanent deformation of materials. At the same time, according to the Hall-Petch
relationship [54], nanocrystalline materials have high yield strength. However, the
contribution of the nanostructured layer to the overall mechanical properties of the
sample is very small because its thickness is very thin (5 pm) compared to the

thickness of the work-hardened region (about 500 pm).
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Fig. I1-9. Variations of the friction coefficient with wear time under different loads for SMATed (a) and
the original (b) samples and the variations of the wear volume loss (c) with the load for SMATed and

the original samples [55].

Fig. 11-9 shows the wear and friction characteristics of low carbon steel sheets
after SMAT [55]. In most cases, the friction coefficient increases first and then tends
to be stable. However, for samples under 6 N load, the friction coefficient remains
unchanged during the first 15 min of sliding (about 0.09). When the sliding time
exceeds 20 min, the friction coefficient increases from 0.07 to 0.16. The variation of
the friction coefficient shows that the wear mechanism changes during sliding in Fig.
II-9¢c, the wear volume loss of the SMATed specimens under different loads was

compared with that of the original specimens. The wear volume loss of both
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specimens increases with the increase of load, but the volume loss of the treated
specimens is lower than that of the original specimens under each test load, especially
under 4-8 N. This means that SMAT can improve the wear resistance of high and low
carbon steels. After SMAT, the friction coefficient significantly decreases, and the
wear volume loss decreases consequently. As a matter of fact, the harder the
nanostructured surface layer is, the better the friction and wear properties are. The
improvement in friction and wear properties may be attributed to the harder
nanostructured surface layer which reduces the degree of plowing and micro-cutting
under the lower load and the degree of plastic removal and surface fatigue fracture

under the higher load, respectively.

2.4 Mechanisms of grain refinement

Grain refinement caused by plastic strain in metals is a well-known phenomenon.
SMAT has been used to synthesize ultra-fine grain materials to significantly improve
their mechanical strength. From a theoretical point of view and the development of
advanced engineering applications for plastic deformation technology, it is important
to well understand the basic mechanisms of strain-induced grain refinement during
SMAT [34].

Grain refinement mechanisms based on plastic strain have been extensively
studied for many materials [16], [17], [S6]. For copper, iron, aluminum and other high
and medium-level SFE materials, coarse grains _hrough various
dislocations activated gliding. Microstructure studies showed that ultrafine grain
structure from nanometer to micrometer is formed on the surface of iron samples due
to the process of SMAT. In the deformed surface layer, according to the
microstructural characteristics of different strain sections, it can be found that the
grain refinement process involves the following elements, as shown in Fig. II-10:

1. The development of Dense Dislocation Walls (DDWs) and Dislocation
Tangles (DTs) in raw grain and refined cells (further straining);

2. The transformation of DDW and DTs into sub-boundaries with small
misorientations separating individual units or sub-grain;

3. The evolution of subs-boundaries to high misorientation grain boundaries;

4. The nanostructure formed at the top layer (with a thickness of about 60 um).
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According to the microstructural characteristics from the top surface to the
unstrained bulk material, the formation mechanism of nanocrystals in AISI 304
samples with low SFE (about 17 mJ/m?) was proposed [48]. The grain refinement

mechanisms during SMAT can be seen in Fig. II-11.
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Fig. II-10. Schematic illustration of grain refinement induced by plastic deformation in Fe [34].
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Fig. II-11. Schematic illustration of grain refinement during SMAT for the AISI 304 stainless steel with
low SFE [48].

2.4.1 Formation of planar dislocation arrays and mechanical twins
Planar dislocation arrays and mechanical twins are formed under specific low
strain and strain rate conditions. Strain-induced dislocations in AISI 304 stainless
steel are mainly on {111} plane, forming planar dislocation arrays and grids instead
of irregular dislocation elements (as shown in FCC such as aluminum alloys) or dense
dislocation walls (such as BCC Fe). Planar dislocation arrays and grids are typical
dislocation structures observed in low SFE alloys deformed at low strain and low
strain rates. This structure can be attributed to the low SFE, which makes it difficult

for some dislocations to slip laterally and causes them to be arranged more easily in a
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planar array on their main slip planes. In general, sliding dominates the deformation
processes in all kinds of plastic deformation materials for medium to high SFE values.
However, the critical shear stress of twin decreases with the decrease of SFE value,
i.e., low SFE materials are prone to the formation o.nechanical twins, especially at
high strain rate and low temperature. For AISI 304, SMAT process can provide
priority for the development of mechanical micro-twins due to the low deformation
temperature (close to ambient temperature) and high strain rate leading to the
inhibition of thermal activation of dislocation processes [39].

It thus generates sufficiently high stress to nucleate and grow mechanical
micro-twins by forming stacking faults. The formation of high-density ultra-thin
(nano-scale) mechanical twins means that the surface layer undergoes plastic
deformation at a very high strain rate (estimated to be 103-10%s) without significant
temperature rising during the SMAT process. For AISI 304 samples, the development
of nano-thick twins plays an important role in the formation of surface layer

nanocrystals [39].

2.4.2 Grain subdivision

A twin boundary is a very simple periodic boundary condition or a highly
coincident "special" large-angle boundary. A high-density parallel twin with
unidirectional orientation was formed in AISI 304 samples, and a large number of
twin boundaries was introduced to subdivide the original coarse grains into lamellar
twin-matrix alternate blocks (LTMAB) (step 1 in Fig. II-11).

For materials with smaller SFE, the driving force of mechanical twin growth may
be large enough to overcome the obstacles encountered at the boundary of
micro-twins, leading to twins crossover. In an AISI 304 sample with SFE as small as
16.8 mJ/m?, twins and twins intersect to form rhombic blocks. Therefore, twin
intersection points in AISI 304 can subdivide the initial coarse grains into rhombic
blocks with different directions and take the large-angle boundary as the boundary
(steps 2B and 3 in Fig. [I-11. These boundaries are formed at large angular boundaries
that are different from the dislocation boundary generated by other plastic
deformation materials with medium to high SFE, which increases the boundary
misorientations with accumulating and eliminating more dislocations at the grain

boundaries.
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For AISI 304, the intersection of twins can not only effectively subdivide the
original grains by introducing different boundaries, but also induce martensitic

transformation (introducing phase boundary) to form smaller grains [35].

2.4.3 Formation of randomly oriented nanocrystals

The formation of randomly oriented nanocrystals requires significant changes in
the relative orientation of these nano-sized blocks (step 4 in Fig. I1I-11). The
mechanism that may lead to the formation of random orientation may involve grain
boundary sliding and grain boundary rotation. When the grain size is reduced to the
nanometer range, the grain rotation and grain boundary sliding are much easier
compared to coarse grains. Grain rotation is another way to accommodate plastic
deformation of nanocrystals. It can effectively increase the misorientation and lead to

the formation of disordered nanocrystals [57].

2.5 Martensitic transformation

In AISI 304 stainless steel, martensitic transformation is a common phenomenon
related to plastic deformation, which is considered as a strain-induced process rather
than a pressure-assisted process. In this case, the plastic deformation of the parent
phase produces an appropriate defect structure, which can be used to initiate the
transformation. Specifically, in austenitic stainless steel, martensite embryos are
found at some intersections of the micro-shear zone, including dislocations, twins, and
initial existing martensite. In AISI 304 stainless steel, the formation of martensite is
strongly influenced by the chemical composition of austenite and deformation
conditions (strain, strain rate, strain path, and rolling temperature) [58].

The results of Gauzzi et al. [59] show that in AISI 304 stainless steel, when the
temperature rises above 400 °C, a reverse transformation from martensite to austenite
occurs. The dynamic recovery of the high strain zone and the recrystallized austenite
structure is very spatially uneven, which is related to the non-uniform dislocation
substructure. The martensitic transformation is sensitive to stress and plastic strain,
and its size depends to some extent on the disorder of the atomic arrangement within
the grain boundary region. Grain boundary atoms can be disordered because
macroscopic loading promotes grain deformation and grain boundary rotation. As the
temperature increases, the grain boundary energy increases, and the grain boundary

distortion becomes more and more important. The defect region (dislocation-dense
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region) in the austenite grains becomes a nucleation site and the nucleation sites of the
new phase increase. However, not all grain boundaries can nucleate, and only some
special grain boundaries with higher energy are available to nucleate. When the grain
diameter becomes smaller, the additional compressive stress caused by the surface
tension of the grain sharply increases, and martensite nucleation is suppressed [60]. At
the same time, grain refinement increases the grain boundary area and the yield
strength of the parent phase, thereby inhibiting the nucleation of martensite. This is
the main reason why fine austenite grains hinder martensitic transformation and lower
Ms (start of martensitic transformation) temperature. Moreover, although martensite
nucleation is considered to be heterogeneous and martensite nucleates before austenite
grain boundaries, the high-density dislocations accommodated in ultrafine grain
boundaries impose restrictions on the growth of martensite. Therefore, a large number
of nonequilibrium curved grain boundaries formed during severe plastic deformation

hinder the continuous growth of martensite.

2.6 Mechanisms of damage formation

According to the residual stress distribution, strain hardening, and corresponding
surface roughness, SMAT can be considered similar to controlled shot peening (CSP)
(note that CSP is a cold working treatment of surface under controlled kinetic
conditions). SMAT mainly affects the fatigue damage stage corresponding to the
initiation and propagation of short cracks. There is evidence that these stages account
for more than 70% of the fatigue life of components [61]. Crack initiation is a
controversial topic and has provided the basis for several different theories over the
years, especially in the case of single crystals [62], [63]. In most commercial
polycrystalline alloys, it is assumed that cracks occur almost immediately under
stresses above the fatigue limit. Therefore, the crack initiation stage can be regarded
as the early propagation of micro-defect cracks in materials [64].

According to the experimental results, it is obvious that the stable propagation of
short cracks will determine the life expectancy of components. Similar to crack
initiation, the propagation of short fatigue cracks is another controversial research
topic, which has been studied in various ways in the past two decades [65], [66].

Therefore, in order to better understand the effect of surface modification of CSP on
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fatigue damage, it is necessary to divide it into (a) arrest/delay of -
initiation, and (b) crack propagation.

It is well known that when the material is tested under stress below the fatigue
limit, the material will not fail due to fatigue. Early on, people mistakenly believed
that when the stress level was lower than the fatigue limit, fatigue cracks would not
nucleate. Over the past two decades, people's understanding of fatigue limits has
changed. Today, the fatigue limit is considered to be the maximum stress level, below
which existing cracks or crack-like defects will not extend to failure within the
expected life (10-100 million cycles). With the recognition that grain boundaries and
other microstructural characteristics become obstacles to crack growth [67]-[69],
threshold stress has been redefined as stress that cannot overcome the microstructural
barrier crack of a given length [67]. According to the research of Navarro et al. [67],
[70], the cracks will stop when two conditions are met: (a) the plastic zone at the
crack tip is constrained by the barriers, and (b) the local stress at the barriers ahead of
the crack cannot extend the crack tip plasticity beyond these barriers.

On the shot peening treated surface, cracks may be formed at the micro-notches.
Early studies by Smith, Miller, and Tanaka [71], [72] show that crack growth depends
on the bluntness of the notch. From these early works, our understanding of the notch
effect has been impro‘ In order to study the relationship between the geometry of
the notch and the microstructure of the material, Vallellano et al. [73] gave a
micromechanical description of the fatigue crack growth process at the notch and
inherently considered the crack interaction with the plastic slip barrier of the material
(such as the grain boundary) and the influence of the notch stress gradient in the
model, then both the initiation limit and the propagation limit of notch fatigue cracks
up to failure can be identified and calculated. Based on the work of Vallellano et al.
[73], Curtis et al. [74] studied the parameters of surface roughness and residual stress
distribution which are considered to determine the performance of CSP in terms of
fatigue resistance based on following assumptions: (a) the residual stress will not
relax; (b) for cyclic hardening materials, strain hardening is not obvious; (c) the stress
gradient will not promote subsurface cracks. The results shows that the compressive
residual stresses are beneficial to fatigue resistance, and surface roughening can
decrease the fatigue life of engineering components by allowing earlier initiation and

faster propagation of short fatigue cracks.
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2.7 Dislocation density model

Alternatively, the microstructure can be indirectly modeled to account for the
effects of microscopic processes on an averaging basis at a macroscopic level. Unlike
the discrete dislocation dynamics method, the dislocation-based model is established
at the macroscopic level, that is, all quantities (dislocation density, flow stress, etc.)
can be calculated as a uniform representative elementary volume of material. In a
series of studies conducted by Swedish researchers in the 1970s, several basic
dislocation density based models were proposed by Bergstrom et al. [75], Kocks et al.
[76] independently using similar viewpoints, which were later developed by Estrin &
Mecking et al. [77]. Many other researchers also include dislocation density implicitly
[78] or explicitly [79] into material models. Through the indirect method mentioned
above, the dislocation density model provides a bridge between micro-phenomena
and continuous macro-level for quantities such as stress and strain.

Within the scope of this study, the objective of material models is to apply
manufacturing or material processes, such as SMAT, to mechanical parts. These
material models should describe the thermomechanical deformation based on
macroscopic stress and strain. In classical continuum mechanics, several
phenomenological types of constitutive models are well known: elasticity, plasticity,
viscosity, etc. This study deals with visco-elastoplasticity because these phenomena

are most relevant to the deformation of metals.

2.7.1 Yield surface and flow rule

Yield criterion and yield stress define the region in stress space where the elastic

surface and the non-elastic region outside the surface are separated by [80]:
f(a,0¢y) =0 (II-1)
where f is the yield function, o is the applied stress, oy is the yield stress.

The flow model establishes the relationship between stress and plastic strain
increment (or velocity). The yield surface function is used as the plastic dissipation
potential for correlated plasticity. This method has the advantage of being widely
applicable to different metals and can be effectively implemented in the calculation.

Associated flow rule is [80]:

de, = dA:L (11-2)
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which defines the increment of plastic strain dg, perpendicular to the yield surface.
In Eq. II-2, dA is the plastic multiplier, which can be determined by ensuring that the
stress-state lies on the yield surface during plastic flow. In other words, for
rate-independent plasticity theory, the plastic multiplier is evaluated by the
consistency condition [80]:
f=0 (II-3)
Combined with the yield criterion, the above conditions show that the stress
remains on the yield surface (the yield function is zero for plastic behavior), and the

increment of the yield function is zero in the process of continuous plastic

deformation.

2.7.2 Internal variables and hardening

Kinematic hardening changes the position of yield surface and isotropic
hardening changes the yield surface size, while developing anisotropy changes the
shape of the surface. The plastic multiplier can be regarded as a controlling variable
related to internal plastic deformation. In the case of von Mises yield criterion and for
simple models without damage, it is simply equivalent to the equivalent plastic strain

rate, leading to the cumulated plastic deformation.

2.7.3 Viscoplastic constitutive framework
In the small deformation theory, the total strain rate can be decomposed into the
sum of the elastic and viscoplastic parts:
E=¢&° 4 &P (11-4)
The elastic strain rate is related to the stress rate by Hooke’s model 6 =D¢
with the fourth-rank stiffness tensor D given by the standard formulation based on

Lamé’s coefficients, i.e., 4 and u:
l)ijkl = Iu(é‘iké‘ at 6,0 ik )"' /15;/5/(/ (II-5)
where 0'1s the Kronecker’s symbol
The viscoplastic strain rate follows a normality hypothesis and can be calculated
from a viscoplastic potential:

_9¢

E¥ =
oo

(11-6)

We introduce the equivalent stress, calculated as:

37



CHAPTER 2 LITERATURE REVIEW

G=f(o)= J%S .S (11-7)

where f is a homogeneous function and S is the deviatoric part of the stress

tensor. The viscoplastic potential is expressed as [81]:

b5, [ij (I1-8)

0
m+1\{ o,

From the balance of viscoplastic work rate, the following relations can be
written:

W" =6g" =ge"” (11-9)

From -I-S, and II-9, the model for viscoplastic behavior can be

expressed:

wp

gV = go[i] (II-10)

O rer
With o, the reference flow strength linked to the current dislocation

microstructure measured at an instant of deformation. It depends on the accumulated

viscoplastic strain £ = jE dt; m™ 1is a material parameter, and &, a constant of

strain rate unit.

2.8 Damage model

During the SMAT process, collisions between the material surface and the shots
may lead to microstructural damage of the material. Ductile damage is caused by
micro-void under local stress-strain field and it is almost impossible to observe it
experimentally because the time between the growth of the void and the last material
failure is too short. While the GTN model can effectively simulate the nucleation,
growth, and coalescence of micro void [82]. The ductile failure process in metallic
materials usually consists of three stages, namely micro-void nucleation, growth, and
coalescence of these voids. To simulate the plastic flow and the fracture of ductile
metals, Gurson et al. [82] proposed an approximate mesoscopic yield function of
porous materials considering the influence of hydrostatic pressure [83]. It is assumed
that the metal matrix is isotropic, completely plastic and incompressible, obeying the

von Mises yield function. Tvergaard et al. [84] modified the original model by

38



CHAPTER 2 LITERATURE REVIEW

introducing three additional fitting parameters. The GTN model is now one of the
Well-known.mechanical models of ductile fracture. It has been used in different
materials and processes [85], [86].

Gurson's expansive plasticity theory can consider the influence of the existence
of voids in isotropic materials on the bearing capacity. The main difference between
the Gurson model and classical plastic model is that the yield surface of the former is
hydrostatic stress-dependent, while the classical plastic model assumes that the yield
is independent of hydrostatic stress.

GTN damage model can be described as follows:

2
CI):[GGJ +2q1f*C0sh(—i%)—(1+%f*2)=0 (I-11)
o 2 o

y y
where the involved variables are defined as follows: f~ refers to the volume fraction
of void in the material and O, is the yield stress of the matrix material. o, is the
macroscopic von Mises equivalent stress. o, 1s the macroscopic average normal
stress, and ¢, , ¢, , ¢, are the parameters to predict the strain more accurately

when the fracture occurs. Gurson et al. [82] found that it was effective to predict

fractures when ¢, =1.5, ¢, =1,and ¢, =2.25.

Gurson model describes the fracture of materials as the increase of the void

volume fraction /. f is modified by Tvergaard and Needleman to an effective void

volume fraction f* , as shown in the following equation:

7 it /<1

f= fﬁ@(f—fc) if  L<f<[ (11-12)
fr = 1.
Jr if /<

In the above equation, £, is the critical value of void volume fraction, and f/

&

is the value of void volume fraction in materials that completely lose the

stress-bearing capacity. It is noteworthy that the ultimate value of macro

stress-bearing capacity is given by fr = %] . As shown in Eq. II-6, when the void
1

volume fraction is smaller than the critical value, the effective void volume fraction is
applied according to the void volume fraction. However, if it is greater than the

critical value, it will increase rapidly due to the influence of hydrostatic pressure. In
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this case, plastic instability begins. It is assumed that the evolution of void volume
fraction during plastic deformation is the result of void growth and nucleation of new
voids:

. _ (1I-13)
f = -f;mcleation + fgmwth

Nucleation is considered to depend entirely on the effective strain of material and

can be estimated by the following equation:

. o
f;1ucleation - Ageq (H' 1 4)
where A 1is a parameter defined as a function of the equivalent plastic strain:

_ L 1 e’ =&,
A—Sn\/gexp( 2(—Sn )) (I-15)

where f 1is the void volume fraction of void nucleating particles ¢, is the mean
void nucleating strain, S, is the corresponding standard deviation of the nucleating

strain distribution and &” is the effective plastic strain.
In addition, the void growth is a function of the plastic strain rate, which can be
expressed by the following relation:

].(growth = (1 - f)glﬁ;( (H' 1 6)

where &, is the trace of the plastic strain rate tensor.

In order to study the evolution of damage caused by impact during SMAT, we
have extended the GTN model by combining dislocation density-based models and
GTN damage, and a dislocation density damage model is thus proposed [87]. The
constitutive model and the damage model are implemented by the user-defined
subroutine of the finite element code of ABAQUS. It will be detailed in Chapter 5 of
the present manuscript. By considering different factors such as incident angle and
velocity, a single impact is numerically simulated to study deformation and damage
evolution, and different parameters such as residual stress, equivalent plastic strain,
dislocation density, volume fraction of twin and damage evolution are also studied.
The results allow us to better understand the evolution of damage and other

mechanical properties.
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2.9 Numerical simulation tools

The Finite Element Method (FEM) (which is commonly referred to as the Finite
Elemental Analysis (FEA) in practice) is a numerical technique for finding
approximate solutions to partial differential equations (PDE) and integral equations
[88]. Finite element analysis is widely used to analyze behavioral loads that are
subject to a variety of complex parts and structures.-can be static or dynamic,
and the structural response can be linear or non-linear. The basic idea of FEM is to
subdivide the structure to be -nto a grid of finite-size elements with simple
shapes. For each element, the change in displacement is determined by a simple
polynomial shape and the node displacement [89].

There are various FEA packages available on the market, such as ABAQUS,
ANSYS, COSMOS, etc. [89], [90]. These packages with good pre/post-processing
capabilities can analyse various problems: for example, the distribution of stress and
strain, the deformation of materials in static and dynamic processes in elastic or
plastic regions, fatigue phenomena, diffusion processes, heat transfer, electromagnetic
field distribution, and fluid dynamics.

In this study, ABAQUS is used for pre-treatment and post-treatment. The
secondary development platform UMAT/VUMAT (user material subroutine) is used
to implement new constitutive equations. Unlike the elastic problem, the solution to
the nonlinear plastic problem cannot be directly obtained. Instead, an iterative process
must be involved. Each iteration consists of two steps. First, the global step involves
calculating the displacement at the structural node and the total strain and stress ¢ ,
o at the Gaussian point, assuming an increment of the plastic strain Ae” between
the instants t and t+ Az at all points. Second, the local step involves considering the
total strain & (or rather its increment Ag ) obtained from the global step given by
each point and then using the equation to calculate the elastic and plastic strains Ag°,
Ae” andstress o [91].

Usually, the VUMAT subroutine is used to define the mechanical constitutive
behavior of materials, and update or use the State-Dependent Variables (SDV) to
track the material response as needed. An important feature of VUMAT is that it uses
a two-stage architecture consisting of "old" and "new". The initial value at the
beginning of each increment must be specified in the "old" array. At the end of each

increment, a "new" array must be allocated for the "updated" results. ABAQUS
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automatically performs "old" and "new" transformations, setting the value of the
"new" array to the next incremental "old" array. Developing and writing user material
subroutines involve four steps [92]:

1. The proper definition of the constitutive equation including an explicit
definition of stress (Cauchy stress for finite deformation applications) and definition
of the stress rate only (in corotational framework);

2. Definition of dependence on time, temperature, or field variable and definition
of internal state variables, either explicitly or in rate form;

3. Transformation of the constitutive rate equation into an incremental equation
using a suitable integration procedure: Forward Euler (explicit integration), Backward
Euler (implicit integration) or Midpoint method;

4. Coding the UMAT or VUMAT and verifying it with a small (one element)
input file.

2.10 Conclusions

In this chapter, Surface mechanical attrition treatment (SMAT) is first introduced.
The nanostructured layer induced by SMAT can significantly improve some of the
mechanical properties of material_
-ubsequently, the surface nanocrystallization mechanism of SMATed
316L and 304L steels with different stacking fault energy (SFE) are described. Then,
the mechanisms of grain refinement (formation of planar dislocation arrays and
mechanical twins, grain subdivision, and formation of randomly oriented crystals) are
introduced in detail. Afterward, a brief presentation is given about the current
understanding of the mechanism of martensitic transformation and damage. At last,
we focused on the dislocation density model and GTN damage model. At the end of
this chapter, the UMAT/VUMAT (user-defined material subroutine) of ABAQUS
finite element package is briefly introduced. This chapter is dedicated to the literature

review and will be applied in the following chapters for the explanation of the
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CHAPTER 3 EXPERIMENTAL STUDY

This chapter lists the main characterization techniques that have been used to
characterize the properties of the SMATed samples, such as Scanning Electron
Microscopy (SEM), X-ray Diffraction (XRD), and Nanoindentation. The
microstructure of 304L steel was investigated by SEM and XRD. The mechanical
properties of the SMATed samples were mainly studied by Nanoindentation. The

details of the experimental techniques are described as follows.

3.1 SMAT equipment

Different strategies have been proposed to accomplish surface alteration,
especially through the usage of nanocrystallization treatment. To obtain grain
refinement, the technology called Surface Mechanical Attrition Treatment (SMAT)
has been used. SMAT was first proposed by Lu et al. [35], and it is based on the
vibration of the balls boosted by a high-power ultrasonic generator [93].

Fig. III-1 shows the illustration and the schematic representation of the SMAT
equipment. The SMAT machine used in this work consists of an ultrasonic generator.
The electrical energy is converted into mechanical vibrations by the ultrasonic
converter. The vibration is amplified by the booster and then is applied to the horn,

which causes the balls in the confined chamber to actuate and hit the sample.
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Fig. III-1. Pictures (a) and schematic description (b) of the SMAT machine.

3.2 Material

The material studied in this chapter is a 304L stainless steel provided by
Goodfellow. Tab. I1I-1 shows the chemical composition of this alloy. Fig. III-2 gives

the dimensions of the tensile test sample. The sample was processed into a dumbbell
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shape with a gauge length of 20 mm and a diameter of 3 mm in the gauge section. The

gauge length is the useful length of the sample to test.

Tab. III-1. Chemical composition (wt.%) of the studied 304L steel.

Fe C Cr Ni Mn Mo Si S P Cu Co \%
Balance | 0.003 | 18.22 | 6.0 1.6 0.45 0.5 0.005 | 0.01 | 0.8 0.1 0.1

Unit: mm — @ s
. e e
& N A
U U e *_”_',ﬂ ....... i
45 34 20 3% 45 >|

Fig. I1I-2. The dimensions of the tensile test sample for 304L steel.

3.3 SMAT conditions

The sample was processed by SMAT to generate a gradient microstructure in the
near-surface region. As the strength of the 304L steel is not very high, smaller
diameter balls are chosen in this work, and the diameter of the balls is 2 mm. SMAT
is based on the vibration of the spherical shots boosted by high frequency (20 kHz)
ultrasonic generator. Also SMAT is performed to cover the entire gauge of the sample.
Regarding the SMAT conditions, the samples are treated by SMAT for 15 min at 30%
generator power, followed by a treatment of 5 min at 50% generator power, which

corresponds to a relatively high processing intensity [53].

3.4 Materials characterization techniques

Some characteristics, including microstructure and basic mechanical properties
of the 304L steel, were investigated by X-ray Diffraction (XRD) and Nanoindentation.

Details of these characterization techniques are described in the following sections.

3.4.1 X-ray diffraction (XRD)
3.4.1.1 Introduction to XRD
XRD is a widely used method in materials science. It is an analytical technique

used to reveal crystal structure and material composition, as well as to investigate
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mechanical stress or texture. XRD can be applied to study various materials. In this
work, XRD 3000 X-ray diffractometer (developed by Seifert company) was used, as
shown in Fig. III-3.

XRD is based on the fact that electrons in an oscillating electromagnetic field
oscillate at the same frequency as the electric field. When X-ray beam hits an atom,
the electrons in the atom start to oscillate at the same frequency as the incident beam.
Due to the regular/periodic pattern of atomic arrangements in the crystalline material,
specific directions allow constructive interferences, i.e., the ones that fulfill the
Bragg’s relations. Bragg’s law can be expressed as [94]:

nA =2dsin 0 (III-1)
where n is the order of reflection, generally speaking, the probability of the process
drops down with increasing momentum transfer (reflection order n), so n = 1 gives the
major reflection peak; A is the wavelength of the incident X-ray beam; d is the
interplanar distance; €is the Bragg angle.

As the grain size decreases, the peak of the diffraction pattern becomes wider.
Indeed, the crystallite size can be calculated according to Scherrer's formula:

(I1-2)
b= wf?s@

where D is the average grain size; K is a constant that depends on how the width is
determined, the shape of the crystal, and the size distribution, for example, 0.94 for
Full-Width-At-Half-Maximum (FWHM) of spherical crystals with cubic symmetry
and 0.89 for the integral breadth of spherical crystals cubic symmetry. With other
methods, K varies from 0.62 to 2.08 [95]. A is the wavelength of the incident X-ray

beam; w is the peak width and 8 is the Bragg angle of the peak center [96].
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Fig. ITI-3. XRD equipment used in this work.

3.4.1.2 Analysis of the volume fraction of austenite and martensite through XRD

XRD measurements were performed by using a Cr anode (wavelength A= 0.2291
nm). The penetration depth of X-rays (Cr radiation) of the steel is a few micrometers
[97]. The quantitative estimation of austenite and martensite content is based on the
principle that the volume fraction of each phase is proportional to the integrated
intensity of all diffraction peaks for that phase [98]. It is well established that, in the
case of the random orientation of the grains in each phase, the integrated intensity I; of

any diffraction peak from phase i is given by:

> 1+cos’ 26 Y 1 (I-3)

1 e’ ’
I,=——1| — | N°2V,PIF| —
sin” @ cosf u

Y32 U\ mc?

where 7 is the radius of diffractometer circle [99], Iy is the intensity of the incidental
beam, e and m are respectively the charge and the mass of the electron, c is the speed
of light, NV is the number of unit cells in the crystal (N =1/x ), A4 is the wavelength
of the incident X-ray beam, V;is the volume fraction of the phase i detected by X-ray
beam, P is the multiplicity factor, F is the structure factor for reflecting plane (hkl),
0 is the Bragg angle, e M is the temperature factor (Debye-Wihler), and £ is the

linear absorption coefficient.
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The scattering factors of individual phases were calculated by the minimization

of factor R, as shown in Eq. I1I-4:

1 1 220
R=— P|F[} T8 =7 oam (Il1-4)
Y7, sin” @ cos @
First, the lattice parameters of different crystal planes can be solved using the

Bragg equation and the reflection angle, and then the lattice parameters and the value
1/4° are used to determine the unit cell volume.

Then the volume fraction of martensite can be calculated by measuring the
integral intensity of each reflection plane of each phase with a single XRD scan
according to the following equation:

oo 11I-5
1/npzj:11g/Rg (I-5)

Vm = P . . P . .
Un'y  I/R +1/n"Y " I)/R]

where 7 is the number of peaks examined, and the subscripts 7 and « represent the

austenite and martensite in 304L steel, respectively. Austenite peaks (111) and (220)
and martensite peaks (110) and (200) are selected to calculate the volume fraction of
the phases. It is assumed that the phase content uncertainty given by this method is
less than 3% [100].

Fig. 1lI-4 shows the XRD patterns of the 304L sample deformed before and
after SMAT. The top diffractogram corresponds to the sample after SMAT, and the
one below corresponds to the sample before SMAT, i.e., as-received state. From the
XRD measurements shown in Fig. I1I-4, it can be identified that there is only austenite
in the sample before SMAT; while for the sample after SMAT, there is a phase
transformation from austenite to martensite in the sample and the volume fraction of
martensite increases up to 78%. Similar results have also been noticed in the literature

[101].
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Fig. IT1I-4. X-ray Diffraction diffractograms of the 304L steel before and after SMAT.

3.4.1.3 Analysis of residual stress through XRD experiment
We first consider the law of sin?y in the general case, which is derived in

different situations. We have:

elas __ (:elas . )
€, ¢ Ny ) My,

= (811 oS p+&,8in p+¢,, sin2(/)—833)sin2 y +(&, cosp+e,,sing)sin2y + &,

sin 6,

)

d
=In(—) = In
(do) (siné’

S . . ., S . .
=?2(GH cos’ p+0,,sin’ p+a,, sm2(o—033)sm' w+52(013 COSQ+ 0, sing)sin2y

(ITI-6)
S
+85 (0-11 + 0'22)"" (S +?2)0'33

where E:im is the elastic strain measured in the direction defined by the angles ¢
(azimuth, or rotation angle in the plane of the sample surface) and y (the tilt angle

=elas
&

of the sample relative to the normal of the sample surface), is the elastic strain

tensor, n,, is the normal vector of the plane defined by the angles ¢ and v, do

and 0o are respectively the interplanar distance and Bragg angle in the unstressed state
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(i.e., free of stress), d and 0 are the interplanar distance and Bragg angle in the stressed
state, S1 and S are the radiocrystallographic elastic coefficients.

The Hooke elastic model (linear, homogeneous, and isotropic), hence assuming
no macrotexture, is used to link the elastic strain to the stress. The effects of plastic
deformation incompatibility and strain or stress gradients will also be ignored. The
macroscopic modulus of elasticity has to be replaced by radiocrystallographic elastic
coefficients S; and 2 S; (that may depend on hkl). We consider symmetrical
Bragg-Brentano diffraction using a punctual detector. Experimentally, the stress
tensor can be determined by using the approximation o33 = 0, which is usually related
to the fact that sample surface measurements and/or thin layers are considered.

sin 6,

gelas — ln
v ( sin 6 )

S . . . S . .
= ?2 (01 | €0S” p+0,,sin” @+ 0, sin Zgo)sm2 v+ ?2 (013 COS@+0,, 8In go)sm2z// (I11-7)

+SI(011 +0_22)
There are two ways to solve this equation and determine the stress components:

the ellipsoid given by Eq. III.7 (related to variables y and ¢ ) degenerates into an
ellipse in the plane defined when plotting stress vs. ¥ for a given ¢ . The first

method then consists of regressing the data by an ellipse and identifying the different
stress components with the obtained coefficients.
Data treatment with Dolle method
The second method proposed by Dolle in the context of stress measurement
consists in transforming the elliptical equation into two straight-line equations [102].
In both cases, the operation must be repeated a minimum number of 3 times to
obtain all components of the stress tensor. It is sufficient to use three angles ¢ such as
0°,45°, and 90°. We will introduce the Délle method for the three angles in detail.
The Doélle method is obtained by summation, and then the difference between y> 0

and y <0. Therefore, due to the equality of terms, we obtain:

1 , ,
A= )
= %(a” cos’ o+ fo sin” @+ o, Sin 2(0)sin2 v +S, (0'11 + 022) (I11-8)
. S :
= A, = ?zo-“ sin”y + S, (o), +0,,) (111-9)
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. S .

=S A = 72(011 +0,, +20,)sin’y +8,(c,, +0,,) (I11-10)
+ S, . 2

= Ay == Onsin’ v +5)(0y + o) (I-11)

Using the slope of these 3 lines, we get 3 equations with 3 unknowns. We can
even check the sum of the three coordinates of the origin (611 + 622) and compare
them. Then, due to the parity of the terms, we have:

1

A— - gelus _gelas
2 ( oy >0 W<0)
= % (51 ,COS@ + 0, sin (p)sin 2y (II-12)
_ S5, .
=>A4,,= 7013 sin 2y (III-13)
_ S, V2 .
= A, = (on+oy)sin2y (I1I-14)
Ay =20, sin2 1I-1
= A oy T 70'23 sin 2y (III-15)

Using the slope of these three lines, we obtain three equations, in which there are
two unknowns. We can then check the consistency of the results using the third
equation. In this data treatment method, it is worth noting that the interarticular
distance for free stress (do) is an important parameter which needs to be a priori
known.

XRD analysis can distinguish the microstructure constituents according to their
crystallographic structure. Diffraction peaks of austenite appear at different 260
positions than the peaks of martensite, enabling to determine selectively the stress in
each structure. XRD stress determination has been performed in the austenite on the

{220} peak using a Cr radiation. The stress in the martensite has also been determined

on the {200} peak using the same Cr radiation. Three ¢ angles 0, 45, and 90
have been used and thirteen y angles 0, +23, +33 +42°, +50°, +59°,

and+ 70" have been used as required by the standard of measurement [103].
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Fig. I1I-5. Results for 4" —sin* ¢ (a), 4~ —sin2¢ (b) of austenite for {220} peak, and 4" —sin’ ¢

(¢), A~ —sin2¢ (d) of martensite for {200} peak.

53



CHAPTER 3 EXPERIMENTAL STUDY

Fig. III-5 gives the relationship for 4" -sin’¢ and 4 -sin2¢ for austenite on
{220} and martensite on {200}. The slopes between 4" and sin’¢ and that between
A~ and sin2¢ have been obtained by using a linear fitting tool in Origin software. A

negative slope of the linear fitting implies a compressive stress state inside the sample.
However, some experimental points are scattered, as shown in Fig. III-5. This can be
interpreted as inhomogeneous stress distribution or stress gradients in the volume,
which have been neglected for the previous data treatment.

Calculation of XEC:s for stress determination

Tab. III-2. Stiffness values of the austenite and martensite in 304L steel [104].

Stiffness Austenite Martensite
cll (GPa) 198 268
cl12 (GPa) 125 110
c44 (GPa) 122 79

To calculate X-ray/radiocrystallographic elastic coefficients (XECs) S and S»,
models are required. The most simple model is the isotropic model using the elastic
constants Young's modulus E and Poisson's ratio v [97] :

S, =—%,%S2 :HTV (III-16)

The XECs S; and S; shown in Eq. III-16 can be used to analyze the residual
stress but are independent of the {hkl} reflection. More advanced models exist
describing grain interactions and are based on single-crystal elastic stiffness. The
Voigt model assumes that all grains have the same strain state, and the calculated
XECs are independent of {hkl}. In the Voigt model, the strain in each crystal is

assumed to be uniform and equal to the macro-strain. The diffraction compliances, Si

and S, are given from the single-crystal elastic constants, cij as follows:

v -2¢,, —13¢,, +4c,,

Si=-—= " (I11-17)
E  3(c, +2¢,)*QBc;, =3¢, +4c,,)
lS Ly > 1I-18
2°° E 3¢, — 3¢, +4cy, (II-18)

The Reuss model assumes that all grains have the same stress state, and the

calculated XECs are related to {hkl}. Reuss model assumes that the stress in each
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crystal is uniform and equal to the macro-stress. The values of Si and S are expressed
in terms of single-crystal compliances, sij, as follows [105]:

1 1
S, = —% =5, +5(2s11 —2s,, —5,,)cos’ (175—5(2s11 —2s,—5,,)cos' ¢ (II-19)

1 1
ESZ :—;V =5,—5, —%(2s11 —2s,, —5,,)cos’ (175—%(2s,1 —2s,,—5,,)cos* ¢ (I1-20)

where ¢ is the angle between the normal of the diffraction plane (hkl) and the c-axis.
The mechanical elastic constants can be obtained by taking the average. The average
over ¢ in the range O to ™ of cos’¢ is 1/3, and the average of cos’¢ is 1/5. The

corresponding elastic compliances matrix s can be obtained by the inverse matrix of

the stiffness constants c;jjas follows [106]:

5, = ¢, (I1-21)

! cu(ci —Ci)—i—ZCi(Clz—Cn)
2
C —C,C

Sp=— (I1-22)
Cn(C” —clz)+2012(clz —¢)

! 11-23

Sy = (III-23)

Here, we use the Neerfeld-Hill model to calculate the XECs, which is based on
the Voigt and Reuss models to make arithmetic mean of these two models [97]. In the
304L steel processed by SMAT, austenite and martensite can be assumed as isotropic
polycrystalline materials. Therefore, Young's modulus E and the Poisson's ratio v of
austenite and martensite in the Neerfeld-Hill model can be calculated by the stiffness
values proposed in Tab. III-2 [104]. Once Young's modulus E and the Poisson's ratio
v are obtained, the radiocrystallographic elastic constants can be calculated for the
austenite{220} and martensite{200} by Eqs. II-19 and III-20 [107], and the

corresponding values for XECs are as follows:

S/ :—1.288x106MPa1,%S{ =6.097x10" MPa"

S = —1.439x106MPa',%S§’ =6.357x10" MPa”
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Stress results and discussion on experiments
With the slope of the lines fitted from experimental results, the residual stress in
each direction in austenite and martensite can be calculated by Eqgs. III-8 to III-15 as

follows (values are in MPa):

o, O, O4 -1542 935 -49.2
o'=|0y, 0y Oy|=| 935 -2067 36.1 (1I1-24)
o, O3 Oy -49.2 36.1 0

o, O, O 239.1 —-88.1 88.1
o' =0y Oy 0y |=[—-831 —70.8 346 (1I1-25)
o, 05 Oy 88.1 34.6 0
SMATed metal alloys are almost ideal samples for XRD residual stress
measurement. However, problems do arise, some related to the method itself, and
some related to the nature and form of the sample.

(1) Errors due to hardware and software treatment

The XRD method requires expensive precision instruments (usually controlled
by computer) and a large amount of data processing to reliably determine the position
of the broad diffraction peaks to achieve the required accuracy (0.01 degree at least).
Errors in XRD residual stress measurements can come from a variety of reasons and
are often difficult to detect, as previously mentioned.

(2) Stress gradients

The near-surface residual stress gradient is the rapid change of residual stress
with surface depth and the main source of systematic error, which directly affects the
use of XRD methods for non-destructive surface measurement. Presently, the measure
is averaged in all the penetration depth. Many surface treatments produce a residual
stress distribution that changes rapidly near the surface of the material. The
attenuation rate of the X-ray beam can be determined by calculating the linear
absorption coefficient from the density and the composition of the alloy. If XRD
measurements are performed at small increments of depth by electropolishing, the
true residual stress distribution could be calculated from the apparent distribution.

(3) Effects of prior processing

When using residual stress measurement to study SMAT, it is important to
realize that the residual stress distribution after SMAT depends not only on the SMAT

parameters used but also on the previous processing of the material. e.g., carburizing
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before SMAT. Liu et al. [108] studied the effect of surface nanocrystallization on
low-temperature gas carburization (LTGC) for AISI 316L austenitic stainless steel
treated with shot peening. The stress distribution can be observed under the surface of
the region with the decarburized surface layer on the same sample as the original
sample, and then the sample is electropolished to remove the decarburized layer. The
results show that even two regions are treated by the same shot peening conditions,
the residual surface stress in the decarburization area is greatly reduced.

(4) The ambiguity of results measured from the top surface

Non-destructive surface XRD residual stress measurements are often insufficient
to characterize the residual stresses produced by SMAT. All cold-grinding processes,
such as grinding, wire brushing, polishing, sandblasting, and shot peening, can induce
additional compressive surface stresses, usually of comparable magnitude. If several
micrometers are removed by etching, residual stress induced by SMAT can be
eliminated, and the surface stress would be nearly identical to the original one before
SMAT [20].

Stress uncertainties

It is worth noting that calibration of the XRD machine is initially performed by
use of a standard sample, especially to ensure that no stress arises from measurement
on a powder sample. Secondly, before each measurement, the height of the sample
surface is controlled and positioned with accuracy to avoid systematic errors.
However, as for other experiments, the residual stress measurement technologies are
not perfect, and imperfections cause measurement uncertainties in the measurement
results. In this case, uncertainty statements are required. The three main factors that
have the greatest impact on measurement uncertainty are the measurement
repeatability, the calculation of the stress constant K, and the slope fitting for stress
factor M determination.

One important for these uncertainties for XRD is the measurement of the
unstressed d-spacing. There are several ways to determine the unstressed lattice
spacing do. Since the difference between the lattice spacing value measured at y = 0
and the unstressed lattice spacing does not exceed 0.1%, the intercept can be
substituted by do. Residual stresses can then be calculated without reference to
unstressed standards. Another method uses data obtained during stress measurements.
If the stress state is biaxial, the method can be used to determine do from the d vs.

sin?y curve. The method of determining unstressed d-space influences the accuracy of
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measurements. Increasing do will reduce the magnitude of the measured residual
stress [109].

In addition to the above factors, many parameters may also cause measurement
uncertainties, such as the number of y angles of the siny technique, the peak position
method, the plane curvature, the aperture dimension, and the fluctuation of the beam.
However, X-ray diffraction is one of the most advanced methods that can be used to
determine residual stress. There are many improvements in the hardware and software
of XRD equipment and the calculation of correction factors to improve XRD
measurement accuracy. The residual stress measurement accuracy of the XRD
method is presently around + 20 MPa as it will be further proved. The penetration
depth of X-ray for 304L steel is around 20 pum for the considered wavelength and
geometrical measurement conditions [110], [111].

We will now propose a systematic treatment of the three above listed kind of
uncertainties:

(1) Uncertainty of the measurement repeatability

Three measurements were performed on the 304L steel, and the results are shown

in Tab. III-3.

Tab. III-3. Measurement results of residual stress for 304L steel.

Stress Average stress The standard Average Standard deviation of

component in austenite deviation of the stress in the stress in

6, (MPa) stress in austenite martensite martensite

s(x) (MPa) o (MPa) s(x) (MPa)
oy -154.2 6.8 239.1 5.8
0,5, 93.5 6.3 -88.1 2.1
o, -206.7 9.7 -70.8 1.9
O3 -49.2 52 88.1 2.9
O 36.1 2.3 34.6 1.1

The average value of the test results is calculated, and the standard deviation is
obtained. The uncertainty component introduced by the repeatability of the

measurement results U(o) is[112], [113]:

U(o)= % (111-26)
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where s(x) 1is the standard deviation, n, is the number of measurements (here

n, =3). The results are given in Tab. I11-4.

Tab. I1I-4. Uncertain component of repeatability.

Stress component Uncertain component of Uncertain component of
repeatability in austenite U(o) repeatability in martensite U(o)
(MPa) (MPa)
o, 3.9 33
(o 3.6 1.2
(o 5.6 1.1
O 3.0 1.7
Oy 1.3 0.6

(2) Uncertainty of the stress constant K

The operator will estimate or select a stress constant based on the material
information provided. The error & between the estimated value and the real value is
usually within £ 3%. The uncertainty of stress constant U(K) can be obtained by
[112], [113]:

oo,

N (11-27)

where o, is the average residual stress, k, is the confidence factor, usually %, =3.

U(K) =

The results are given in Tab. III-5.

Tab. I1I-5. Uncertainty of stress constants.

Stress component Uncertainty of stress constant in Uncertainty of stress constant in
austenite  U(K) (MPa) martensite U(K) (MPa)
(o 2.7 4.1
o, 1.6 1.5
o, 3.6 1.2
Oys 0.9 1.5
0,4 0.6 0.6

(3) Uncertainty of the stress factor M

The uncertainty of stress factor M obeys the uniform distribution. The

uncertainty of stress constant UM) s affected by many factors, and it is quite
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¢ UM)

difficult to determine. We assume that the value o is 1 MPa as proposed in

[112], [113]. The synthetic uncertainty is calculated as follows:

U,(0) =U*(0)+U*(K)+U*(M) (I11-28)

Tab. III-6 gives the synthetic uncertainty U, (o) for the different stress

components.
Tab. I1I-6. The synthetic uncertainty.
Stress component The synthetic uncertainty in The synthetic uncertainty in
austenite U.(0) (MPa) martensite  U.(c) (MPa)
oy 4.9 5.4
0, 4.1 2.2
oy, 6.7 1.9
O 33 2.5
Oy 1.8 1.3

According to international standards [112], [113], with a confidence probability

of 95% and a factor k; = 2, the expanded uncertainty U is:
U=kU.(0) (111-29)
Hence we can obtain the residual stress and corresponding uncertainties in

different directions for austenite and martensite as follows:

o, o0, 0,) (-1542+97 935482 —49.2+6.6
o' =|0y On Oy |=| 935£82 -2067£134 36.1+3.6 (I11-30)
o, 0, 0y) | —492+6.6  36.1+3.6 0
o, o0, o,) (239.1410.8 -88.1+4.4 88.1+5
0" =| 0, Oy Oy |=|-88.1244 -708+39 34.6%27 (I1-31)
o, Oy Oy 88.1+5  34.6+2.7 0

From Egs. III-30 and III-31, the von Mises residual stress in austenite and
martensite can be calculated, which are 318.4+25.2MPa and 367.2+18.2MPa ,
respectively. The hydrostatic stress in austenite and martensite can also be calculated,
and are —120.3+£8MPa and 56.1£4.9MPa , respectively. A negative hydrostatic
stress means that the residual stress in martensite is compressive. Thus, after SMAT,
due to the mutual mechanical constraints between the phases, austenite will be in a
compressed state, and martensite will be in a stretched state. This result is in good

agreement with previous studies [7].
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The residual stress of austenite on the top surface is 318.4+25.2MPa , and the
residual stress of martensite on the top surface is 367.2+18.2MPa . According to the
reference [114], the maximum residual stress of austenite is on the top surface while
for martensite, the maximum residual stress located below the surface (with an
average distance at 20 um). This is because, for austenite with lower hardness, plastic
stretching in the area on the surface dominates, and the maximum elongation occurs
on the surface and decreases with the increase in the depth towards the center.
However, on the surface for martensite with a higher hardness, due to the Hertz
pressure distribution below the surface, a significant maximum residual stress will
appear compared to our case. This is because the Hertzian pressure distribution under
the shot of an impact predicts the maximum stress at a point below the surface.

Fatigue cracks are not easily generated or propagated on the specimen surface
under compression, SMAT can push the crack initiation point beneath the
compressive residual stress zone, therefore, the slight surface roughness caused by
SMAT does not lead to a reduction of fatigue strength, when the roughness is severe,
the craters and folds produced by SMAT treatment may be the origin of the cracks,
SMAT treatment can actually reduce the fatigue strength, which 1is called
overtreatment, and overtreatment reduces the fatigue strength [115]. Previous studies
have shown that SMAT will affect fatigue strength, so it is important to quantify the
contribution of residual stress to fatigue strength [115], [116]. However, in reality, the
residual stress is usually subjected to mechanical and/or thermal loads, so the residual
stress may be redistributed and relaxed. The relaxation of residual stress reduces the
achievable benefits of shot peening and makes life prediction more difficult.
Therefore, studying the effect of effective shear stress after SMAT treatment on
residual stress may help predict the life of materials [117]. Since hydrostatic stress
does not cause yielding alone, we can find a plane of material called an octahedron
plane, in which the stress state can be decomposed into dilatation strain energy and
distortion strain energy. On the octahedron plane, the octahedral normal stress only
contributes to the expansion of strain energy. The remaining stain energy under stress

is determined by the octahedral shear stress and is given by:

1
Ty = 3\/(011 ~0,) +(0y, —03,)" +(03,—0,,)" + 6(6122 +05+ 0-321) (I11-32)

From Eq. 1II-32, the octahedral shear stress of austenite and martensite can be

calculated, which are 150.1+£11.9MPa and 173.1£8.5MPa, respectively. It can be
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seen that the octahedral shear stress of austenite is at least two times higher than that
of martensite. According to the reference [118], after shot peening, the introduction of
residual stress leads to an increase in the octahedron shear stress of the surface, and
this increase in the subsurface area is more obvious than in the surface area because

the residual stress amplitude in the subsurface areas is larger.

3.4.2 Nanoindentation

To understand the mechanical behavior of SMATed materials, it is important to
characterize the mechanical properties of the different mechanically deformed regions
at different depths, especially in the nanostructured layer. Characterization of the local
mechanical behavior of the nanostructured layer is quite difficult, because of its very
small thickness (from several microns to tens of microns, depending on SMAT
intensity). To measure the mechanical properties of small-sized materials,
nanoindentation can be used to measure the indentation hardness. This is interesting
because the indenter size and the load of the nanoindentation are relatively small, and
the smallest area that can be measured can reach a few square microns or even
nanometers [119].

For nanoindentation, the indenter has a known high-precision geometry. The
depth and the area of the indentation can be determined through the geometry of the
indenter. During the experiment, the indenter is subjected to an increasing load. The
tip of the head is pressed into the sample until a specific value is reached. In this
process, the load and the displacement of the indenter are recorded to draw the
load-displacement curve, and the mechanical properties of the material can be
analyzed through the load-displacement curve [120]. The nanoindenter XP
(nanoindentation, Knoxville, TN) is used in the present work. Nanoindenter XP
microprobe hardware consists of an indenter, a positioning microscope, and a
controlling hardware. A variety of tip geometries are available, including Berkovitch,
cube corner, and cone. Tab. III-7 gives the range and resolution of nanoindenter XP
with different load modes. For the indentation head assembly, the displacement
resolution is less than 0.01 nm, the total usable indenter travel is 1.5 mm, and the max
indentation depth is larger than 500 pm. For the load application by coil/magnet
assembly, the load resolution is 50 nN, and the load frame stiffness is 1*107 N/m. The
motorized x-y sample manipulation table is under computer mouse control.

Positioning accuracy is 1.5 pm, due to a high-performance vibration isolation system:
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Air isolation table and passive environmental enclosure. The optical imaging system
with 4X and 40X lenses is fully automated with computerized data acquisition and

control system.

Tab. I1I-7. The range and resolution of nanoindenter XP with different load modes.

Range Resolution
Displacement 1.5 mm <0.01 nm
DCM Mode: Loads 10 mN 1 nN
XP Mode: Loads 500 mN 50 nN
High Load: Loads 10N 50 nN

Nanoindentation can measure the mechanical properties of many materials, such
as Young's modulus, which describes the stiffness of the material and defines the
relationship between strain and stress in the elastic domain. Other measurements,
including fatigue, elastoplasticity, and viscoelastic deformation, can also be achieved
by nanoindentation [121]. Nanoindentation is also an important tool for measuring the
mechanical properties of small-sized materials, and the indentation depth can range
from tens of nanometers to more than one micron [122]. This technique has been
widely used by researchers all over the world to study elastic modulus, hardness, size
effect, sinking-in, and piling up.
3.4.2.1 Factors affecting nanoindentation on SMATed material

In conventional indentation testing, the projected area between the indenter and
the sample at maximum load, the depth of contact, and the stiffness at unloading are
usually used to calculate hardness and Young's modulus. Various errors may occur in
the process of obtaining these parameters, resulting in deviations from reliable and
accurate measurement results. Some of these factors are caused by environmental
changes, such as thermal drift during testing (because nano-indent displacement
sensors are sensitive to sub-nanometer displacements). Any thermal expansion of the
indenter, the indenter shaft, and the specimens during the test may be caused by
temperature changes and can be incorporated into the test results. The indentation
shape of the nanoindentation is also related to whether the indentation dimensions are
ideal, because the projected area is calculated based on the geometry of the
indentation. Other factors are material-related issues that may affect the validity of the

results, such as indentation size effects and piling up/sinking. The sensitivity of
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nanoindentation tests to these factors is the subject of ongoing researches. The most
common factors and methods are given as follows.

(1) Geometrical drifts

Two types of drift behavior may occur during nanoindentation testing, which will
affect the recording of depth data [123]. The first is the creep within the sample
material due to plastic flow when the force load is held constant. The problem can be
solved by increasing the peak holding time (duration held at peak loading). The
second type of drift is caused by dimensional changes caused by thermal expansion or
contraction of the device, which is called thermal drift, and it can cause errors in
actual depth data. To solve this problem, the rate of change of depth over time needs
to be measured for a constant load value during the indentation test.

(2) Piling up and sinking in phenomena

Young's modulus can be calculated by nanoindentation using the Oliver-Pharr
method of indentation, where the key parameters are the contact depth stiffness and
the projected area between the indenter and the material [124]. During the
nanoindentation test, piling up and sinking in phenomena may occur. Tabor in his
classic work (The hardness of metals) describes both phenomena as a noticeable
deformation of the metal around the indentation [125]. On one hand, the displaced
metal will squeeze upwards, forming a raised crater, which is called piling up. On the
other hand, metal tends to be depressed around the indentation, which is called
sinking in. The piling up and sinking in phenomena will affect the measurement
accordingly.

(3) Initial contact point

At the beginning of indentation test, the indenter needs to be in contact with the
surface. Ideally, the penetration depth is measured based on the level of the sample
surface, which is a function of the controlled load. However, in practice, the indenter
must be in contact with the sample surface before the depth measurement is
performed [123], [126], [127]. Therefore, it is necessary to make actual contact with
the sample surface to record the depth. To this end, an initial contact point is given at
the beginning of the test to bring the indenter into contact with the sample. This value
is usually set as small as possible to minimize the corresponding error. However, no
matter how small the initial indentation depth, there is always a corresponding error in

the indentation depth data. The initial indentation depth can be corrected by the Hertz
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equation, which gives the relationship between the load and the penetration of the
elastic response [123].

(4) Indentation size effect

Indentation size effects are usually observed during the nanoindentation of
certain materials, which is exhibited through the change of hardness and modulus
with indentation depth. According to references [123], [126], [127], continuously
measured hardness is a function of the depth of the indentation. For small depth, the
measured hardness is higher, but for homogeneous, isotropic materials, it is desirable
to measure a hardness/modulus value regardless of the indentation depth. There are
many reasons for this phenomenon, such as thinner layers than bulk materials,
residual stress, strain hardening during sample preparation and polishing, and friction
between the indenter and the sample. But all of the above factors can be minimized.
Although the effect can be minimized, the effect of indentation size is still observed
as a result of dislocation nucleation in the plastic region, especially for soft materials.

(5) Residual stress

Residual stresses are usually produced by inhomogeneous heat treatment, or local
plastic deformation involving bulk solids, films, or coatings used in various industrial
components [19]. The residual stress fields in these components affect their properties
(such as fatigue strength, wear, and fracture) and have a significant impact. In the
process of nanoindentation measurement, residual stress can affect the measurement
of hardness and Young's modulus, load-displacement curve, piling up, and true
contact area. For compressive residual stress, a higher indentation load is required to
reach a given indentation depth, and the nanoindentation unloading curve moves to
the left with low re<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>