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ABSTRACT

This work systematically investigates two of the most promising synthesis
methods for producing nanostructured (NS) materials: surface mechanical attrition
treatment (SMAT) and the electrodeposition (ED) process, and obtains the proper
conditions for fabricating NS materials in bulk form and studies the properties of
these materials.

The development of the fabrication process for NS materials begins with the
discovery of the superior mechanical properties of the materials with nano-sized
grains on the laboratory scale. The unique properties of NS materials and the ways to
produce them have drawn much attention from materials researchers. Recently, one
of the research directions for nanotechnology has been extended to the development
of the fabrication methods for generating NS materials in bulk form.

The SMAT process is one of the promising synthesis methods to fabricate bulk
NS materials. Exploiting the actuation of spheres at high velocity which results in
high strain-rate, SMAT facilitates the formation of nano-twins which render high
strength as well as high ductility. This project first examined the key parameters that
influence the effect of SMAT.

The effects of sizes, materials and numbers of balls on the ball velocity were
evaluated using a high-speed camera. The factors affecting the ball velocity were
examined by using images taken by the high-speed camera. The kinetic energy

transmitted from the balls to the treated specimens was computed and hence
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correlated with the tensile properties of the SMATed samples treated by different
numbers of balls; eventually, the relationship between the treatment efficiency and
the number of balls was determined. Transmission Electron Microscopy (TEM) was
adopted to examine the microstructures at different depths from the surface of the
treated samples. Using the measured velocity, a theoretical model was then
established to predict the strain-rate reached by a ball at different depths of the
treated materials. Simulation using a finite element method (FEM) was also
performed to reveal the plastic strain history of a ball on the treated materials. By
associating the strain-rate obtained from calculation and plastic strains from
simulation with the microstructures from TEM observations, the least requirement of
the strain-rate for the formation of twins with nanoscale spacing was evaluated.

Materials subjected to SMAT have a gradient structure with layers composed
of nano-grains having a thickness of about ~30 - 100 pum. To obtain NS materials
with favorable strength as well as desirable ductility, the selection of base materials
is crucial. One promising method for producing matrix materials in bulk form is the
ED process. It has the great potential to be applied to many different materials, and
can tailor the metallurgical structure and hence the properties of the electrodeposits
when the proper process conditions are chosen.

In this study, electrodeposits of thickness ranging from ~160 pm to 1 mm
were examined. In the general conditions for small-mass production scale, the effect
of process parameters, including the current type, the current density and the
deposition duration was studied. Tensile property tests were carried out, both in situ
and in vitro, to reveal the microstructure-property relationship. Scanning Electron
Microscopy (SEM) was used to observe the fracture mechanism and the morphology

of the electrodeposits. Focus ion beam (FIB) and electron backscattered diffraction
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(EBSD) techniques were employed to exhibit the structures and grain orientations,
respectively. TEM observations were carried out to statistically summarize the grain
size and twins thickness distribution of the electrodeposits obtained in various
durations. The relationship between the ED duration, electrodeposits thickness, and
grain size and twins thickness was revealed. Texture characterization was performed
by X-ray diffraction (XRD), which showed the strong relation of texture of the
electrodeposits and the process duration. EBSD was further used to demonstrate the
relation of the texture and the structure of the electrodeposits. An analysis from the
point of view of Hall-Petch relation and strain hardening exponent showing the
comparable properties of this study with the other literatures, is presented. The
process conditions used in this study were applicable to produce NS materials with
desirable strength, ductility and sufficient thickness.

The effect of SMAT on the electrodeposits was studied. Tensile properties,
microstructures and textures of the SMATed electrodeposits were examined. The
results demonstrated that the NS matrix obtained by the ED process with sufficient
thickness retained desirable ductility after employing SMAT technology, and the

SMAT process further enhanced the strength of the electrodeposits.
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Chapter 1: INTRODUCTION

1.1 Research Background and Significance

Nanostructured (NS) materials, which were firstly introduced as
nanocrystalline (NC) materials, have unprecedented mechanical properties over the
conventional coarse-grained counterparts owing to the composition of grains with
sizes in the nano-scale regime. The extraordinary characteristics have directed
significant worldwide attention to this research area during the past two decades.

In 1959, Physicist R. Feynman delivered a significant talk entitled ‘There’s
plenty of room at the bottom’[1], raising the concept of nanomaterials, which not
only named him as the father of nanotechnology, but also led to the designing of
structure starting from the atomic scale. However, not until 1983, did the prominent
possibility on producing ‘microcrystalline materials’ [2] specified by H. Gleiter and
his co-workers once again raise the research interest in this area. After his landmark
paper published in 1989 [3] which further resulted in a tremendous response from
researchers in materials science, thousands of papers on this topic then appeared.

Targeting at revealing the potential ultra-high strength underlying structures
and the structure-property relationships of NS materials, materials scientists have
extended their interest in developing processes in producing materials with minimum
grain size on the nano scale. The bottom-up and top-down approaches for obtaining

NS materials correspondingly by consolidating small clusters and breaking down the
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polycrystalline bulk materials into crystalline units with dimensions of nanometers
were used. The early developed fabrication methods, such as inert gas condensation
(IGC), chemical vapor deposition (CVD) and pulse electron deposition (PED), were
successful in obtaining NS materials with a grain size of a few nanometers.
Nevertheless, these techniques are quite costly and are limited on the laboratory
scale. The materials obtained by them easily suffer contamination and porosity.
Owing to the extraordinary physical, chemical and mechanical properties of
NS materials, there is a consistent quest to process these materials in bulk form for
technological application. Therefore, researchers, on one hand, persist in exploring
the structure-property relationship of NS materials, while on the other hand, they
have directed their focus to the development of the synthesis methods. Some
technologies, such as severe plastic deformation (SPD), mechanical attrition (MA),
surface mechanical attrition treatment (SMAT) and electrodeposition (ED), have
shown their potential availability. Using these synthesis methods, however, the
theoretical ultra-high strengths of the materials are not yet achieved and the ductility
is still too low. The proper parameters used in the synthesis process have not been
acknowledged. The capability of these methods in producing higher strength and
high ductility of bulk NS materials has not been fully uncovered. To implement the
incentive of producing such materials in bulk form, studies on the control of

parameters in the synthesis process are essential for further developments.

1.2 Aim and Objectives

A thorough understanding of the fabrication process is essential for its further

development and for tailor-making the advanced materials with desirable properties.
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Surface Mechanical Attrition Treatment (SMAT), an efficient way to create
nanostructured surface/subsurface layers, has been widely exploited in the last
decade [4]. Extensive research efforts have focused on the evolution of
microstructures of the materials subjected to this treatment. When the SMAT process
is adopted alone, rather low ductility is always the price needed to pay for obtaining
high strength. Nevertheless, owing to the simple implementation and low cost in
fabrication, it is still one of the most promising synthesis methods to produce NS
materials in bulk form for industrial applications. SMAT has been successfully
applied to many materials, yet in-depth investigation on the measurement and effect
of the parameters in the treatment and henceforth their relationship with the resultant
mechanical properties and associated microstructures is still very limited.

Electrodeposition (ED) has been developed since the early 17th century and
has recently been applied to the creation of nanostructures. It is also one of the most
practical and low cost processes to synthesize NS materials with few shape and size
limitations. Limited experimental studies have been performed beyond the laboratory
scale. The properties and structure of NS materials were found to be quite sensitive
to the dimensions and operating conditions. It is noticed that finished materials with
tailoring properties according to applications can be obtained by modifying the
process conditions.

This project aims at studying the feasibility of combining SMAT and
electrodeposition technologies to produce nanostructured materials in bulk form,
which possess relatively better strength with desirable ductility as compared with

their pristine form. The objectives of the project are:
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B To study different parameters that affect the mechanical properties of
materials through experimental, theoretical and numerical analyses (FEM) in
the SMAT process;

B To experimentally study the micro-structural properties, in relation to the
mechanical performance of the materials produced by conventional direct
current (dc) electrodeposition and;

B To explore the feasibility of combining SMAT and electrodeposition to
produce bulk nanostructured materials for evaluating the potential extension to

industrial applications.

1.3 Outline

A comprehensive literature review is presented in Chapter 2 which provides an
overview of the background of NS materials and the fundamentals of recent
approaches for their synthesis methods. A brief introduction and the pros and cons of
the most widely used fabrication technologies are presented with a highlight on
electrodeposition (ED) and surface mechanical attrition treatment (SMAT).

Chapter 3 introduces the investigation methodology and equipment used in
this work, which includes scanning electron microscopy (SEM), transmission
electron microscopy (TEM), X-ray diffraction (XRD), electron backscattered
diffraction (EBSD), focused ion beam (FIB), tensile property test, In-situ tensile
property test, SMAT machine and electrodeposition equipment.

An experimental study of the SMAT process with theoretical and numerical
analysis (FEM) is presented in Chapter 4. The impact ball velocity and its effect on

the resultant mechanical properties and the microstructures are investigated. By
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employing a high-speed camera, the ceiling impact velocity of a ball is quantified,
and henceforth the factors affecting this velocity are exhibited. Furthermore, the
optimum number of balls which is related to the treatment efficiency for improving
their tensile properties is identified. Based on the detailed knowledge of the ball
velocity obtained, the strain-rates at different depths of the treated materials are
estimated using a theoretical model and the strain distribution was simulated using
finite element method (FEM). The correlation between the resultant microstructures
and the strain/strain-rate history of the material are then explored.

A detailed study of the ED process is performed in Chapter 5. The effect of the
parameters, such as the power type, the current density and the duration, is addressed.
Experimental investigations on the microstructures of electrodeposits of different
thicknesses by means of TEM are focused on. The relationship between the samples
with different grain sizes obtained by varying process durations and their tensile
properties is discussed in accordance with the corresponding fracture behaviors. The
textures of samples of different thicknesses obtained by XRD are also demonstrated.
Hence, the optimized conditions for further development are identified.

On the basis of the optimum conditions obtained in the above two chapters, a
potential novel material is produced by combining SMAT and ED technologies and
the feasibility of this method is investigated in Chapter 6. The electrodeposits with
desirable microstructures and thickness are first produced by ED technology, which
are then subjected to SMAT. The microstructures at different depths of the SMATed
samples are evolved. The tensile properties are then examined. The optimized
conditions of the SMAT process for the electrodeposits are elucidated.

Finally, main conclusions of this project are drawn in Chapter 7. Some

thoughts on possible areas for future research will also be proposed.
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The flow chart of this work is illustrated as follows:

Development of SMAT and Electrodeposition Process for Generating

Nanostructured Materials and Study of Their Properties
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Chapter 2: LITERATURE REVIEW

Nanostructured (NS) materials have outstanding properties compared with
their conventional coarse-grained pristine form, for example, high yield strength and
high hardness, etc. Such advantages have prompted many researchers to manipulate
and optimize the microstructures of NS materials and to achieve their theoretical
strengths in the past two decades [3, 5-9]. In this review, a brief introduction of the
definition and the background of NS materials are presented. Mechanical properties
of NS materials, especially face center cubic (fcc) metals are focused on. The recent
approaches adopted to produce NS fcc metals are presented. Then the most widely
used synthesis methods are introduced, while electrodeposition (ED) and surface

mechanical attrition treatment (SMAT) are highlighted.

2.1 Definition and Background

In the early stage, according to Gleiter, NS materials were solids composed of
structural elements - mostly crystallites - with a characteristic size (in at least in one
direction) of a few nanometers [6]. Recently, they are usually defined as
polycrystalline solids with average grain size of no larger than 100 nm [7], while
sometimes loosely ranging from 1 — 250 nm [10]. A grain size that falls into the

regime between the upper limit of the NS materials and micrometer is termed
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‘ultra-fine grain’. When the NS materials are applied in bulk form, they are termed
‘bulk NS materials’, which are defined as bulk solids with nanoscale or partly
nanoscale microstructures [11].

Before the significant talk delivered by Feynman [1] and remarkable paper by
Gleiter [3], NS materials had already stemmed from the discovery of the
too-small-microstructures of aluminium alloys to be resolved by optical microscopy
by Wilm [12] since 1906. The phenomenon of property enhancement owing to
microstructural refinement was explained by Merica, Waltenberg and Scott in 1919
[12], and was first inferred by the X-ray studies by Guinier and Preston in 1938 [12].
With the development of the sophisticated methods, such as TEM and XRD, the
speculation of the relationship between optimized properties and refined
microstructures was then proved. In the 1980s, Gleiter and his coworkers [2, 3]
successfully synthesized ultra-fine-grained materials by in-situ consolidation of
nanoscale atomic clusters and henceforth peaked the research interest of this area in
modern material science in the past two decades.

NS materials can be classified in many ways. Some may classify them simply
based on the grain size. Seigel [13] classified them into four categories according to
their dimensionality: O0D-nanoclusters; 1D-multilayers; 2D-nano-grained layers;
3D-equiaxed bulk solids. Gleiter [6] further classified the NS materials according to
composition, morphology and distribution of nanocrystalline component, which is
widely adopted, as shown in Fig. 2.1. According to the shape of the crystallites, three
categories of nanomaterials may be distinguished: layer-shaped -crystallites,
rod-shaped crystallites (with a layer thickness or rod diameter in the order of a few
nanometers), and nanostructures composed of equiaxed nanometer-sized crystallites.

On the basis of the chemical composition of the crystallites, the three categories of
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nanomaterials may be grouped into four families: (1) all crystallites and interfacial
regions with the same chemical composition; (2) the crystallites with different
chemical compositions (multiple phases); (3) the NS materials with compositional
variations primarily occurring between the crystallites and the interfacial regions;
and (4) the nanometer-sized crystallites dispersed in a matrix of different chemical
composition. The NS materials consist mostly of crystallites. This classification

broadly presents the possible permutations of NS materials.
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crystallites Same Different Composition of Crystallites dispersed
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FIG. 2.1. Classification scheme for nanostructured materials according to their
chemical composition and their dimensionality (shape) of the crystallites (structural
elements) forming the nanostructure. The boundary regions of the first and second
family are indicated in black to emphasize the different atomic arrangements in the

crystallites and in the boundaries [14].
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2.2 Mechanical Behavior of Structural NS Metals

As it is known, properties of materials can be dramatically improved by
reducing the grain size while keeping the composition unchanged. The unique
mechanical responses owing to the materials with nano-grains inspired most of the
recent research works. In this project, mechanical performance of NS metals is the
main concern. Therefore, some of the state of the art mechanical responses of
structural NS metals, such as Hall-Petch effect, yield strength and hardness, ductility
and strain-rate sensitivity are focused on in this section, which are detailed in the

following.
2.2.1  Hall-Petch effect

The theory of the relationship between grain size and strength was firstly
introduced by Hall [15] and Petch [16] independently in the 1950s. They began with
the study of different behaviors. Hall studied the factors that influence the
mechanical properties of mild steels, and proposed the relationship between the yield
stress of a single crystal and the maximum length of the slip band (which is related to
the grain size). Meanwhile, Petch focused on the brittle failure of steels and
suggested the relationship between cleavage strength and mean intercept length
(which is proportional to grain size). The similarity between the behaviors of
cleavage and yield strength was attributed to the fact that yield strength involves
shear stresses while cleavage involves normal stresses. Therefore, they drew the
same conclusion which is now known as the Hall-Petch relation suggesting that yield

stress increases with the inverse of the square root of the grain size:

o, =0,+kd"?, 2.1
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where o is the yield strength for materials with grain size d; o, the friction

stress; and k£ a constant. It should be noted that the materials that Hall and Petch
studied were of the conventional coarse-grained pristine form, and the deformation
mechanism of such materials was induced by dislocation pileups and motions. Hence,
the extrapolation of the materials with smaller grain sizes of the Hall-Petch trend
needs to be verified.

Recently, there have been a number of papers which reported the breakdown
in the Hall-Petch trend [17-21] when the grain size falls to a few tens of nanometers.
Koch [22] suggested that this breakdown was attributed to the different deformation
mechanisms becoming dominant once the grain size was reduced to below a critical
value. Chokshi et al. [18] were the first to report the negative Hall-Petch effect on Cu
and Pd samples produced by IGC. They concluded that the reason for causing this
effect was the existence of diffusional creep in NS samples at room temperature
which was similar to the grain-boundary sliding in conventional coarse-grained
samples at high temperature. Meanwhile, Weertman [23] suggested that the negative
effect should be attributed to the presence of flaws in the materials and the repeat
annealing of the single crystal to obtain different grain sizes in Chokshi’s
experiments.

Meyers et al. summarized the Hall-Petch trends for a range of grain sizes from
the micro to the nanocrystalline from different sources for four different metals: Cu,
Fe, Ni and Ti, which is shown in Fig. 2.2 [10]. The significant decrease in the slope
for small grain size and diverse data points at grain sizes below ~10-15 nm were
observed. While there is insufficient information to reach agreement at this stage,

debate on the existence of a Hall-Petch negative effect is still ongoing.

11
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FIG. 2.2. The trend of yield stress with grain size for different metals as compared to
the conventional Hall-Petch response: (a) copper; (b) iron; (c) nickel; (d) titanium

[10].

2.2.2  Yield strength and hardness

Experimental data accumulated so far indicates that ultra-high strength which
is several times that of the coarse-grained counterparts, is almost a given property of
NS materials [3, 10, 11, 13, 18, 19, 22, 24-35]. This is true for both yield strength
and hardness, which also obeys the Hall-Petch relation by replacing the yield stress
(o) in Eq. 2.1 by hardness (H) [27].

However, the Hall-Petch extrapolation and the theoretical strength of a

crystalline lattice are still scarcely achieved. Taking Cu as an example, the recent

12
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experimental data showed quite a large degree of deviation from the conventional
Hall-Petch relation as shown in Fig. 2.2 (a). The deformation mechanism, as
suggested by Koch [22] and addressed in the previous section, may be one of the
main factors causing this difference. Schigtz et al. [36] proved this saying by using
molecular dynamics simulations (MDS) with system sizes up to 100 million atoms to
simulate plastic deformation of NS Cu. The simulation result showed that the
deformation mechanism changes from dislocation-mediated plasticity in the coarse-
grain regime to grain boundary sliding in the NS region. However, the theoretical
maximum strength obtained from simulations was still as high as 2.5 GPa as the
Hall-Petch relation proposed. Beyond the critical grain size, like 10 nm, the
softening effect was observed. In practice, except produced in whiskers form, which
is extremely small in size and dislocation-free, the theoretical yield strength has not
been reached so far [37]. Hence, processing bulk form NS materials to achieve the
theoretical yield strength and studying the corresponding deformation mechanism

are still the worldwide challenges.

2.2.3  Ductility

Low ductility is always a trade-off for ultrahigh strength for materials with
grain sizes of a few tens of nanometers [4, 38, 39]. Several reports showed virtually
no strain hardening after an initial stage of rapid strain hardening over a small plastic
strain regime (~1- 3%) which is different from the response of conventional coarse-
grained metals [29, 37, 40, 41]. In the conventional grain size regime, the reduction
of grain size results in increasing ductility by impeding the dislocation motion.
However, the limitation of the intra-granular dislocation activity resulting from

further reduction on grain size in nanoscale region lowers the ductility. It is believed

13
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that the mechanisms of plastic deformation not only enhance the strength as
mentioned in the previous subsection, but also significantly affect the ductility.

Since it is still difficult to produce artifact-free NS materials to reveal their
inherent mechanical properties, MDS were hence widely used in exploring the
underlying deformation mechanisms [36, 42-47]. It seems that an agreement has
been reached for the existence of three regimes conforming to the relationship
between the plastic deformation mechanisms and the grain size, d, by several
atomistic simulations [42-48] and a few experimental studies [49, 50], as illustrated
in Fig. 2.3. However, it is possible that these mechanisms may vary to a certain

degree with different materials, particularly in regime II (10 nm < d <1000 nm).
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FIG. 2.3. Schematic illustration of three regimes suggesting the relationship of the

plastic deformation mechanisms by molecular dynamics simulation.

According to Conrad [42] in his study of Cu, in regime I (d >1000 nm), the
intersection of pyramidal forest dislocations controlled the rate of plasticity. The
major effect of grain size in this regime was on the mobile and forest dislocation

densities. In regime II (10 nm < d <1000 nm), grain boundary shear promoted by
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dislocation pile-ups was the dominant mechanism and the main effect of grain size
was on the number of dislocations and on the number of grain boundary atom sites.
In regime III (d < 10 nm), grain boundary shear and sliding governed the plastic
mechanism, and the intra-granular dislocation activity was limited. The effect of
grain size in this domain was on the number of grain boundary atom sites. The
results from other studies [42-50] agreed with the different mechanisms proposed by
Conrad well for regime I and III. However, with the later discovery of special
structures, such as nano-twins [51] and partial dislocations emitted from grain
boundaries [49], the knowledge of plastic deformation mechanism for regime II is
updated from time to time and is still not yet fully understood.

Processing NS materials with desirable ductility is a long-term challenge, as
low (or absence of) strain hardening behavior, which causes localized deformation
leading to low ductility, has always been observed for samples obtained by equal
angular channel pressing (ECAP) [41], powder consolidation [29] and SMAT [40].
Recently, several routes, such as annealing [52], developing bimodal model [53] and
inducing twinning [51], have been employed to reduce the loss of ductility. By
relieving the stress between the grain boundaries, annealing regains the ductility
while sacrificing a certain amount of strength. By creating the nano- micro- scale
structure, materials with bimodal structure may have a large gain in work hardening
and are able to achieve the uniform strain with only a small loss of strength.
Twinning with nano-scale spacing saves room for dislocation storage and helps
strengthen the materials further upon tensile straining. It is possible that some
approaches can be applied together to supplement individual disadvantages if the
conditions are carefully chosen [52]. This is a global challenge for synthesizing NS

materials with desirable ductility for industrial applications without giving up too
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much strength. Furthermore, contributions of experimental data for testifying the
results of MDS and for completing the story of the intermediate region (10 nm <d <

1000 nm) are essential for the development of NS materials.
2.2.4  Strain-rate sensitivity

There are quite a number of studies reporting extraordinary strain-rate
sensitivity when the grain size in metals is decreased [54-65]. Results on decrease in
strain-rate sensitivity at the critical grain size for body center cubic (bcc) NS metals
[66] and opposite effect for fcc NS metals were reported [55]. In this chapter, a
review of fcc NS metals is the focus.

The engineering parameter measuring strain-rate sensitivity, m, is commonly

defined as

m=289) 22)
Ologe|,

T
where o is the flow stress and & the corresponding strain-rate; m, is one of the key
engineering parameters for controlling and understanding the deformation in metals.
For example, a highly strain-rate sensitive material, such as Cu, is expected to resist
localized deformation and hence to be ductile. With decreasing grain size, an
increase in m — value is recorded.

Fig. 2.4 summarizes the variation of m as a function of grain size d and twin
lamellar spacing A for Cu samples from some of the recent important literatures [33,
54, 56, 57, 67, 68]. The trend clearly showed that as the grain size and twin lamellar
spacing decreased, m increased significantly, especially for grain sizes under 100 nm.
The reading m for the grain size of 10 nm was 0.06, which is much larger than that of

conventional coarse-grained Cu (about ~0.002). The little variance shown in the
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figure is attributed to the different sample synthesis methods and different testing
methods. An exceptional one was obtained by ECAP with 16 passes [33]. The reason
for such an extraordinary high m is not discussed in the paper; however, some
researchers believe that it was due to the switch of mechanism to thermally-activated
dislocation annihilation at the grain boundaries [10].

Since m is also inversely proportional to the activation volume V, the increase
in m indicates that the activation volume for grain-boundary diffusion processes
decreases. Hence, the dominant mechanism is changed from cutting of forest
dislocations to inducing large numbers of grain boundaries and/or sub-grain
boundaries that serve as obstacles to dislocation motion. A sufficiently large m (0.5-
1) may help resist inhomogeneous deformation and delay the onset of necking
according to the Hart’s criterion [69] for a rate-sensitive material, and results in the
improvement of tensile ductility. If m is indeed elevated, it may be made good use of

to prolong nearly uniform elongation which is always the global challenge for

researchers.
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FIG. 2.4. The variation of m as a function of grain size d and twin lamellar spacing A

for Cu samples from some of the important literatures [54, 56, 57, 67, 68].
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2.3 Approaches

NS materials can be prepared by a variety of methods based on the ‘top-down’
and ‘bottom-up’ approaches. By introducing a sufficiently large total area of grain
boundaries into the material, the former transforms a coarse crystalline bulk material
into a nanocrystalline state. Meanwhile, the latter attempts to prepare bulk
nanocrystalline samples from nanometer-sized particles formed in the gas phase or in
a liquid reaction solution. Some of the widely used measures are described as

follows:

2.3.1 Dislocation induced grain boundary

For the synthesis methods employing a top-down approach, dislocation
induced grain boundary is one of the most common ways to produce nanostructures.
By creating a large number of dislocations by work hardening like ECAP and
high-energy compressive impact forces (e.g. ball mills and attrition mills), materials
with sufficiently high volume fraction of grain boundaries are produced. Hence, the
grain size can be reduced to an ultra-fine or nano-scale level depending on the
operation conditions of the synthesis methods. The typical synthesis methods using
this measure are severe plastic deformation (SPD) [9, 33, 41], mechanical attrition
(MA) [70-75] and SMAT [4, 31, 32, 39, 40, 76-85].

It is capable of producing grains with sizes down to a few nanometers.
However, materials produced by this approach are always rather brittle. Subsequent

treatment for enhancing ductility is usually needed.
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2.3.2  High strain-rate/-low temperature

As NS materials always suffer from brittle behavior, recent results show that
the introduction of nano-twins lamella to materials may strengthen them while
retaining desirable ductility [7, 51, 57, 86, 87]. However, it is not easy for materials
with medium to high stacking-fault energy (fcc metals) to produce twinning. One of
the ways to significantly induce nano-twins into these materials is to employ
sufficiently high strain-rate (10* — 10® s) treatment and / or at cryogenic
temperatures (~77K) [58]. These methods are usually adopted by the synthesis
methods with a top-down approach, such as SPD and SMAT. It should be noted that
the combination of operation parameters should be carefully chosen; otherwise, too
high a strain-rate may result in the over-deforming of the materials; on the contrary,
insufficient strain-rate may not enable the potential properties to be reached.

Some recent results show that NS copper treated with SPD with low strain-rate
and room temperature also produce a nano-twins structure [88, 89] via a grain
boundary mediated twinning mechanism [88]. Nevertheless, this observation is

rather new; henceforth more experiments are necessary to verify this.
2.3.3  Twinning

Heavy twinning whose boundaries serve as barricades restricts the motion of
dislocations and thus enhances the strength of the materials. On the other hand, when
a dislocation encounters a twin boundary, partial dislocation can be generated and
hence increases the ductility [49, 90, 91]. There are two types of twins which are
commonly considered: mechanical and growth twins. Mechanical twins [40, 86, 90,
92] are the twin structures obtained from extreme deformation regimes as mentioned

in the section 2.3.2. Meanwhile, growth twins [51, 53, 57, 87, 93, 94] are usually
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obtained from annealing, recrystallization and electrodeposition. Both mechanical
and growth twins play significant roles in NS materials.

Mechanical twins are induced in materials by those synthesis methods
adopting the top-down approach, such as SPD, MA and SMAT. As aforementioned,
it is hard for fcc metals to produce mechanical twins as the twinning stress is directly
related to the stacking fault energy which is always medium to high for this kind of
metal. It appears that mechanical twinning and slip compete with each other in
playing roles in NS materials. When the grain size reduces to a few tens of
nanometers, even higher shock pressures have no further effect on generating
twinning [95]. In this grain size range, the dislocation activity has become difficult,
and hence grain rotation and grain boundary sliding take places instead [91].

Growth twins can be induced in materials via annealing, recrystallization and
electrodeposition. The former two means are top-down approaches which can
produce microstructures consisting of a combination of nanoscale/-ultra-fine grains
(80-200 nm) in the coarse grain matrix resulting in optimizing strength and ductility
[53]. The grain size distribution contributes to provide room for significant strain
hardening which prevents localized deformation and premature fracture.

Another kind of growth twins obtained by the bottom-up approach,
electrodeposition, has drawn the enormous attention of researchers since Lu et al. [93]
demonstrated the availability of electrodeposited nano-twins Cu with tensile
strengths about ten times higher than that of the conventional coarse-grained pristine
form. This nano-twins Cu has ultra-high strength and desirable ductility (~14%)
which is also much higher than that of NS Cu (~1%). This kind of twins grows in
particular conditions: pulse power type, relatively high current density and in

well-controlled oxygen and hydrogen contents. This strengthening ability is believed
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to have originated from the coherent nano-scale twin boundaries interacting with
dislocations [96]. By reducing the thickness of twins via increasing the deposition
rate by 10 nm/s in the electrodeposition process, different combinations of strength
and ductility can be obtained. However, it is noted that the thickness of test samples

are in the thin film range (150 - 200 um) and the sample size is rather small.

2.3.4  Surface nanocrystallization (SNC)

Most material failures such as fatigue fracture, fretting fatigue, wear and
corrosion, etc., are very sensitive to the structure and properties of the material
surface and hence occur on the surface in most cases. Optimizing the surface
structure and properties may effectively enhance the global behavior of materials. By
employing NS surface layer, it is possible that the overall properties of materials can
be improved without changing the chemical composition. This was the incentive for
Lu et al. to develop the concept of surface nanocrystallization (SNC) of bulk metallic

materials in 1999 [79].
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Based on the basic concept of NS materials and their formation mechanism,

three types of SNC approaches are proposed, as shown in Fig. 2.5:

. 888 _c
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FIG. 2.5. Schematic illustration of three types of SNC approaches: (a) coating or
deposition; (b) surface self-nanocrystallization; (c) hybrid surface nanocrystallization

[79].

a. Surface coating or deposition

The first type of SNC approach is surface coating or deposition as shown in
Fig. 2.5(a). A nanocrystalline (NC) surface, denoted as n-B in Fig. 2.5(a), is
deposited or coated with either nanometer-sized isolated particles or polycrystalline
powders with nano-sized grains by technologies such as physical vapor deposition
(PVD), chemical vapor deposition (CVD), plasma processing, sputtering, IGC and
electrodeposition (ED). The NC surface layer and the matrix can be made of
different or the same kind of materials. The main factors in this process are the
bonding of the NC layer with the matrix and the bonding between particles while

maintaining the nanostructure.
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b. Surface self-nanocrystallization

The second type of SNC approach is surface self-nanocrystallization as shown
in Fig. 2.5 (b). Transforming the surface layers of the materials into nanoscrystalline
states while keeping the overall composition and-/or phases unchanged, this type of
SNC can be achieved by means of mechanical or thermal activation. Materials with
gradient microstructure from nano-scale at the top surface to coarse-grained matrix
can be obtained.

Mechanically induced surface self-nanocrystallization (MISS-NC) creates an
NS surface layer by contact loading with repeated multidirectional severe plastic
deformation. With such loading, shear bands consisting of arrays of high-density
dislocations are formed at the first stage. Continuous loading results in grain
refinement with small angle grain boundaries created by dislocation annihilation and
recombination. Further treatment changes the orientation of the grains, which results
in the formation of a random-oriented NS surface layer. This approach can be
achieved by techniques such as rolling and SMAT, which will be further discussed in
the next section. Temperature control during MISS-NC is usually employed to
optimize the mechanical behaviors. The optimization results are found to depend on

the operation conditions.

c. Hybrid surface nanocrystallization

Specific properties can be obtained by the combination of the pre-treated NS
surface layer with a chemical, thermal or metallurgical process, as shown in Fig. 2.5
(c). This approach is Hybrid surface nanocrystallization which facilitates chemical
processes, like catalysis, diffusion and surface chemical combination, on the NS

surface layer. The composition and phases in this layer are consequently modified to
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enhance its reactivity. It is one of the widely used approaches to produce a platform

for growing high-density lengthy nanowires.

2.4 Synthesis Methods

As aforementioned, the fabricating history plays a crucial role on the
mechanical behaviors of NS metals. For example, the early discovery of reduction of
Young’s Modulus in NS metals obtained by IGC [29, 97], was believed to be one of
the extraordinary properties of NS metals. Later, the subsequent work on the
porosity-free materials produced by the improved fabricating methods showed that
the intrinsic elastic moduli of NS materials are essentially the same as those for their
conventional coarse-grained counterparts [98] until the grain size becomes extremely
small (e.g. <5 nm) [11]. It seemed that the early misleading results were due to the
flaws like porosity and incomplete bonding among the grains obtained in the
fabrication process [29, 97]. Therefore, the effect of the synthesis methods should be
carefully considered when studying the mechanical behaviors of materials. Since the
discovery of the superior properties of the NS materials, a number of principal
synthesis methods for production of NS materials have been developed. In this
section, five of the most common ones, i.e. inert gas condensation (IGC), mechanical
attrition (MA), severe plastic deformation (SPD), electrodeposition (ED) and Surface

Mechanical Attrition Treatment (SMAT), are discussed.
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2.4.1  Inert gas condensation (IGC)
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FIG. 2.6. Inert gas condensation (IGC) technique [10].

The inert gas condensation (IGC) technique [99, 100], a bottom-up approach,
was the first successful approach to produce NS materials and has set a platform for
the early important studies of their mechanical properties [23, 29, 101]. The
schematic drawing of this technique is shown in Fig. 2.6. In IGC processing, an
evaporative source is used to generate the powder particles, which are convectively
transported to and collected on a cold substrate by means of interactions between the
hot vapor species and the much colder inert gas atoms in the chamber. This process
has to be carried out under ultra-high vacuum conditions to guarantee the cleanliness
of the particle surfaces and a minimum amount of trapped gases. In-situ
consolidation is almost a necessary follow-up process to improve the density of the

NS metal obtained by IGC.
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IGC is one of the most common synthesis methods for producing NS materials
in experimental quantities. This process has the advantage of production of equiaxed
crystallites which have sizes of a few nanometers with a narrow size distribution.
Many kinds of NS materials can be obtained by this method. However, there exists
the possibility of contamination of powders and porosity due to insufficient
consolidation. Also, there is the possibility of imperfect bonding between particles.

These greatly affect the behavior of NS materials.

2.4.2  Mechanical attrition (MA)

FIG. 2.7. Mechanical attrition (MA) as a means of synthesis of NS materials.

Mechanical attrition (MA) is a convenient top-down approach by exerting
strain-rate and dislocations onto the materials to reduce the grain sizes [70-75,
102-104]. This process can be achieved through ball milling, repeatedly fracturing
and cold welding [70-75, 102-104]. It is also called mechanical alloying. The setup is
shown in Fig. 2.7. The grain size decreases with the increase of milling time [75].
When the time is sufficient, the shear bands and mechanical twins are also formed

[75].

26



Chapter 2: Literature Review

MA is a simple and convenient synthesis method which results in high
materials yield and is capable of being applied to a wide variety of materials. It also
has potential for large quantity production. However, it is difficult to avoid the
introduction of impurities into the powder in the form of wear debris arising from the
milling chamber and balls, and the introduction of a significant amount of
microstrains into the nanocrystals which may result in undesirable mechanical

properties.

2.4.3  Severe plastic deformation (SPD)

Plunger .
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FIG. 2.8. Principles of SPD methods: (a) torsion under high pressure; (b) ECA
pressing [105].

Severe Plastic Deformation (SPD), a top-down approach, refines the
microstructure in bulk billets by means of heavy straining under high imposed
pressure [9, 33, 105-114]. It is one of the most widely used processes for producing
bulk ultra-fine grained materials. There are several available SPD methods, and the

most commonly used ones are high pressure torsion (HPT) [113] and equal channel
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angular pressing (ECAP) [106]. A schematic illustration of these two methods is
shown in Fig. 2.8.

Fig. 2.8 (a) shows the principle of HPT. A disk-formed sample with a diameter
of 10-20 mm and a thickness of about 1 mm is held under high pressure and then
subjected to straining in torsion under the applied pressure of several GPa. The lower
anvil turns and friction forces result in shear straining of the sample. Materials
obtained by HPT have the advantage of producing exceptionally small grain sizes,
often in the nanometer range (<100 nm). HPT also has the ability to process brittle
materials such as intermetallics and semiconductors. Nevertheless, specimens
processed by HPT are confined to be a small size.

ECAP is a process to obtain bulk ultra-fine grained materials by means of
pressing the sample through a special die via pure shear. The principle of ECAP is
shown in Fig. 2.8 (b). The die consists of two channels, which are equal in cross-
section and intersect at an angle, ¢. The angle is generally 90°. The sample is first
machined to fit the channel. It is then pressed down by a plunger and is forced round
the sharp corner. In ECAP, the strain imposed on the sample greatly depends on the
channel angle between the two channels, as well as the angle defining the outer arc
of curvature where the two channels intersect. An ultra-fine grained structure with
rather wide distribution is then obtained with desirable elongation.

SPD methods have been successfully developed to produce NS materials in
bulk form. They also show their applicability to various metals. Nevertheless, the
problems of fabricating NS materials with larger dimension and sufficient

homogenous structure still exist.
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2.4.4  Electrodeposition (ED)
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FIG. 2.9. Electrodeposition setup: (a) direct current; (b) pulse electrodeposition.

Electrodeposition (ED) is a bottom-up approach, and has been developed for
more than two centuries. Recently, it is widely applied in the creation of
nanostructures [8, 93, 115-126]. The basic components for the ED process setup
include an anode, a cathode, electrolyte and a power source. The whole process of
ED is shown in Fig. 2.9. When an electric field is applied, precursor ions are drawn
towards the surface of the conducting substrate. After the ions reach the surface, it

chemically bonds with certain bonding sites and stays there to form electrodeposits.
2.4.4.1 Historical background

The ED process was first invented by Brugnatelli and was applied to
electroplate gold with dry batteries in 1800 [126]. However, not until 1840 did it
draw great attention when it was used to electroplate Cu for printing press plates, and
silver and gold for decoration purposes. In the 1850s, it was widely employed to

plate many metals, such as bright nickel, brass, tin and zinc, for engineering and
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special commercial purposes. In the 1940s, its application was extended to
electronics and telecommunication industries. At that time, direct current power
supplies, whose mechanism is illustrated in Fig. 2.9 (a), were used instead of dry
batteries [126]. Since then, the more sophisticated and comparatively safer
electroplating bath formulae have been developed for different applications. In 1994,
Erb et al. [119, 120] appeared to be the first to successfully utilize the ED process to
produce bulk NS Ni with grain sizes of 11 nm by means of pulse current power
supplies, whose mechanism is illustrated in Fig. 2.9 (b). After that, the ED process
became one of the most important synthesis methods for producing bulk NS
materials. When Lu et al. [93] demonstrated that nano-twins structures obtained from
the ED process in particular conditions have mechanical strengths 10 times higher
than that of their conventional coarse-grained counterparts with desirable ductility,
the foci of many researchers in the NS field were further directed to this promising

process.

2.4.4.2 Principles

The basic principle of the ED process for ordinary usages was addressed at the
beginning of this section. To create NS metals using the ED process, there are two
major modes of grain evolution, i.e. nucleation and growth. Nucleation is the
forming of new grains from ions, and growth is the outward spreading of the
nucleated regions. The former one should be promoted while the latter one should be
limited.

Nucleation and growth are two competitive processes and can be influenced
by different factors. The two key mechanisms are deposition rate (rate of transfer of

charge at the surface of substrate) and the surface diffusion of the ad-atoms. High
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deposition rate and low diffusion rate favour grain nucleation, while low deposition
rate and high diffusion rate promote grain growth [115]. It is believed that utilizing
pulsed current encourages grain nucleation by allowing ED only in short bursts.
Other ED variables, such as the basic composition of the electrolyte, addition of
grain nucleators, stress relievers and grain-growth inhibitors, the pH value, the
deposition temperature and the current density, are chosen based on the rule that the
nucleation of new grains is favored rather than growth of existing grains [8, 119].
Recently, Lu et al. [51] demonstrated that different thicknesses of nano-twins
structures can be tailor-made by the ED process under well-controlled conditions as
aforementioned in Section 2.1.3.3. It is important to note that the adjustment of any
one of the ED variables may result in electrodeposits with different structures and

hence properties.

2.4.4.3 Parametric reviews

The properties of materials are determined by their structures. There are four
typical structures encountered with electrodeposited metals [117], which are: (1)
Columnar: Deposits of this structure are obtained from a bath at elevated
temperature and with low current density, which exhibits lower strength and
hardness than other types but high ductility [117]; (2) Fine-grained: Deposits of this
structure are obtained from a bath with additional agents, high current density and
high pH value, and exhibits relatively hard and strong properties [117]; (3) Fibrous:
Deposits of this structure obtained from a bath with additional agents, high current
density and at low temperature have properties which are intermediate between the
columnar and fine-grained type [117]; and (4) Banded: Deposits of this structure

obtained from a bath with special additional agents and pulsed current have high
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strength and hardness but low ductility [117]. With high current density, a twin
structure can be obtained with improved resultant ductility.

In order to promote desirable structures while inhibiting unwanted ones, the
ED process allows a precise control of composition, crystallographic texture and
grain size of the materials by varying the process parameters. Fig. 2.10 schematically
illustrates the relation between the process parameters and grain size of the
electrodeposits [117].
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FIG. 2.10. Relation between the structure of electrodeposits and operating conditions

of solutions, modified from [117].

The most important parameters in the ED process are summarized below:

Basic composition of the electrolyte: an electrolyte solution contains metal
ions, support chemicals and addictives. By varying the concentration of the
chemicals and the amount of addictives, one may obtain materials with different
structures and properties. Meanwhile, addictives may serve as grain nucleators,
stress relievers and grain-growth inhibitors, which may significantly decrease the

grain size and result in better mechanical properties. A cyanide bath is another kind
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of bath commonly used in the industry, but this will not be discussed in detail in this
work.

pH value: pH is a measure of the hydrogen ion concentration in solution. The
pH value of a metal deposition electrolyte is critical, because it influences the ED
process in many aspects, especially the deposition rate. For producing NS materials,
a bath with a pH value equal to 1 is usually adopted [51, 93].

Deposition temperature: maintaining close temperature control of the
deposition bath is one of the most important criteria in operating ED processes. It
determines deposition rate and bath stability [122]. To obtain materials with
nano-scale grain size and nano-twins structure, the operation temperature is usually
well-controlled to be 20°C £ 1 [51, 93].

Solution agitation: good solution agitation results in rapid solution exchange
and adequate uniform solution movement at the cathode surface. This allows
electrodeposits with uniform properties over a wide range of current densities.
Without agitation, severe surface irregularities may be obtained. Meanwhile, too
speedy agitation results in a rough surface and coarse-grains [123].

Influence of substrate: there are a number of studies reporting the influence of
substrate [116, 117, 123-125] on the structure of the electrodeposits. The
crystallographic texture and topography of the deposited layer are greatly affected by
that of the substrate materials, since the grains of the electrodeposits usually grow
with the orientation of the substrate materials [125]. Some studies have reported that
amorphous Ni-P substrates facilitate the growth of ideal fiber textures and twins
structures of the electrodeposits owing to its unbiased growth [124, 125]. Some
reported that substrate with fine structure and well-defined texture, such as MP35N

alloy, may increase the opportunity for forming textured electrodeposited film to
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grow high density twins [116]. An agreement on how to choose substrate materials
which are beneficial in obtaining NS materials with desirable structures has not yet
been reached. However, it is known that combining the effect with other operation
parameters, such as current density, the effect of substrate on enhancing texture or
the density of twins structure are remarkable [116].

Types of current: there are different types of current that can be adopted in the
ED process, such as direct current (dc), triangular pulse current (tpc), rectangular
pulse current (rpc), etc. [121]. Properties and grain size of the electrodeposits vary
with the type of current employed in the ED process. Among them, rpc is widely
used in obtaining NS materials [119, 120] or ultra-fine grained materials with
nano-twins [51, 86, 93] owing to its facilitation for grain nucleation rather than
growth. Usually, the combination of short on-time, such as 0.02s and long off-time,
such as 2.0s is adopted to produce the nano-twins structure [51, 86, 93]. However,
for rather thin films of a few micrometers, the effects of dc and rpc have very little
difference [121].

Current density: there are many studies reporting that microstructure and
surface topography of the Cu layers are influenced by the current density [116, 121,
124]. Based on the classical theories on electrochemical phase formation and growth,

the two dimensional (2D) nucleation rate, J is given by [127]:
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where K is the rate constant; b the geometric factor depending on the shape of the
2D cluster; s the area occupied by one atom on the surface of the cluster; & the

specific edge energy; z the electronic charge of ion; e the charge of the electron; & the
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Boltzmann constant; 7 the temperature; and # the overpotential. The overpotential is
established by Tafel as follows [127]:
n=a+blogi, (2.4)
where a and b are constants and i is current density. According to Eq. (2.4), the
larger the current density, the higher the overpotential. Therefore, the increase of the
nucleation rate (Eq. (2.3)) might lead to more homogeneous structures and finer
crystal grains.
It is important to note that these parameters cannot be considered

independently, since synergetic effects need to be taken into account [124].

2.4.4.4 Pros and cons

The ED technique has significant advantages over other methods for
synthesizing NS materials: (1) potential of synthesizing a large variety of nano-grain
materials, such as pure metals, alloys and composite systems with grain sizes as
small as 20nm; (2) low investment; (3) high production rates; (4) few limitations on
size and shape; (5) high probability of transferring this technology to existing
electroplating and electroforming industries [10, 119]; and (6) probability in tailoring
the properties of the materials for different applications. Since the structure and
properties of the deposits are very sensitive to the operation conditions, the
parameters, such as current power, current density and temperature, etc., have to be
monitored and controlled well. Otherwise, low ductility may result from the
existence of porosity and contamination. Furthermore, when the thickness of
electrodeposits increases to a certain extent, the peeling of the deposits due to stress

build-up may happen [8]. Hence, the scale-up production and re-productivity of
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sufficient thickness and size with the same structure and mechanical properties for

bulk application are still challenging.

2.4.5  Surface mechanical attrition treatment (SMAT)

On the basis of strain-induced grain refinement, SMAT, employing the surface
self-nanocrystallization approach, has been developed to synthesize a nanocrystalline
surface layer on bulk metallic materials [4, 79] and has been successfully applied to

a number of materials [79, 128-133].

2.4.5.1 Principles

The basic principle of SMAT is to introduce a large amount of defects and / or
grain boundaries into the surface layer in order to transform the microstructure into
nanocrystalline. Fig. 2.11 schematically illustrates the experimental setup of SMAT.
Spherical balls with smooth surfaces are placed in a reflecting chamber and are
actuated by the vibration generator. In the treatment process, the surface of the
sample is impacted by a large number of flying balls over a short period of time. The
impact directions of the balls onto the sample surface are rather random owing to the
random flying directions of the balls. Each impact induces plastic deformation with a
high strain-rate in the surface layer of the sample. As a consequence, the repeated
multidirectional impacts at high strain-rates onto the sample surface result in severe
plastic deformation and a nanostructured layer is formed in the surface of the sample
[4].

Comparing the SMAT with other conventional surface treatment such as shot

peening, one may find obvious differences in several aspects which stated as follows

[4]:
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1)

2)

3)

4)

Much larger balls (a few mm) are used in the SMAT than in the shot peening
(0.2 — 1 mm);

Spherical balls with smooth surface are necessary for obtaining a nanostructured
surface layer in the SMAT. However, there is no specific requirement for the
surface roughness of the balls in shot peening process. These rough-surfaced
balls usually result in wearing and damaging the nanostructured surface layer
during the conventional treatment;

The velocity of the balls in the SMAT is much lower (1 — 20 m/s) than that of the
balls in the conventional shot peening (typically about 100 m/s);

The balls impact at 90° to the sample surface in conventional shot peening
treatment, while the impact directions of the balls at the sample surface are

rather random in the SMAT in order to facilitate the grain refinement process.

San}ple Treatment chamber

_____

Sk AT e
6@ Ob : : :

w—
Vibration U

generator

(a) (b)

FIG. 2.11. Principle of SMAT: (a) experimental setup; (b) the localized plastic

deformation in the surface layer induced by the impact of the ball [4].
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2.4.5.2 The surface nanocrystallization mechanism of different materials

The samples treated by the SMAT process always have a specific gradient
structure. A gradient grain size distribution from a few nanometers at the top surface
layer to several micrometers in the near deep matrix is developed in the SMATed
sample. This originates from the gradient variation of the strain and strain-rate from
the treated top surface (which are very high) to the deep matrix (essentially zero), as

schematically shown in Fig. 2.12.

4
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o .
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FIG. 2.12. Microstructure characteristics and distributions of strain and strain-rate

along depth in the surface layer subjected to SMAT [4].

The formation mechanisms of nanostructured materials have been
systematically investigated in [31, 39, 60, 78, 80, 83-85, 134]. Since plastic
deformation behavior and dislocation activities in metals depend strongly on the
lattice structure and stacking fault energy (SFE), different grain refinement
approaches and nanocrystalline formation mechanisms can be identified in these

deformed materials owing to different material natures. For materials with high SFE,
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such as Fe (about 200 mJ/m?), the grain refinement and microstructure development

during SMAT can be summarized as follows [80] as shown in Fig. 2.13:

1) Development of dense dislocation walls (DDWs) and dislocations tangle (DTs)
in original grains and in the refined cells (under further straining);

2) Transformation of DDWs and DTs into sub-boundaries with small
misorientations separating individual cells or sub-grains;

3) Evolution of sub-boundaries into highly misoriented grain boundaries;

4) Formation of nanostructures in the top layer (~60 um thick).
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FIG. 2.13. Grain refinement mechanism of Fe [80].
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For materials with low SFE, such as AISI 304 stainless steel (about 17 mJ/m?),
the grain refinement mechanism during SMAT can be summarized as follows [82] as
shown in Fig. 2.14:

1) Formation of planar dislocation arrays and mechanical twins;
2) Grain subdivision by twins and martensitic transformation;

3) Formation of randomly oriented nanocrystallites.
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FIG. 2.14. Grain refinement mechanism during SMAT for AISI 304 stainless steel
[82].

For materials with medium SFE, such as Cu (about 78 mJ/m?), the grain
refinement mechanism during SMAT can be summarized as follows [60]:

I. At the subsurface layer (thickness > 25 um):

1) Formation of dislocation cells (DCs) in original grains;

2) Transformation of DC walls into sub-boundaries with small misorientations
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separating the initial grains into individual sub-grains;
3) Evolution of sub-boundaries into highly misoriented grain boundaries.

1. At top surface layer (thickness < 25 um):

1) Formation of high-density, nanometer-thick twins dividing the original coarse
grains into T-M lamellae;
2) Development of dislocation walls that further subdivide the T-M lamellae into
equiaxed nanosized blocks;
3) Evolution of these preferentially oriented blocks into randomly oriented
nanosized grains;
4) Formation of nanostructures in the top layer (~35 um thick).
It is noted that the materials were treated with stainless steel balls having 8
mm in diameter and the operating frequency of the system was 50 Hz in all the
above examples. It should be noted that different operation parameters possibly
result in different levels of strain-rate which may cause different mechanisms of
strain-induced grain refinement. Therefore, a full understanding of the relation of

operation parameters and the resulting strain-rate is necessary, which is still limited.

2.4.5.3 Parametric reviews

The SMAT technique, on the basis of the two types of SNC approaches:
surface self-nanocrystallization and hybrid surface nanocrystallization, has been
developed since 1999. The design of the equipment and the adoption of the operation
parameters are attributed to the needs of the applications [135].

There are mainly two types of SMAT machine which are widely used. One

type of the machine is operated at a rather low frequency (50 Hz) and in a vacuum,;
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the ball size for the process varies from a few millimetres to 10 mm. The strain-rate
at the top surface is relatively low.

The other type of machine is operated under high powered ultrasound, firstly
named ultrasonic shot peening (USSP); hence the reflecting chamber is vibrated
under high frequency, usually 20 kHz. The balls with sizes ranging from 1 mm to a
few millimetres fly at high speed in the treatment chamber at the surface of the
sample. This results in a higher strain-rate at the top surface than that achieved by the
first type of machine.

The parameters in the SMAT process are in need of great concern, since they
greatly affect the properties of the treated samples. It is known that the materials and
size of the balls, operating temperature and duration play important roles in the
refinement - degree of the grains and the thickness of the nanocrystalline layer. Some
studies have already shown the relation between the process duration and the
microstructures of the SMATed samples [60, 78, 80]. However, systematic studies
on the relation between the characteristics of balls and the microstructures of the

treated materials have not been fully investigated and are worth performed.

2.4.5.4 Properties of treated materials

The mechanical and chemical properties are greatly enhanced for the SMATed
materials. Some of the most important properties are addressed in the following:

Hardness [32, 54, 136]: the hardness of the top surface layer of the SMATed
samples can be enhanced up to 2 — 3 times that of the coarse-grained matrix for
SMATed Fe samples owing to the nano-grains formed on it [32]. The hard surface

also allows the improvement of the friction and wear properties [32, 136, 137].
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Tensile Strength [34, 138]: the tensile strength of the SMATed samples is also
a promising property. Both yield strength and tensile strength can be enhanced 6
times that of the coarse-grained pristine form for the SMATed stainless steel sample
[138] and in different degrees for other materials [34]. However, the low ductility is
always the trade-off.

Fatigue [139]: with the formation of high compressive residual stress and
grain refinement of the microstructure resulting from the localized plastic
deformation, the SMATed surface layer is capable of resisting fatigue ignition and
propagation and hence of enhancing the fatigue strength. Taking SMATed stainless
steel as an example, if the right size of balls is chosen, the fatigue endurance limit
can be improved by 21 % when compared with the coarse- grained counterpart.

Diffusion properties [140, 141]: as grain boundaries can act as the quick-
diffusion channels, the atomic diffusivity in the nanostructured surface layer will be
considerably enhanced in comparison with the conventional polycrystalline materials.
This behavior can be utilized to upgrade traditional surface chemical treatment
techniques, such as the nitriding process of steel, by improving the diffusion kinetics
and/or reducing the diffusion temperature. SMAT has achieved great progress in this

aspect [140, 141].

2.4.5.5 Pros and cons

SMAT is a rather simple and low cost technique to obtain a nanostructured
surface layer on bulk materials. Besides the superior surface and mechanical
properties as aforementioned, the SMAT technique provides a unique opportunity to
examine the microstructure characteristics at different levels of strain and strain-rate.

It is plausible that the optimum operating conditions vary with different materials.
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However, a thorough and quantitative understanding of the relation between the

process parameters and microstructure characteristics is still lacking.

2.5 The State of Art Tensile Properties of NS Cu (Obtained from Different

Synthesis Methods)

The synthesis methods have great effect on the tensile properties of the NS
materials obtained as addressed in the above sections. As the enhanced yield strength
is the promising property for NS materials and together with the ductility are the
main concerns in this study, a summary of the recent tensile property results of the

NS Cu obtained from these state of the art synthesis methods is presented, as shown

in Fig. 2.15.
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FIG. 2.15. The overview of the tensile properties of NS Cu obtained by different
synthesis methods from the recent literatures [29, 33, 34, 51, 53, 65, 93, 142, 143].
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It is noted that the tensile properties of the NS Cu obtained from different
synthesis methods are widely distributed. Some have ultrahigh yield strength but low
ductility as expected for most of the NS materials, while some have rather high
ductility but lose certain amount of yield strength as trade-off. It is obvious that the
tensile properties of NS Cu are strongly related to the synthesizing history of the
materials experienced. However, special attention has also to be paid to the sizes of
the experiment samples. The data can then be basically grouped into two categories,
which denoted by pink and blue color, respectively, according to the sample sizes.

The data in the red circle is the tensile properties of coarse-grained Cu for
comparison and those in pink area represent the tensile properties of Cu either with
nano-grains or nano-twins which have the promising yield strength. The sample sizes
for these nano-grained or nano-twinned Cu are usually small. These samples usually
have the thickness of less than 0.2 mm, except for those produced by ECAP having
the thickness of 1 mm. However, this ECAP-produced Cu still has the limitation on
the sample diameter of less than 10 mm.

On the other hand, the NS Cu produced by SPD and cold working which have
rather high ductility, denoted in the blue area, have less limitation on size. The
samples can be produced in a relatively large dimension and usually have relatively
high ductility. However, the NS Cu produced by these methods has the limitation on
geometry which is restricted by the dies used during the fabricating process.

In general, developing a synthesis method to produce NS materials in bulk
form to overcome these sizes and shape limitations is still a global challenge to the

researchers and engineers.
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2.6 Concluding Remarks

NS materials have drawn enormous attention of researchers owing to their
outstanding mechanical properties and unique characteristics. This review
summarized the centers of the attention, such as superior yield strength and hardness,
Hall-Petch relation, response to plastic deformation and abnormal strain-rate
sensitivity. Some of the recent discrepancies in knowledge were also pointed out.
Furthermore, the widely adopted approaches in fabricating NS materials, such as
dislocation induced grain boundary, high strain-rate and cryogenic temperature,
twinning and SNC were discussed. The recent synthesis methods, including IGC,
MA, SPD, ED and SMAT were introduced with the pros and cons addressed. Below
are some of the research directions where new opportunities abound.

As the grain size decreases, the yield strength and hardness increase. This is
similar to the prediction from the conventional Hall-Petch relation and MDS.
However, some experimental results showed that a reverse Hall-Petch effect or
materials softening happens at the critical grain size. Some researchers explained this
by the distinct deformation mechanisms in the particular range of grain size, while
some blamed this on the flaw or porosity resulting from the synthesis methods. The
argument continues. It is worth noting that synthesis methods play significant roles
not only in producing NS materials, but also in affecting how the researchers
understand them.

NS materials have ultra-high strength, but low ductility. Researchers suggest
that a large number of grain boundaries from the small grains inhibit the movements
of dislocations and hence result in a lack of room for plasticity. Hence, approaches

like annealing and bimodal structure are adopted to gain the ductility, but losing
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some of the strength is the drawback. Recently, a nano-twins structure is found to be
able to significantly retain certain ductility and to maintain the ultra-high strength.
This structure can be obtained by electrodeposition in the strictly-controlled
conditions or by high strain-rate and / at cryogenic temperature. This is probably one
of the favorable routes for developing bulk NS materials for industrial applications.
Moreover, most of the recent studies are on the laboratory scale. It is worth
extending the work to a larger scale to verify the practicality of these approaches.
Therefore, developing bulk engineering materials for industrial application with

desirable plasticity is still an intended objective.
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3.1 Experimental Equipment

3.1.1 SMAT equipment

The SMAT machine that was used to produce an NS surface layer in this
project is the ultrasonic type mentioned in Section 2.4.5.3. Fig. 3.1 and Fig. 3.2 show
the sketch and photograph of the experimental setup, respectively. The operation
frequency of this machine was 20 kHz. The power amplitude of the electronic signal
was adjusted by the generator. The ultrasonic converter then transformed electrical
energy to mechanical vibrations. The amplitude of the vibration was amplified by the
booster and the vibration was applied to the horn, and resulted in the actuation of the

balls in the reflecting chamber and hitting the sample.

Sample

1 - < Reflecting
Chamber

Horn

Booster

COWU @Generator

FIG. 3.1. Sketch of the experimental setup of the SMAT machine.
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FIG. 3.2. Photograph of the experimental setup of the SMAT machine.

3.1.2  Electrodeposition (ED) equipment

The ED equipment used for this project was designed for small-mass
production, as shown in Fig. 3.3. Fig. 3.3 (a) shows the electronics part of the
equipment controlling the power type, the current density, the on-off time settings
for the pulsed current (pc) and the mechanical agitation of the electrolyte. Fig. 3.3 (b)
schematically illustrates the size and the arrangement of the bath for the ED process.
The cathode bar allowed the substrate to be placed. There was also a filtering system
inside the bath for solution recycling and conditioning. The composition of the acidic

electrolyte is listed in Table 3.1.

49



Chapter 3: Experimental Study
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FIG. 3.3. Experimental setup of the ED

equipment: (a) electronics part of the

equipment; (b) size and arrangement of the bath for the ED process.

Table 3.1. The composition

of the acidic copper bath.

Composition of the solution Volume
CuSO4. 5HO 100 g/
H,SO, 150 g/L

HC1 25 mL
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3.2 Materials

3.2.1 SMAT process study

The sample used for studying the relation between the parameters and
resultant microstructures in the SMAT process was AISI stainless steel plate with 1
mm thickness. As-received extruded Copper plate with 1 mm thickness was also

subjected to the SMAT process for parametric study.

3.2.2  ED process study
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FIG. 3.4. Wax substrate for the ED process: (a) rectangular block of wax substrate
with one side, denoted by S, covered by silver conducting paint. ‘W’ denotes the

original wax; (b) top view; (c) side view of the mold tool of the wax substrate.

The materials used as the substrate of ED process was wax (No. 16181
TUFFYTM Green Injection Wax from KerrLab). It is molded in a rectangular block

(30 (W) x 30 (L) x 120 (H)) mm®), as shown in Fig. 3.4. Since wax allows the model

of complicated shapes and can be easily removed afterwards, it was adopted as
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substrates. This method is also common in investment casting and other industrial
applications.

The rectangular wax block was first milled to obtain level surfaces. Each
surface was cleaned with ethanol and was sprayed with silver conducting paint. They
were then ready for the ED process. Cu was the material to be electrodeposited in
this project. The ED process was carried out at the ambient temperature of 24°C and
in the electrolyte solution with a pH value of 1. The anodes were Cu bars with a
purity of 99.99%.

After the ED process, the Cu coated wax block was de-waxed in an ultrasonic
bath heated to 70°C. The free-standing electrodeposited Cu was then cut into
dog-bone shapes by Electrical Discharge Machining (EDM). Eventually, they were

ready for the mechanical property tests or to be further treated with SMAT.

3.3 Experimental Processes

As discussed above, there are two major processes in experiments for the
current project:
1) Formation of base materials from ED

As expected, when the parameters in the ED process change, different
structures are formed in the electrodeposited Cu, resulting in different mechanical
properties. The key parameters of this process include the composition and
conditions of the bath, the substrate, the power current type, the current density and
the duration. The former three parameters were kept constant in this project. The
power current type, the current density and the duration were varied in the

production of electrodeposited Cu to obtain different structures. In experiments,
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applicable power current types had direct current (dc) and pulsed current (pc). For
the latter type, the effect of the on-off time was also examined. The current density
was varied from 1 to 12 A/dm”. The deposition duration ranged from 3 to 78 hrs.

A series of experiments were carried out to study the effect of the above
parameters, including materials characterization and tensile property tests. The
details will be discussed in Chapter 5.

2) Formation of surface nanocrystalline layer by SMAT

The electrodeposited Cu was subjected to SMAT for surface modifications on
both the strength and texture enhancement. The optimal conditions of the SMAT
process and electrodeposited Cu obtained from Chapters 4 and 5 respectively were

employed. The details will be discussed in Chapter 6.

3.4 Materials Characterization Techniques

The morphology and structure of the electrodeposited Cu were investigated by
scanning electron microscopy (SEM), transmission electron microscopy (TEM),
X-ray diffraction (XRD), electron backscattered diffraction (EBSD) and focused ion
beam (FIB). The tensile properties of samples were then in-situ and ex-situ examined.
For the samples subjected to SMAT, the microstructure was also explored by means
of SEM, TEM, XRD and EBSD. The tensile properties of the SMATed samples

were also examined. The details of the characterizations are described as follows.
3.4.1  Scanning Electron Microscopy (SEM)

The SEM uses a beam of electrons to scan the surface of a sample to build a

three-dimensional image of the specimen. When the electron beam hits the sample, a
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variety of signals, such as secondary electrons (SE), backscattered electrons (BSE)
and characteristics X-rays, are generated by the interaction of the beam electrons
from the filament and the sample atoms.

B SE are the electrons emitted from the sample surface due to the irradiation of
the coming electron beam. They usually take the responsibility to image the
sample surface.

B BSE are the electrons that are greatly scattered by the atoms in the material
and reflected back from the sample surface. Since heavy atoms can scatter
more electrons than light ones, the image collecting the backscattered
electrons contains the information of elements in the material.

B Characteristic X-rays are emitted by the atoms in the material because of the
irradiation of high-energy electrons. The analysis of the dispersed energy of
the characteristic X-rays, EDXA, can be used to identify the elements
contained in the materials.

In this project, SEM was performed using JEOL Model JSM-6490 or Leica

Stereoscan 440, as shown in Fig. 3.5 (a) and (b), respectively.
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FIG. 3.5. SEM machines used in this project: (a) JEOL Model JSM-6490; (b) Leica

Stereoscan 440.
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3.4.2  Transmission Electron Microscopy (TEM)

TEM is analogous to optical microscopy except for the light source. TEM uses
electrons instead of light. Since the resolution of microscopy is determined by the
wavelength of the light source and electrons have much lower wavelength than light,
TEM consequently has a much higher resolution than optical microscopy.

The electron source at the top of the microscope emits electrons that pass
through the vacuum column of the microscope. The electromagnetic lens focuses the
electrons into a thin beam which then passes through the sample. The unscattered
electrons then form the image on the fluorescent screen with its different parts
displayed in varied darkness according to the density of the materials. The bright
field, dark field and diffraction pattern of the sample can be obtained to give its
information on morphology and structure.

A formula describing the relation between the lattice spacing of the materials
and the camera length reads:

Rd =LA, (3.1)
where R is the distance between two neighboring patterns; d the lattice spacing of the

materials; L camera length; and A the electron wavelength. In the current case, LA is

10.4 A cm. This formula is widely used to interpret the electron diffraction pattern.
In this project, TEM was performed utilizing JEOL JEM 2010 with a nominal
resolution of 0.14 nm and 200 kV accelerating voltage. TEM micrographs were

recorded on a CCD camera using Digital Micrograph software.
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3.4.3 X-ray Diffraction Spectroscopy (XRD)

XRD is a widely adopted method in materials research. It is an analytical
technique for revealing the crystalline structure and materials composition. It can be
applied to all kinds of materials.

XRD makes good use of the fact that an electron in an alternating
electromagnetic field oscillates with the same frequency as the field. When an X-ray
beam hits an atom, the electrons around the atom start to oscillate with the same
frequency as the incoming beam. A few directions allow the constructive
interference owing to the regular pattern of the arrangement of the atoms in a crystal.
Then the well-defined x-ray beams leave the sample at various directions rendering
the information of orientation and interplanar spacings of the planes in the crystal.
This relation can be expressed by Bragg’s Law:

nA=2dsiné@, (3.2)
where 7 is an integer determined by the order given; A the wavelength of the incident
X-rays; d the spacing between the planes in the atomic lattice; and & the angle
between the incident ray and the scattering planes.

Information obtained by XRD can be presented in different forms, such as
pole figures, and powder diffraction diffractogram etc. Pole figures render the
texture information while powder diffraction diffractogram shows crystalline
structure and sizes.

As the grain size decreases, the peaks of the powder diffraction diffractogram
are broadened. The crystallite size can be calculated according to the Scherrer
formula:

oo k2

=, (3.3)
Wy €08 Oy
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where D is averaged grain size; K a constant that varies with the method of taking
the width (0.89<K<1); A the wavelength of the incident X-rays; wyy the width of the
peak of a special phase (kkl); and 6 the angle of the center of the peak. In this project,

XRD was performed with Bruker D8 Discover as shown in Fig. 3.6.

FIG. 3.6. Photograph of XRD equipment used in this project.

3.4.4  Electron Backscattered Diffraction (EBSD)

EBSD is a technique which allows crystallographic information to be obtained
from samples in the SEM. In EBSD, a tilted crystalline sample is struck by a
stationary electron beam and henceforth the diffracted electrons form a pattern on a
fluorescent screen. This pattern reveals the crystal structure and the orientation of the
particular region of the sample. A map of the crystal orientation of the sample can
then be formed rendering the information of grain morphology, orientations and
boundaries. Hence, the preferred crystal orientations (texture) present in the material
are shown. EBSD has the advantage of quantitatively showing the crystal orientation

with the microstructures of the materials.
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Sample preparation

Electrodeposited Cu obtained by dc and pc with 0.2 ms on time and 2.0 ms off
time were examined by EBSD respectively. SMATed electrodeposited Cu was also
examined.

Before being subjected to EBSD, the samples were cut by EDM and polished
with silicon carbide paper with numbers from 800 - 4000. Then they were further
polished with diamond polishing cloth of 3 to 1 um. To reveal the microstructure,
electro-chemical etching was carried out. The conditions of the etching process are
listed in Table 3.2. In this project, EBSD was performed using a JEOL 6500F type
field emission gun scanning electron microscope (FEG-SEM) and was carried out in
France by Prof. T. Grosdidier's research team.

Table 3.2. The conditions of etching process for EBSD.

Composition of etching solution

Nitric Acid 300 mL
Methanol 600 mL
Parameters
Voltage 14-15V
Time 3s
Temperature 16 - 19°C

3.45 Focused lon Beam (FIB)

The Focused Ion Beam (FIB) system utilizes a Ga' ion beam to raster over the
surface of the sample as SEM does. The generated SE are collected to form images
of the sample. This method is widely adopted owing to the availability of picturing
the cross-sectional images of the structure and modifying the structure by means of

milling small holes in the sample at well localized sites by the ion beam. Besides the
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cross-sectional imaging and the modification of the structure, FIB can also be
applied to prepare samples for TEM. In this project, observations from FIB
performed with FEI Quanta 200 3D were focused on the cross-sectional imaging of

the structure of electrodeposited Cu and SMATed ones.
3.4.6  Tensile Property Test

The tensile experiments were, then, conducted under the ambient conditions
with a temperature of 22°C and humidity of 45% on a MTS RT-50 (50 kN) Axial
Static Testing Machine which is shown in Fig. 3.7(a). The crosshead speed was kept
at a constant of 0.05 mm/s, which corresponded to the nominal strain-rate of 0.002
s'. The MTS 632 24F-50 extensometer shown in Fig. 3.7 (b) was employed to
measure the displacement of the specimen during the tensile experiments.

(b)

FIG. 3.7. Tensile property test equipment: (a) tensile property test machine, MTS
RT-50; (b) extensometer, MTS 632 24F-50.

Sample preparation

Some of electrodeposited Cu and the SMAT samples were cut into dog-bone
shapes according to the ASTM E8M-04 standard with the EDM technique. For the
conventional tensile testing, the EDMed dog-bone specimens had a gauge length of

25 £ 0. 1 mm and a gauge width of 6.0 £ 0.1 mm. Samples with this size were
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subjected to SMAT processes. Specimens with different ED history had an average
in-plane gauge dimension of 3 x 1 mm?®, and thicknesses in the range of 0.16 - 1.1

mm to study the effect of different parameters in the ED process.
3.4.7 In-situ Tensile Property Test

In order to reveal the deformation and failure mechanisms at a high
magnification, in-situ scanning-electron-microscopy (SEM) tensile experiments were
conducted. In contrast, the dog-bone specimens were EDMed from the same batch of
Cu layers for the in-situ SEM tensile experiments, and had an average in-plane gauge
dimension of 3 x 1 mm? This dimension allows the specimens to be installed into
the testing frame in the Leica Stereoscan 440 SEM, as shown in Fig. 3.5(b). The
thicknesses of the specimens were varied in accordance with those in the
conventional tensile experiments. During the in-situ SEM tensile experiments, the

deformation and failure sequences were imaged.
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PROCESS

As aforementioned, nanocrystalline (NC) materials, exhibiting superior
strength over their coarse-grained counterparts [3], have attracted significant
scientific interest in the past two decades. SMAT [79] was one of the recently
developed processes to form nano-crystallized surface layer and refine grains in the
subsurface layers, by actuating a number of spherical projectiles to impact the
sample surface [4, 79]. This technology has been employed by material scientists for
a number of materials, such as pure iron [128], pure titanium [129], pure copper
[130], pure cobalt [131], aluminum alloy [132] and stainless steel [133], for
producing NC materials. The detailed concept and the results of the quasi-static
tensile tests achieved so far have been introduced in Chapter 2.

As a matter of fact, the NC materials suffer from low ductility which hinders
their applications. Alternatively the nano-twinned (NT) materials, inside which the
twin boundaries are spaced several or tens of nanometers, are considered another
promising microstructure for contributing superior mechanical properties [51, 87]. In
particular, recent experimental results on NT copper seem to suggest that denser
twins could render higher strength as well as higher ductility [51, 87]. Recently, a
promising amount of NT was obtained in AISI 304 stainless steel via SMAT. It has

been well documented in the literatures that the twinning dominant plastic
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deformation could be achieved under the conditions of sufficient high strain-rate [58].
Multiplication of grain boundaries due to aggregation of dislocations or twins could
also be enhanced by elevated strain-rate [144]. Strain-rate thereby is a very
significant factor in the deformation induced nano-crystallization process.

The early work on SMAT highlighted the importance of strain-rate [4, 80]. As
a matter of fact, the original attempts of SMAT were the study of the microstructure
evolution in a particular treated material after it was dynamically and plastically
deformed in SMAT process [31, 83]. It was noted that since the sample taken out
from different depths experienced different intensity of strain and strain-rate, it could
be possible to correlate the microstructures to the straining history of the material.
However, in the subsequent papers, detailed measurement of ball impinging velocity
and the resulted strain-rate were not presented. Consequently the relation between
plastic strain history and the observed microstructures was not established. This large
discrepancy between the knowledge of dynamic elastoplastic response of material
subjected to SMAT and knowledge of post-SMAT microstructures and mechanical
properties triggered our attempt in this work to look further into the detailed process
of SMAT.

In the present work, the focus is dedicated to the process of the treatment of 1
mm thick AISI 304 stainless steel sheet. A bearing steel ball of 3 mm diameter was
used, as adopted by Tao [31, 81, 82], Liu [78], Guo [76, 77] and Roland [28]. In
order to observe the motion of the balls, a high-speed camera was adopted, which is
capable of taking pictures at the rate of over 10000 frames per second. The behavior
of a ball is firstly observed. The strain-rate henceforth can be estimated and the
plastic strain/strain-rate distribution is simulated. The SMAT process with different

numbers of balls is explored to manifest that an optimum number of balls exists for

62



Chapter 4: Theory and Modeling of the SMAT Process

the highest efficiency. The corresponding final tensile properties of the treated AISI
304 stainless steel sample are presented. The treated sample was also characterized

by the TEM observation to reveal its post-treatment submicron-sized structure.

4.1 Experiment

411 Setup

The ultrasonic SMAT setup was firstly introduced by Lu et al. [135] and built
recently in our SMAT lab in the Hong Kong Polytechnic University, which has been
introduced previously. A 20 kHz ultrasonic transducer was exploited as the impulse
source to excite a number of hard steel or ceramic balls (typically 100 ~ 400 balls) to
impact the sample surface. The SMAT process is essentially the dynamic plastic
deformation process in which the projectiles must be perfect spheres to avoid any
significant stress concentrations. Fig. 4.1 sketches the process and setup. The similar

setup has been used in many articles (e.g. [28, 31, 76-79, 81, 82]).

Sample
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FIG. 4.1. Sketch of the ultrasonic SMAT system.
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Fig. 4.2 schematically describes the experiment setup of the present work. The
velocity of the ultrasonic horn surface was measured by the non-contact laser
Doppler Vibrometer (Polytec OFV3001 Vibrometer Controller, Polytec OFV512
Fiber Interferometer). Fig. 4.3 shows the relation between the frequency and velocity
of different positions of a 70 mm-diameter horn surface, in which the maximum
vibration velocities are all about ~20 mm/s at the frequency of 20 kHz. This high
frequency vibration source renders the extra high sound pressure close to the horn

surface, which will be the main driving force to jet the balls to a desired velocity.
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Sample holder
X %

A
VS I | ) s

- Spheres undergoing excited mode,

acting on sample surface.

I High frequency displacement generator

1
1
1
1
1
1
1
1
:
1
H (b.) High Speed Camera
:
1
1
1
1
1
1
1
1
1
1
1
1

FIG. 4.2. Experiment setup of this work: (a) laser vibrometer; (b) high speed camera.
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FIG. 4.3. The velocity profile of different positions of the horn surface at the system
frequency: 20 kHz.

The velocities of the balls were measured by taking high-speed photographs.
The high-speed camera (Phantom VR706) is capable of taking pictures at rates as
high as 15000 frames per second (fps) with reduced frame size. The rate of 8000 fps
was employed to capture the motion of the balls and the impact velocity was then
measured by counting the number of frames a ball took to travel from bottom
(transducer surface) to the top (sample surface). The treatment was performed on the
1 mm 304 Stainless Steel sheet by using the 3 mm bearing steel ball. The kinematics

of a single ball and multiple balls (50 ~ 400) are all discussed.

4.1.2 The kinematics of balls

The velocity of the balls in the SMAT process is significant in determining the
strain-rate and localized straining of the material, which plays a crucial role in the
plastic strain-induced grain refinement processes [60]. However, the velocity was not
actually measured in the SMAT-related papers except leaving behind an estimated

value. In the following subsections, a single ball’s motion is first reported followed
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by the study of multiple balls; the data will then be used in calculating the strain-rate

in the later section.

4.1.2.1 The motion of one ball

In the treatment chamber, if a 3 mm bearing steel ball was placed on the
ultrasonic horn as sketched in Fig. 4.4(a), it is noted that the ball was not excited
after the ultrasonic power was turned on. Alternatively, the ball was floating on the
surface of the ultrasonic horn as shown in Fig. 4.4(b). In such a state, the gravity of

the ball was balanced by the ultrahigh sound pressure underneath.

Sample
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(@)

FIG. 4.4. The motion of a single ball. (a) the sketch of the a ball in an ultrasonic

SMAT chamber; (b) The floating of a ball in the stationary state; (c) The drops of the

piece of paper initiate the jumping motion of the ball.

The motion of the ball was finally triggered by a small piece of paper close to
the ball. Through the high-speed video, one can observe the upward swim of the

paper due to the high sound pressure level and large windward area. The flying
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attitude of the paper finally lost and the paper tilted and dropped onto the ball
accidentally. This moment is displayed in Fig. 4.4(c). It is interesting to note that
such a small disturbance was then able to make the ball jump from the stationary
state. It is believed that this small disturbance broke the equilibrium state of the
sound pressure between the horn surface and the ball and consequently, the ball was
moved by this unbalanced force. The triggered ball then dropped from a certain
height due to gravity and was moved to a higher position. After several bounces
inside the chamber, the ball can attain a velocity as high as 10 m/s.

The velocity of the ball was measured from the consecutive pictures of a ball
flying to the sample surface in a given height (15 mm) recorded by the high speed
camera at 8000 fps. Fig. 4.5 shows the consecutive frames of a 3 mm bearing steel
ball hitting the surface of hardened steel (60 HRC) at its maximum velocity. Nine

frames passed as the ball moved from bottom to top, which indicate the ball took 1

ms (which is obtained by ﬁ (frames/fps)) to move 12 mm. (The traveling

distance is the height of the chamber (15 mm) minus the diameter of the ball (3 mm).)
The average velocity is then evaluated as ~12 m/s. This value is higher than the
maximum velocity in the subsequent case of a 304 stainless steel sample, since the

hardened steel absorbs less kinetic energy.
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FIG. 4.5. The consecutive frames of the 3 mm stainless steel ball hitting the hard
steel surface at its maximum velocity: 12 m/s in 1 ms, taken by high speed camera at

the recording frame rate: 8000 frames/s.

Fig. 4.6(a) illustrates the velocity distribution of a single ball in multiple
impacts, in which the as-received 304 stainless steel was used as the top surface. 20
successive impacts were observed and the corresponding velocities are shown in Fig.
4.6(a). It is noted that the impact velocities were rather random with a ceiling of 10
m/s. In the 20 impacts, the ball attained this velocity 5 times. On the other hand, the
rebounding velocities were always low indicating that a very large proportion of
energy was absorbed by the sample surface.

It is important to keep an eye on the ceiling velocity a ball can attain. As
mentioned before, the higher velocity results in higher strain-rate and consequently
enhances the formation of nanostructures. A number of researchers have shown the
responsibility of high strain-rate for the increment of saturated dislocation/twins
densities, which are the main contributor to the strength enhancement [25, 144-146].
The high velocity, which accounts for the high strain-rate and the subsequent

microstructure, is thus of great concern.
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Every time the ball returned to the horn surface, it received extra kinetic
energy from the near field sound pressure, as well as the collision between ball and
horn surface, and it rebounded at a higher velocity. The difference of the incident
and rebound kinetic energy is the energy obtained (EO) by the ball from the
transducer surface. Consecutively, while the ball hit the sample, a portion of kinetic
energy was lost (EL) due to the elastoplastic deformation of the sample.

Fig. 4.6(b) illustrates the corresponding energy distribution in the 20 impacts.
It shows that all the corresponding EO and EL points are very close to each other,
which reveals that the ball delivers almost all the obtained ultrasonic energy to the
sample. The little remaining energy and the existence of gravity return the ball to the

horn surface at a rather low speed.
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FIG. 4.6. (a) Velocity distribution of the 3 mm bearing steel ball hitting the AISI 304
stainless steel plate; (b) corresponding profile of energy lost (EL) to the sample and
obtained (EO) from the horn by the 3 mm bearing steel ball.

Fig. 4.7(a) plots EO and EL against their incident velocity. It demonstrates that
the kinetic energy obtained from the horn is quite random in every collision and has
no relation to the velocity of the dropping ball. A plausible reason is that the extra
high sound pressure near the horn surface fluctuating at the frequency of 20 kHz
provides different amounts of energy to the ball according to its particular state at
that moment. In sharp contrast, there is a strong correlation between the kinetic
energy absorbed by the sample surface and the impact velocity. The ball with high
impinging velocity is able to transfer larger amounts of energy to the sample.
Conforming to this relation, the energy dissipated by the top sample surface is
linearly related to the impact energy as shown in Fig. 4.7(b). The dissipation ratio,
which is the ratio between energy lost to the sample surface and incident kinetic
energy, i.e. the slope in Fig. 4.7(b), is about 0.95.

Fig. 4.7(c) illustrates the EL/EO ratio of the corresponding impact. It shows

that all the impacts transferred over 90% EO from the transducer surface to the
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sample surface. It implies that the variation of the source energy would
proportionally affect the energy absorbed by the sample. The extreme high ratios of
EL/EO were noted when the velocity is very low, which occasionally happened
when the EO is small while the dissipation energy remains high. This extra
dissipation can be explained by the effect of sound pressure discussed above;

however, its effect on the sample surface is rather small.
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FIG. 4.7. (a) Energy obtained (EO) from the surface of the horn and lost (EL) when
hitting the sample by a 3 mm bearing steel ball against their velocity; (b) linear
relationship of the energy dissipation by the sample surface and the impinging
kinetic energy of the ball; (c) dissipation ratio of Energy Lost (EL) to the treated
surface to the Energy Obtained (EO) from the horn surface is always more than 90%,

except in the exceptional low energy cases like the 13th and 14th motion.

There are other parameters that may affect the ball velocity in SMAT
treatment, such as the mass (in terms of size) and materials of the ball, the power of
the ultrasonic generator, as well as the mechanical properties (mainly hardness) of
the sample. The effect of the above factors is summarized in Table 4.1. A general
trend can be concluded.

1). Lighter balls can attain higher ceiling impact velocity; however, the amount of
energy transmitted by a light ball is comparatively less than a ball with larger
mass. If the ball is too large (i.e. 4 mm), the maximum velocity drops and the
impact energy reduces severely. A 3 mm ball seems to be the optimum choice

in terms of the energy transmission efficiency as well as the level of strain-rate.
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i1). A ceramic ball (ZrO,) has a smaller density than the steel ball does. It can attain
higher velocity, and its sufficient weight enables it to have higher impinging
energy carried to the sample surface. Therefore, it could be more efficient.

ii1). There is a linear relationship between the power amplitude of the ultrasonic
generator system and the maximum velocity that a ball can attain, as shown in
Fig. 4.8. The higher the power, the higher the velocity of a ball. This is a
fascinating feature of ultrasonic SMAT as the velocity of the ball can then be

well controlled in the SMAT process.

Table 4.1. The effect of the parameters on ball velocity (Treated materials: AISI 304

stainless steel, Power amplitude: 80%).

Maximum Kinetic

Parameters Maximum Velocity (m/s) Eneray (ml)
- Bearing Steel (2 mm dia) 12 241
- Bearing Steel (3 mm dia) 10 5.62
- Bearing Steel (4 mm dia) 4 2.10
- Ceramic (ZrO,) (3 mm dia) 11.5 6.73
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FIG. 4.8. The relationship of the power amplitude of the SMAT system and the

maximum velocity attained by a 3 mm bearing steel ball.
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Compared with the other parameters, the effect of the material properties of
the sample is comparatively small. The difference of the ceiling velocity a ball can
attain with different sample materials is around ~1 — 2 m/s. Softer materials, such as
copper, allow the ball to penetrate deeper and dissipate more energy. Henceforth the
ceiling impinging velocity is comparatively lower (~9 m/s). For harder materials,
such as AISI 304 stainless steel plate and hardened steel, the ceiling velocity could
be ~10 — 12 m/s.

In the real SMAT process, it is unrealistic to treat the sample using a single
ball, since the efficiency will be too low. The behavior of different numbers of balls

was then recorded by the high-speed camera, and reported in the following sections.

4.1.2.2 The motion of multiple balls

The impinging velocity of a ball can be affected by the number of balls in the
limited space of the chamber in the real treatment. Due to the ball-ball collision, the
maximum vertical velocity of a ball could be lower than that of the single ball case.
In the following sections, the cases of 50, 100, 200 and 400 balls are studied.
Attention is paid to the corresponding maximum vertical velocity that most of the
balls can reach. To distinguish this velocity from the ceiling velocity of a single ball,
we call it the nominal velocity of the multiple balls.

The velocities of balls were also measured in the same way as the single ball
case. However, due to the limited depth of view, it is not possible to count all the
balls in a video frame. Therefore, the nominal velocity of multiple balls is estimated
based on the observable balls. For the purpose of demonstration in this work, we take
high-speed photos from an angle to the top surface. The photos were taken at the

frame rate of 1000 fps such that the trace of the balls can be visualized. As shown in
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Figs. 4.9(a - d), which are respectively for the cases of 50, 100, 200 and 400 balls,
the different lengths of white lines represent the different velocities that the balls

traveled in 0.001 s. The longer is the white line, the higher is the velocity.

FIG. 4.9. The motion of (a) 50, (b) 100, (c) 200 and (d) 400 balls captured by high

speed camera at the frame rate 1000 frame/s.

For the case of 50 balls, ball-ball collision seldom occurs. Almost all the balls
behave similarly to a single ball with the nominal velocity of 10 m/s, which is shown
in Fig. 4.9(a). Assuming all the balls fly at the ceiling velocity, the approximate total
energy transferred by all the balls to the sample surface is about ~260 mJ.

In the case of 100 balls, fewer balls can attain the velocity of ~10 m/s than the
50-ball case. On the other hand, we observed that almost all the balls could attain a

velocity as high as ~7 m/s, which is shown in Fig. 4.9(b). The nominal velocity
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attained by the balls in this case is not as high as the previous one, but the total
amount of energy carried by the balls to the sample surface is higher. The cause of
lower nominal velocity is attributed to the fact that the possibility of collision among
balls is higher than in the 50-ball case and the energy lost in the horizontal motion is
increased. Assuming all the balls fly at the nominal vertical velocity of ~7 m/s, the
total energy transferred by all the balls to the sample surface for one shot is
approximately ~275 mlJ.

In the case of 200 balls, there are very few balls that can fly at the velocity of
~7 - 10 m/s, which is shown in Fig. 4.9(c). Despite a few rare balls with extremely
high velocity (~7 - 10 m/s), the actual nominal velocity for this case by tracing the
balls’ motion in a large number of video frames, is around ~3 m/s. Most of the balls
collide with each other with the consequence of energy dissipation and horizontal
motion. The vertical velocity hence largely decreases. Assuming all the balls fly at
the nominal velocity (~3 m/s), the total energy transferred by all the balls to the
sample surface for one shot is around ~100 mJ.

In the case of 400 balls, it is quite similar to that of the 200-ball case in terms
of nominal velocity, as shown in Fig. 4.9(d). The nominal velocity attained is also
about ~3 m/s, while some extremes can achieve a higher value (~7 — 10 m/s).
However, due to the larger number of balls, the total energy absorbed by the sample
surface in a unit period of time is accordingly more. The same as for the 200-ball
case, the cause of such low nominal velocity is ball-ball collision. Assuming all the
balls fly at the nominal velocity (~3 m/s), the total energy transferred by all the balls
to the sample surface for one shot is roughly ~200 mJ.

Smaller numbers of balls result in higher nominal velocity in the treatment

process. This is due to fewer collisions between the balls. However, it seemed that
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the nominal impact velocity reduces to a steady value as the amount of balls
increases. On the other hand, as the number of balls increases, the total energy
transferred by the balls and henceforth absorbed by the sample surface increases for
a constant nominal velocity. These two contradictory factors indicate the existence of
an optimum number of balls in terms of the efficiency in transmitting energy from
ultrasonic transducer to the sample. For the present case, using 3 mm bearing steel
balls to treat AISI 304 stainless steel plate, the optimum number of balls should be
close to 100, as the overall kinetic energy of the 100-ball case, evaluated from the
product of the ball number and each ball’s kinetic energy at the nominal velocity, is
the maximum in the four cases.

The plastic deformation of the treated sample - AISI 304 stainless steel - is
proportional to the energy transmitted by the balls. Therefore, with the same
treatment time, different numbers of balls will certainly affect the mechanical
properties of the treated sample as well as the resulting microstructures, which is

demonstrated in the next section.

4.2 Mechanical Properties and Microscopic Characterization

AISI 304 stainless steel sheets of 1 mm thickness were subjected to SMAT
with different amounts (50, 100, 200 and 400 pc) of bearing steel balls of diameter 3
mm for the same duration respectively. Each surface of the samples was treated for
10 minutes. After that, they were cut into dog-bone samples by Electrical Discharge
Machining (EDM) for the tensile property test (carried out by MTS RT-50 (50 kN)
tensile testing machine). Samples treated with 100 and 400 balls, respectively, were

grinded and ion-thinned for TEM observations.
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4.2.1  The mechanical properties

The tensile property test was most often adopted to examine the efficiency of
the SMAT in the sense of enhancement of yielding strength. Fig. 4.10(a) shows our
tensile results of the double-side treated samples. Apparently, the treatment
efficiency (eff) in terms of yield or ultimate strength, can be sorted in the sequence
as effjgo > effsy > effagp > effrpo, where the subscripts pertain to the number of the
balls in the treatment. This sequence is identical to the sequence of total kinetic
energy in one shot sorted from maximum to minimum for the cases of different
numbers of balls, as shown in Fig. 4.10(b).

Ductility, on the other hand, is generally inversely related to the yield strength,
except that the sample treated with 50 balls has the lowest ductility. The ball velocity
seems to be more relevant. Highest velocity (~10 m/s) treatment (50-ball case)
results in lowest ductility. For the relatively low velocity (~3 m/s) treatment
(200-ball and 400-ball case), the ductility of the treated samples is comparatively
higher. This result may on the other hand be attributed to the small quantity of balls
in the 50-ball case. As a result, the treatment intensity may be unevenly distributed
on the sample surface. Therefore, necking could be triggered more easily with the

consequence of lowest ductility.
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FIG. 4.10. (a) The true stress-strain curve of the as received 304 stainless steel and
those after SMAT treatment by 50, 100, 200 and 400 balls for 10 minutes; (b) The
relationship of the maximum velocity attained and the total energy absorbed by the

sample surface in the cases with different numbers of balls.
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The treatment efficiency, intuitively speaking, can be increased by increasing
the impact velocity and the number of balls. However, these two are contradictive
parameters. For our recent case, treatment with 100 balls is apparently the optimum
choice. It renders the highest tensile strength (~850 MPa yield strength and ~950
MPa ultimate tensile strength) and desirable ductility (~40%) after the same

treatment duration.

4.2.2  The microstructures of the treated steel

Transmission Electron Microscopy (JEOL JEM 2010) was adopted to reveal
the microstructures of the treated samples. The plane-view TEM foils of the layers
from different depths were obtained first by mechanical polishing until the sample
reaches about 30 um thickness and then ion-thinned at low temperature. Figs. 4.11
(a-j) show the microstructures of the surface and subsurface (depth ~ 50, 200 and
400 pm) layers of the 100-ball treated sample. Herein, the surface layer refers to the
layer very close to the surface, whose depth is within 10 um. At this layer, the grains
were intensively refined to the nanoscale and the size was tens of nanometers, as
shown in Figs. 4.11 (a, b), while at the subsurface layer of depth around ~50 pum,
nano-twins with minimum spacings less than 10 nm were found everywhere under
the microscope, as shown in Fig. 4.11 (c, d). Nano-grains were also found in this
layer, which are bounded by the twin lamellas. At the deeper subsurface layer of
~200 um, larger sizes of the two features found in the above layers were discovered.
Figs. 4.11 (e, f) show the dominant one; nano-grains with the average size of a few
tens of nanometers were found. Twins microstructure was another main feature at
this depth; however, broadened spacing of around hundreds of nanometers was

discovered, which is shown in Figs. 4.11 (g, h). At the center-layer of the matrix
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(~400 pm), the grain size was further increased to around ~1 pum, and dislocation
cell walls and a large number of laminae were found, as shown in Figs. 4.11 (i, j). It
is worth noting that nano-twins and nano-grains coexist along the sample up to ~200
pm subsurface layer. For comparison, the TEM foil from the surface of the 400-ball

treated sample was prepared. Dense nano-twins were found, as shown in Figs. 4.12

(a, b).
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200 pm

400 pm

FIG. 4.11. TEM micrograph showing the microstructure of different layers of the
100-ball treated sample: (a, b) bright field (BF) with the inset of the SAED patterns,
and dark field (DF) of the surface layer (O pm): nano-grains with the average size of
a few nm; (c, d) BF and with the inset of the SAED patterns, and DF of the
subsurface layer (~50 pum): nano-twins with minimum spacing less than 10 nm; (e, h)
BF and with the inset of the SAED patterns, and DF of the nano-grains of a few tens
of nm in average size and the nano-twins with spacing of around ~200 nm at the
subsurface layer (~200 um); (i, j) BF of the grains with dislocation cell walls, and
BF with the inset of DF of a grain with a large number of laminae at the depth of
~400 pm.
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FIG. 4.12. TEM micrograph showing the microstructure of the surface layer: (a) BF
with the inset of the SAED patterns; (b) DF of 400-ball treated samples, which

contain dense nano-twins of a few tens of nm spacing.

It is hard to confirm the detailed forming process of the nano-grains and
nano-twins in the SMAT process. However, the distinction between Fig. 4.11 and
Fig. 4.12 is apparently due to the large difference of the nominal impact velocities.
For the higher velocity impact, which pertains to the 100-ball case, the surface layer
must be more significantly strained with a higher strain-rate. This renders the
formation of extremely refined grains, which might be the consequences of
subdivision of deformation twins and dislocation grids, as was described by Zhang et
al. [84] in application of a low frequency SMAT process to AISI 304 stainless steel.
If Zhang’s explanation of the forming process of nano-grains is applied, the
abundance of nano-twins in the surface of 400-ball treated material can be regarded
as the precursor of the surface microstructure of the 100-ball case. Alternatively
speaking, after the same period (10 minutes) of treatment, the subsurface layer
(depth = 50 pm) of the 100-ball treated sample may experience a similar
strain/strain-rate history as the surface layer of the 400-ball treated sample. As a

matter of fact, it is noted that after a longer treatment time (e.g. 12 minutes), the
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400-ball treated sample can also achieve the same mechanical performance as the

100-ball-10-minute sample.

4.3 Theoretical Analysis

4.3.1 Theoretical estimate of strain-rate

The enhancement of the mechanical properties comes with the existence and
the high density of the twins microstructure [51]. Being the driving force of the
twinning induced plasticity [58], strain-rate [58, 146-148] has also been regarded as
a vital key in refining the grain size. In the early attempt of SMAT [4, 79], the
gradient variation of the strain and strain-rate has been generally regarded as the
significant factor for the gradient grain size distribution from a few nanometers (in
the top surface layer) to several micrometers (in the subsurface layer) of the sample.
In a later study [60], Wang et al. further specified the main role of strain-rate to
obtain the key features of the structure in the nanometer-regime which favors the
mechanical properties in Copper. In the SMAT process, the velocity of the balls
determines the strain-rate in the treated sample.

The theoretical model for the ball-plate dynamic indentation refers to
Johnson’s blunt indentation model [149]. This model, as shown in Fig. 4.13, based
on Hill’s elastoplastic cavity expansion model [150], assumes that the stress-strain
field underneath the ball indenter exhibits hemispherical symmetry and the further
movement of the ball indenter is accommodated by the instant expansion of the core

of radius a.
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FIG. 4.13. The Cavity Expansion Model (Johnson [149]) illustrates the ball making
an indent on the sample surface and results in three regions with specific materials’

response from the sample itself.

The solution renders the relation between the load P and depth 4, can be
expressed as

P a:YR{§+2ln(§)+0.l9}-7m2, 4.1)

r=

* 1
where < is found to be (Et—an,b’)3 and c is the boundary radius of the plastically

a 7
deformed region. E  is the reduced Young’s Modulus, which incorporates the

Young’s Moduli and Poisson ratios of the sample (£, v) and the ball (Ep, ) as

_ 2 _ 2
; = ! EV + ! EVb to account for the elastic deformation of the ball where £ = 200
b

s

0.72
R

GPa. Yz is the representative stress and is taken as 300(1 + 4.92 &™) for our case,

which is obtained from the true stress-strain curve (Fig. 4.10) of as-received 304

stainless steel after curve fitting. According to Johnson and Tabor [151], &, is the

representative strain which changes with the angle, £ (Fig. 4.13), of the ball indented

85



Chapter 4: Theory and Modeling of the SMAT Process

at the edge of the treated sample during the ball’s penetration, and is approximately
equal to 0.2tan/g. tanf herein is similar to sinff and can be expressed in terms of the

radius, a, of the core region, which varies with respect to the penetration of the depth

h, which is equal to a/R =+/R*> —(R—h)’ /R )

Note that the kinetic energy of the ball is absorbed by the elastoplastic
deformation of the material; the velocity of the ball changes with the indentation

depth £, that is

v(h) = h = JE(lmvoz - Pdhj , 4.2)
m\ 2 0

where v, is the initial impact velocity of the ball and m = 0.1124 g is the mass of
the ball. The relationship of the force P and the velocity of the ball is then found.
In Johnson’s model [149], the compressibility of the core is neglected. This
conservation of volume gives
2ra’du(a) = rwa’dh . 4.3)
According to Hill [150], the change rate of the radial displacement u(7) in the
plastic zone, a <r <c, with respective to c is

du(r) _ Y

" 5{3(1—v)(cz/rz)—2(1—2v)(r/c)}. (4.4)

Assuming incompressibility of the material, i.e. v= 0.5, eq. (4.4) becomes

du(r) _ z(z)(g} 45)
dec  E\2)\r

which leads to

_ du(r) _ Y

3V ¢\ de
7 E[E][Tz)(z)’ (4.6)

u(r)
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hence the relation between the change rate of the radial displacement with respect to
time and the change rate of the boundary of the plastic region with respect to time,
dc/dt, (hereafter, denoted by, ¢) is obtained.

Noting that the displacement of the core boundary should accommodate the

further indentation of the ball with respective to time, eq. (4.3) is modified to

give2ma’i(a)= ma’h, ¢=dc/dt canberelatedto h as

_I(ENa ),
0—3(Yj{czjh. 4.7)

According to Hill’s solution [150], the radial (7), longitude (6) and latitude (@)

plastic strain-rates are respectively given by

2

g,(r)=M=—“—3h, (4.82)
or r
A ) du(r) la*
gg(r)=¢,(r)= ( )=——3h. (4.8b)
2r
The equivalent plastic strain-rate is then
) 2. ) a
£ =380 =&(|=—h, (4.8)

and the average plastic strain-rate over the straining period is obtained as

a(r) = % jo é.(rydt . (4.9)

By numerical computation of the strain history, one is able to obtain the
average strain-rate. Table 4.2 lists the average strain-rate at different depths. It is
shown that the strain-rate is in the order of 10* for 10 m/s impact. If the initial
velocity is reduced to 3 m/s, the corresponding strain-rate is also reduced by 2/3 at

the surface and almost an order at the subsurface layer.

87



Chapter 4: Theory and Modeling of the SMAT Process

Table 4.2. The plastic strain-rates (s ") at different depths of the materials treated
with 3 mm ball.

Impact Depth, »  (um)

velocity 15 50 100 200 300 400
10 m/s 342 %10 | 10 x10* | 5.0 x 10* | 2.4 x 10* | 1.0 x 10* | 4.4 x 10
3 m/s 10.1 x 10* [ 3.0 x 10* | 1.5x10* [ 3.5 x 10° | 1.0 x 10° | 4.4 x 10?

4.3.2  Simulation results

Finite element simulation can be performed to verify the above estimate of
strain-rates at different depths. As strain-rate is the main focus in this study, the
effect of local heating, which is mainly on the grain refinement, is then not
considered. In the simulation, the bearing steel ball was assumed to be rigid and the
initial velocity is 10 m/s. The model was assumed to be axisymmetric. The 6-node
quadric triangular element was adopted with the minimum element size of 0.005 mm
in the contact region. The impact process was simulated by ABAQUS EXPLICT.

As strain-rate plays the main role in obtaining twins in nanometer regime,
plastic strains, on the other hand, determines the depth that this key feature can
present. Thus the simulations of both strain-rate and plastic strains are performed.
Fig. 4.14(a) shows the contour map of the plastic strains of the 304 stainless steel
plate, and Fig. 4.14(b) shows the plastic strain distributions along the center line after
impact. The plastic strain within ~200 um is maintained at a very high magnitude. It
is noted that the plastic strain at the subsurface depth of ~200 um is quite close to
that of the surface layer, and the maximum plastic strain occurs at the depth of ~70 —
80 um rather than the surface layer. Beyond 200 um, the plastic strain decreases
drastically with increase of depth. It is also worth noting that the plastic strains

accumulate with the number of impacts. And as the number of impacts increase, the
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maximum plastic strains occurs closer to the surface layer instead, and begins the
drastic decrement at the shallower subsurface layer as shown in Fig. 4.14(c). In the
real SMAT process, the number of impacts is much higher and the accumulated

strains can then be expected to be higher.
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FIG. 4.14. The distribution of equivalent plastic strain in the 304 SS subjected to
impact by a 3 mm rigid ball with an initial velocity of 10 m/s. (a) the contour map; (b)

the distribution along the central axis after a single impact; (c) after multiple impacts.

Figs. 4.15(a-d) show the plastic strain-rate at different depths of the sample in
a period of time. For comparison, Fig. 4.16 shows the variation of strain-rate with
time at different depths as well as the estimated average strain-rate (by the horizontal
dashed lines) from Table 4.2. The length of the horizontal lines refer to the duration
of straining at the particular depth » from the above analytical model by noting that
as the material is included in the core region (i.e. a>r), the deformation ceased. Fig.
4.16 shows that the estimated strain-rate from the analytical model indicates
strain-rate level well at different depths. Especially for the subsurface layers with
depths between 50 and 200 pum, the estimated strain-rate is about 80~90% of the

maximum strain-rate.
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FIG. 4.15. (a-d) Strain-rate at the particular depth at different time.
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FIG. 4.16. Comparison of the strain-rate obtained by theoretical calculation and

numerical simulation.

From the simulation, the rebound velocity ratio of the ball can also be obtained,
as shown in Fig. 4.17, which can be the supplementary explanation to the
observation in the previous part. The ratio of rebounding velocity to the impinging
velocity increases as the number of impacts increases, and gradually tends to 1 at the
80" impact. It renders the fact in the actual SMAT process that as the number of
impacts approaches infinity, the rebound velocity of the ball is quite close to its
impinging velocity. This may be due to the treated materials being hardened as the
number of impacts increases. And this is the evidence of the hardening effect of the
treated materials on the velocity of the ball as mentioned previously: the harder the

treated materials, the higher the rebounding velocity.
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FIG. 4.17. Rebounding velocity ratio tends to 1 after multiple impacts.

4.3.3 Implications

From the above calculations, in connection with the microstructures from the
TEM observations (Fig. 4.11, 4.12), one can infer that the formation of
nanoscale-spaced deformation twins in the AISI 304 stainless steel is related to the
high strain-rates in the present treatment process [58, 146, 147]. The above
calculation indicates that the requirement of the strain-rate to form nano-twins would
at least be in the order of 10*s™ for the AISI 304 stainless steel.

This may explain why the samples treated with high velocity balls in SMAT
(100-ball case) have the twins microstructure along the thickness direction up to the
depth of ~200 um with high density at the layer close to the surface where the strains

is higher.
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4.4 Concluding Remarks

In the present work, we attempted to study the impact velocity of SMAT
process and henceforth the strain-rate estimation and impact process simulation. A
high speed camera was used to observe the motion of a ball in the treatment chamber
and measure its velocity. The ceiling impact velocity of a single 3 mm ball was about
10 m/s. Density and size of the ball, power of the ultrasonic generator, the
mechanical properties (mainly, hardness) of the sample, as well as the number of
balls, were the parameters that affect the ball velocity in SMAT.

The nominal impact velocities of multiple-ball cases were also investigated.
As the number of balls increases, the corresponding nominal impact velocity of the
balls decreases as more kinetic energy is dissipated or allocated to the horizontal
motion due to more collisions between balls. The treatment efficiency (eff),
represented by the resulting tensile strength after the same duration of treatment
correlates well to total kinetic energy evaluated from the ball number and the
corresponding nominal velocity. Higher total kinetic energy results in higher
treatment efficiency. In the present case, 100-ball treatment seems the optimal choice,
as it rendered the highest yield strength (~850 MPa) after 10-minutes of treatment.

Nano-twins were found under TEM in both 100-ball and 400-ball treated
samples, which was the favorable ultrastructure in the recent technology trend to
enhance the performance of metallic materials. The difference was the depths at
which they were found. For the 400-ball treated sample, dense nano-twins were
found in the surface layer. While, for the 100-ball treated sample, nano-grains were
found in the surface layer and dense nano-twins with minimum spacing less than 10

nm were found in the subsurface (depth = 50 um) layer instead. It is plausible that
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the subsurface layer (depth # 50 um) of the 100-ball treated sample may experience
similar strain/strain-rate history as the surface layer of the 400-ball treated sample.
Utilizing the ball velocity obtained in the observation, Johnson’s Blunt
Indentation Model was adopted to estimate the strain-rate at different depths of the
treated AISI 304 stainless steel plate. The estimated average strain-rate for the
impinging of a 3 mm ball with 10 m/s velocity, can be as high as ~10*s™ even at the
depth of 300 um. This result agreed well with the simulation. Associating this result
with the microstructures obtained from TEM observations, we believe 10*s" is the
least requirement of the strain-rate for the formation of twins with nanoscale spacing

for the AISI 304 stainless steel.
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Chapter 5: ELECTRODEPOSITION PROCESS

DEVELOPMENT

The electrodeposition (ED) process has been developed since the 17" century;
recently, it has been widely adopted in nanotechnology [8, 115, 119, 120]. It is one
of the promising synthesis methods to produce NS materials in bulk form [119]. In
1994, Erb et al. [120] showed that materials with nano-scale grain size, as small as
11 nm, can be obtained using the ED process with pulsed current (pc). In 2004, Lu et
al. [93] further demonstrated that NS materials with a promising structure,
nano-twins, which are able to achieve high strength and retain desirable ductility,
were also obtained by the pulsed ED process in strictly controlled conditions. Pulsed
ED 1is proposed for fabricating NS materials since it has a significant effect on
inhibiting grain growth while promoting grain nucleation [119, 120]. However, it is
necessary to precisely control the conditions in the process of pulsed ED. As an
alternative, the direct current type (dc) is easy to be manipulated. Limited work has
been reported on the relationships among dc, grain size and duration. The focus of

previous works mainly fell on the effect of additives and thin films of thickness less

than 200 um [121, 152-155]. Tban ez et al. [121] have reported that both dc and pc
methods produce Cu films with nano grains of similar size with a thickness of a few
micrometers. Does there exist a limit for the thickness of electrodeposits with

nano-grains produced by dc methods? It prompts us to contemplate the probability of

96



Chapter 5. Electrodeposition Process Development

adopting dc for producing NS materials since it has the advantage of easy
manipulation.

In industrial applications, free-standing electrodeposits are extensively used. In
order to facilitate the removal of the substrate from the subsequently electroplated
samples and allow the complex shape, resin or wax is commonly adopted as
substrate. However, the effect of non-metallic substrates on the production of NS
materials in the ED process is not yet fully investigated [125, 156, 157].

It is known that the structure and properties of the electrodeposits are strongly
sensitive to the operating conditions, such as composition of the bath, pH value,
current type used, current density, temperature and substrate, etc [121, 125]. All
these parameters are found to be inter-affected [124]. Hence, the missing piece of
knowledge in the relationships among non-metallic substrates, current type, current
densities, microstructure and crystallographic textures, and mechanical properties
prompted us to look further into their influences in the ED process and also further
into the availability of the resultant electrodeposits on producing materials with
nano-grains and / nano-twins. This work will systematically study the influences of
deposition parameters on the microstructure and tensile properties of the
electrodeposited Cu. The microstructures of the electrodeposited Cu are
characterized by means of TEM, FIB, EBSD and SEM observations and XRD
analysis. The tensile properties of the resultant deposits are examined.

It is known that by employing the proper conditions, one can tailor the
electrodeposited materials with the desired structure and properties for different
applications. This work will also examine the availability of obtaining bulk NS

materials with desirable ductility in production-scale conditions through
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understanding the relationships among operation parameters, microstructure and

properties.

5.1 Experiment

5.1.1  Setup and procedure

The ED setup was designed in the small mass production scale; details have
been introduced in Chapter 3. The ED process was carried out at the ambient
temperature of 24°C and pH value of 1. The detailed chemical composition of the
electrolyte bath used in this study is listed in Table 3.1, which is in accordance with
the well-established industrial applications. Four copper bars with 99.99% purity
were used as the soluble anode without any additives in the solutions. The
cathode/deposition substrate was a rectangular wax block of (30 x 30 x 120 mm®)
coated with silver conducting paint. The distance between the anode and cathode
was 20 cm. The electrolyte was continuously mechanically stirred during the ED
process.

The thickness of the Cu films ranged from ~30 um to 1.1 mm according to the
increase in duration or current density. The as-deposited Cu films with thickness
smaller than 100 um were directly peeled off from the substrates for structural
examination. Those with thickness larger than 100 um were separated from the
substrate by the de-waxing process and cut into a dog-bone shape with the
electro-discharge-machining (EDM) technique for both structural examination and

property measurements.
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The morphology of the cross-section of the sample of 1 mm thickness was
examined by SEM (JEOL JSM-6490), EBSD (JEOL 6500F) and FIB (FEI Quanta
200 3D) to provide insight into grain growth in dc conditions. The sample for SEM
and EBSD was first polished with silicon carbide paper and diamond cloth, and then
it was etched in a mixed solution of Nitric acid and ethanol (details are listed in
Table 3.2).

The morphologies at the solution side (the side making contact with the
electrolyte solution), substrate side (the side attached to the substrate) and different
depths (~270 and ~700 pum of the 1 mm thick sample) of Cu films obtained from
different duration were examined by TEM (JEOL JEM-2010). Hence, the grain size
and twins thickness were statistically estimated. The samples for TEM observations
were first grinded to ~40 um leaving the observed side or depth untouched and then
they were ion-milled.

XRD measurements were performed on both solution and substrate sides of
the Cu films of different thickness obtained from different duration with Bruker D8
Discover employing Ni filtered Cu Ko radiation.

Tensile property tests were performed at ambient conditions on MTS RT-50
(50 kN) Axial Static Testing Machine at the strain-rate of 2 x 107 s™. The
extensometer (MTS 632 24F-50) was used to measure the extension of the large
samples with gauge length and width of 25 + 0.1 and 6 £ 0.1 mm, respectively. For
small samples with gauge dimension of 3 x 1 mm?, the strains were obtained from

the displacement of the stroke of the tensile machine.
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5.1.2  Preliminary study
5.1.2.1 Effect of current type

As addressed in Chapter 2, different current types can be used for
electroplating. dc is commonly used for its uniform deposition rate, high efficiency
and easy manipulation. Meanwhile, rectangular pc is widely adopted to produce NS
materials [93, 116, 118-120] owing to its promotion of grain nucleation and
inhibition of growth.

The effect of current types on these plating conditions was compared in terms
of tensile properties. The current density was kept at 1.5 A/dm”, which is calculated
by the ratio of set current to the total surface area of the substrate of the cathode, and
is commonly used in the industrial application of this scale. In order to produce
electrodeposits with a thickness of around 0.5 mm, the total deposition time for both
types of current was around 48 hours. Five sets of samples were produced by pc with
different combinations of on-time, f,,, and off-time, #,5 as summarized in Table 5.1.
One extra set of samples was obtained from dc. The average current density, /,,
defined as the current density of the sample during the whole pulse cycle, can be
obtained by L,(fon) / (ton + top), Where (to,) / (ton + top) 1s the duty cycle. It is noted
that the average current density was extremely low for all the pc-obtained samples in
this study, especially for ‘Sample 1’ with a relatively long off-time. This low average
current density resulted in low surface concentration of deposited metal ions at the

anode and consequently, low deposition rate [158].
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Table 5.1. On- and off- time combinations of the pulsed ED process in this study.

peak current : . average current
sample s on-time, off-time, 1 .
number dens1ty,2Ip ton (mS) togr (mS) duty cycle densr[y,2 I,
(A/dm°) o ° (A/dm°)

1 1.5 0.2 2.0 0.091 0.136

2 1.5 0.1 0.3 0.250 0.375

3 1.5 0.3 0.9 0.250 0.375

4 1.5 0.3 0.5 0.375 0.563

5 1.5 0.3 0.4 0.439 0.643

6 1.5 - - - -

The tensile test samples had the gauge dimension of (25 x 6) mm’. At least
five samples for each parameter were tested. The engineering yield stress-strain and
ultimate stress-strain results are shown in Figs. 5.1 (a) and (b), respectively. Almost
all the samples had yield strengths ranging from ~200 to 265 MPa, except ‘Sample
1’. This sample was produced by the lowest average current density with the longest
off-time, and had exceptionally low yield strength (~175 MPa). Samples obtained by
dc had the highest yield strength (~265 MPa) and relatively high ductility (~25%).
Samples (‘Sample 2’ and ‘Sample 3’) with the same duty cycle (25%) had similar
yield strengths (~243 and 256 MPa, respectively) and ductility (18% and 16%,
respectively); ‘Sample 3’ that had a longer off-time in the synthesis process had a
higher ultimate tensile strength (404 MPa) but lower ductility as well. In general,

both ‘Sample 2’ and ‘Sample 3’ had comparatively low ductility.
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FIG. 5.1. The engineering tensile properties of the electrodeposited Cu obtained from
different current types and different time settings: (a) yield stress-strain; (b) ultimate

stress-strain.

The SEM image of the fracture surface of ‘Sample 2’ illustrates that large
voids existed in a rather porous matrix, which is shown in Fig. 5.2 (a). This may
explain the relatively low ductility. Meanwhile, the SEM image of the fracture

surface of ‘Sample 6 shows the comparatively ductile fracture characteristics, which
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is presented in Fig. 5.2 (b). Small voids having sizes less than 1 um were observed.

FIG. 5.2. Fractographic features: (a) electrodeposited Cu obtained by pc with ¢,, =
0.1 ms, z,5= 0.3 ms; (b) electrodeposited Cu obtained by dc.

In these ED process conditions, Cu films obtained from pc did not have
markedly higher yield strength than those from dc as literatures have stated [116]. It
is believed that the low current density is the main reason since it results in a low
nucleation rate [127]; consequently, grains are harder to be refined. Another
plausible reason is that the relatively long distance between the anode and the
cathode reduces the concentration of Cu”" ions in the vicinity of the cathode which

may also result in the low nucleation rate.
5.1.2.2 Effect of current density

Current density is considered to be an important parameter to control the size
of grains. According to classical theories on electrochemical phase formation and
growth, high current density facilitates the production of fine grains [116, 121, 127]
by promoting the nucleation rate. The effect of current density will be examined in
this section. In the batch of samples, the current type used was dc and the deposition
time was 24 hours. The highest current density to be tested was restrained by the

limitation of the electronics part of this ED equipment. The current density ranging
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from 1 to 12 A/dm* was examined. The increase of current density resulted in the
increase of the film thickness, as shown in Fig. 5.3 (a). The deposition rate was
obtained by dividing the film thickness by the time used. The relation of current
density and the deposition rate is shown in Fig. 5.3 (b). The deposition rate increased
with increase of current density. However, the degree of increment decreased when

the current density exceeded 8 A/dm’.
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FIG. 5.3. Relation of current density and (a) the thickness of the Cu film; (b) the

deposition rate.
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FIG. 5.4. The tensile test properties of the electrodeposited Cu obtained by current
density ranging from 1 to 12 A/dm* (a) engineering stress-strain curve; (b) true

stress-strain curve.

Both ex-situ and in-situ tensile property tests were performed. The samples
had the gauge dimension of 3 x 1 mm®. Fig. 5.4 presents the engineering stress-strain
curve and the true stress-strain curve, respectively. Both the yield strength and the
ultimate strength increased when the current density increased from 1to 8 A/dm’.

They dropped when the current density reached 12 A/dm”. Fig. 5.5 plots the
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summary of the ultimate strength and the strain to failure against the current density.
The electrodeposited Cu films produced by current density of 1.5 A/dm” had the
highest ductility; those undergoing the current density of 8 A/dm” had the highest

strength.
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FIG. 5.5. Summary of the (a) ultimate strength; (b) strain to failure against the

current density.

The porous matrix formed in these conditions is the possible reason for the fall
in strength at 12 A/dm?, the low ductility at the relatively high current density and

the large variation of Young’s Modulus among the samples with relatively low value.
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Figs. 5.6(a-e) show the fractographs of samples obtained at current densities of 1, 1.5,
4,8 and 12 A/dm?, respectively.

Different rupture mechanisms have been shown for samples produced by
different current densities. Necking, although in limited scale, was still observed in
samples produced by current densities lower than 4 A/dm”. Fig. 5.6(a) illustrates two
rupture characteristics: dimples and void coalescence occurred through the shearing
of voids. Both of them caused the failure of the sample produced by a current density
of 1 A/dm®. A few occasional voids sized around 5 - 10 pm were found, which are
believed to weaken the structure and hence result in the loss of the strength and
ductility. Fig. 5.6(b) shows the failure of plastic shear localizations in the sample
produced by the current density of 1.5 A/dm®. It is found that the void sizes in this
condition were relatively small compared with the tested samples in other conditions,
and hence higher ductility was obtained. Fig. 5.6(c) shows an even smaller degree of
necking of the in-situ tensile test sample produced by the current density of 4 A/dm?.
A rather porous matrix was observed compared with the previous discussed samples,
which limited the ductility. This is also true for the samples produced by current
densities higher than 4 A/dm’. The seriousness of the porosity and the size of the
voids worsen the ductility of the samples produced by high current densities, i.e. 8
and 12 A/dm’, and caused their total loss of plasticity. This resulted in their fracture
in a brittle fashion, as shown in Figs. 5.6 (d) and (e). This is the reason for the rather
high current density enhancing nucleation of new grains with less aid in their further
growth. However, the long distance of the cathode and anode may make it hard to
maintain sufficient supply of metal ions in the electrolyte to achieve a high

deposition rate at these levels of current density. Therefore, the high concentration of
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Cu”" ions in the vicinity of the cathode cannot be sustained. This leads to the
formation of a porous structure.

Considering the power limitation and the scale of the machine in this system,
the current density of 1.5 A/dm’ is a relatively optimum condition for producing Cu

film with desirable strength and ductility.

20kV X140 100um 10 30 SEI X1,200 10pm k 10 30 sEI

X170  100pm 11 30 SEI

20KV - X1,200
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FIG. 5.6. Samples obtained at different current densities: (a) 1 A/dm?; (b) 1.5 A/dm?;
(c) 4 A/dm?; (d) 8 A/dm?; and (e)12 A/dm™.

5.1.2.3 Effect of process duration

In the conditions of the dc type, low current density and additive-free solution,
it is known that the grains of electrodeposited Cu film always grow with its thickness
and result in a soft structure [124]. However, limited studies reported on the
relationship among the grain size, deposition rate and duration for the electrodeposits
with thickness larger than 100 um [124, 125] in these conditions. In this section and

the following, the focus is directed to reveal this relationship.
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FIG. 5.7. (a) The relation of thickness and duration of the ED process; (b) relation of

deposition rate and duration of the ED process of the electrodeposited Cu film.

In this batch of samples, the current type used was dc and the current density
was kept at 1.5 A/dm’. The deposition time ranging from 1.5 to 78 hours was taken
to obtain Cu film of thickness ranging from ~30 pum to 1.1 mm. The relation of the
deposition time and the thickness of the Cu film is presented in Fig. 5.7(a). This
figure shows an approximate linear relation. When the deposition rate was plotted

against the duration, however, it is clear that the deposition rate was high in the
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beginning couple of hours and dropped drastically as time passed, as shown in Fig.
5.7(b). After 15 hours, the deposition rate became steady. It is believed that the
substrate played a crucial role in the first few hours by providing sufficient nucleate
sites for the grains to form and by deciding the growing orientation with their own
textures [125]. This may also explain why the microstructures with a thickness of a
few tens of micrometers of electrodeposits are always fine grains of a size less than 1
um [124, 125].

Tensile property tests were then carried out on the dog-bone shaped samples
with a gauge dimension of 3 x 1 mm?”. The sample thickness was in the range of 0.16
to 1.02 mm. The samples were deposited for 15 to 78 hours correspondingly. The
tensile property tests were not carried out on thin films with thickness of 30 and 50
um due to equipment limitations. The measured engineering and true stress-strain
curves are plotted in Figs. 5.8 (a) and (b), respectively. Both the yield and the
ultimate tensile strengths decreased with the increase of the sample thickness
(deposition duration); meanwhile the ductility increased with the sample thickness
(deposition duration). The slope of increment in strength and decrement in ductility
for samples with thickness exceeding 0.52 mm (deposition duration exceeding 48
hours) were small compared to the other samples. It is interesting to find that there
were two kinds of plasticity manner among these true stress-strain curves of these
electrodeposits, which are believed to reveal the plastic deformation mechanism.
When the thickness of the deposits was 0.35 mm or smaller, i.e. the deposition time
was 24 hours or less, the plastic deformation at a constant flow stress was observed
following the linear dependence of stress and strain in the elastic deformation. It
implies a near-perfect elastoplasticity behavior [159]. In the small grains of ductile

materials, the dislocation activity was reduced and plastic deformation was assured
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by diffusional grain-boundary sliding [160]. This seemed different for the samples
with thickness equal to or larger than 0.5 mm. A relative classical conventional work
hardening manner was observed in the true stress-strain curve for these samples.
This was caused by the continuous multiplication of dislocations owing to their

comparatively large grains.
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FIG. 5.8. Tensile test properties of the electrodeposited Cu of thickness ranging from

0.16 to 1.02 mm: (a) engineering stress-strain curve; (b) true stress-strain curve.
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FIG. 5.9. Effect of the thickness of the electrodeposits on: (a) UTS and YS; (b) strain

presented in Fig. 5.9. It is believed that the columnar structure played a significant
role in enhancing the ductility while weakening the strength when the deposition
time exceeded 24 hours and thickness of the Cu film was over 0.35 mm. This will be

further discussed in the next section.
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5.2 Results and Discussion

Mechanical properties, microstructures and textures are strongly related to
each other. After the preliminary study, some idea of the effect of the current type,
current density and deposition duration in terms of tensile properties was obtained.
Using the dc type and current density of 1.5 A/dm’, the electrodeposited Cu film
with comparatively high ductility can be fabricated when the deposition duration is
long enough. In this section, the samples are produced by the ED process with these
conditions and the focus is directed to the evolution of microstructures and textures
with the deposition duration. Different time durations, 1.5 to 78 hours, are adopted to
obtain the specimens of different thicknesses in the same batch.

Then the mechanism of grain size / thickness effect on mechanical properties
is discussed. The Hall-Petch relation and strain hardening exponent of NS Cu are
examined based on the results in this project and compared with those in previous

works.
5.2.1 Microstructure characterization
5.2.1.1 Microstructure evolution

The microstructures of the cross-sectional sample obtained by the ED process
with deposition time duration of 78 hours and thickness of 1 mm were firstly
examined by means of BSE imaging of SEM, FIB and EBSD. The transverse
microstructures at different depths, i.e. substrate side, 270 pm, 700 um and solution

side, were analyzed by TEM.

5.2.1.1.1 Overview-cross-section
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The BSE images of SEM in Fig. 5.10 show that there were three regions
containing two types of grains along the cross-section of the 1 mm thick
electrodeposited Cu film. At the first ~20 to 30 um of the substrate side, a transition
layer with an equiaxed grain structure was observed. Beyond this layer, columnar
grain structures, similar to those of the other electrodeposited metals [161-164], were
revealed. In between the columnar structures, some small grains were found. At
about ~20 to 30 wm near the solution side, the grains were refined to equiax of sizes

less than 500 nm again.

Growth
Direction

Substrate

FIG. 5.10. Cross-sectional SEM images of the electrodeposited Cu film along the

growing direction.

This observation agreed well with FIB cross-sectioning analysis as shown in
Fig. 5.11. Fig. 5.11 (c) shows a transition layer with an equiaxed grain structure near
the surface that was originally attached to the silver paint ‘seed layer’ during the

electroplating. This figure also shows the existence of the columnar grains. It is
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noticed in Fig. 5.11 (b) that some of the columnar grains were ‘cut’ by a few straight
bands about ~100 nm wide. Similar band structures, traversing the columnar grains,
were also observed in the 0.5-3 um thick electrodeposited copper thin films, which
are attributed to the twinning of the individual grains during the electrodeposition

[161]. Twinning in our samples will be further discussed in the next sub-section.

(@)

Growth direction

columnar grain layer

equiaxed grain layer

equiaxed grain layer

FIG. 5.11. (a) The schematic of the grain structure of the electroplated copper thin
foil; (b) the columnar grain structure with the growth twins (as circled), and (c) the

equiaxed grain structure.

The structure and the orientation are also presented by EBSD images in Fig.
5.12. This figure shows the columnar structure of the cross-sectional sample with the
fine grains on the top layer. This is the same as the observations by other methods

discussed before. An out-of-plane <111> and <110> texture in the thickness

116



Chapter 5. Electrodeposition Process Development

direction is displayed in Fig .5.12. In the columnar grain structure, the average width
of the columnar grains slightly increased with increase of distance from the transition
layer in a similar fashion as reported in Refs.[161, 163, 164]. Among these columnar
structures, ultra-fine grains of only a few tens or hundreds of nanometers were

observed as shown in Fig. 5.10.

Copper (80.9%

1M

FIG. 5.12. EBSD mapping of the grain orientations of the cross-sectional view in the

as-deposited copper thin foil.

From the cross-sectional analysis by means of SEM, FIB and EBSD, it is clear
that the structure of an electrodeposited Cu film with a thickness of 1 mm was
composed of three zones: an equiaxed transition layer with a thickness of ~20 to 30
pm; the columnar structure in the fine grain matrix with 90% thickness of the whole
film; and another equiaxed layer with a thickness of ~20 to 30 um at the solution
side. The equiaxed transition layer is probably induced by the comparatively high
deposition rate in the first few hours with the effect of the substrate on the texture.
This is consistent with the previous studies [116, 125]. As time passed, the grains

chose the preference orientation and grew as columnar structures. The last few tens
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of micrometers thickness of fine grains formed under the effect of current density

and the electrolyte [116].

5.2.1.1.2 Overview - transverse

To reveal the growth of grains during the 78 hours, the transverse
microstructures at the substrate side, the depths of 270 and 700 um, and the solution
side of the 1 mm thick sample were analyzed by TEM and are shown in Fig. 5.13.

At the beginning of the ED process, the grain started to form randomly. The
grains formed at that moment were relatively small with a size of around ~40 to 320
nm, as shown in Fig. 5.13 (a). A small amount of twins with thickness ranging from
~40 to 260 nm were also observed, as shown in Fig. 5.13 (b).

At the depth of 270 um, 1.e. after deposition for ~24 hours, the grains started to
grow with an average size of ~200 nm, as shown in Fig. 5.13 (c). The amount of
twins was reduced and the sub-grains were usually found within the twins-embedded
grains (as the one with the white arrow pointed), as observed in Fig. 5.13 (d). It can
be surmised that the growth of the grains with preferred orientation can finally
replace the twin structure by migration of the dislocations and hence develop the
sub-grains.

As deposition time further increased, the columnar structures developed with
the ultra-fine grains embedded in-between, whose cross-sectional view along the
thickness has been shown previously in Figs. 5.10 and 5.12. Figs. 5.13 (e-f) show the
transverse view of the grains with sizes of a few tens of nanometers. These grains
were surrounded by a bundle of ultra-fine grains of sizes of a few hundreds of

nanometers which are believed to be the composition of the columnar grains.
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At the solution side of the Cu film where the ED process was about to finish,
the size of the grains further increased. This is quite different from the results
obtained in SEM and EBSD images as aforementioned. It is probable that the first
few tens of micrometers of the Cu film were polished during the preparation for the
TEM samples. Moreover, it is clear that there was a large amount of twins with
thickness ranging from ~40 to 440 nm. Some of them singularly existed in the grains,
as shown in Fig. 5.13 (g); some of them existed as a bundle filling the entire grain
with rather wide thickness, as shown in Fig. 5.13 (h). It is believed that the
increasing formation of the twins structures results from the strong surface energy

originated from the electrolyte.

Substrate Side| | at 270 pm | | at 700 um | | Solution Side

FIG. 5.13. Transverse TEM images at different depths of electrodeposited Cu of 1
mm thickness: (a) substrate side; (b) the depth of 270 um; (c) the depth of 700 um,;
(d) the solution side.

The grain size distributions of these samples are summarized in Figs. 5.14

(a-d), and the twins thickness distribution at the solution side is plotted in Fig. 5.14
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(e). A clear trace of the deposition time of the ED process on grain size increment is
demonstrated in Fig. 5.15, which agrees well with the observations in the
preliminary studies. The comparatively small average grain size at the beginning can
be attributed to the relatively high deposition rate at that moment. Meanwhile, the
overall grain sizes of electrodeposited Cu with 1 mm thickness were rather large and
their distribution range was wide, resulting in the bimodal structure and the ductile

characteristics for the sample.
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FIG. 5.14. Grain size and twins thickness distribution of the transverse Cu film of 1 mm

thickness at different depths: (a) the substrate side; (b) 270 um; (c) 700 um; (d, e) the

solution side.
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FIG. 5.15. Growth of grain size along the thickness direction of the I mm deposited Cu
film.

5.2.1.1.3 Grain size and twins thickness distribution

As shown in section 5.2.1.1.2, the electrolyte and the deposition duration have
great influences on the microstructures of the electrodeposits. In this section, the
microstructures at the solution sides of transverse samples obtained in different
deposition durations, i.e. 1.5, 3, 15 and 48 hours, were also examined by TEM. The
obtained images are shown in Figs. 5.16 (a-j). The transverse TEM images of the
sample with the deposition duration of 78 hours are also displayed in Figs. 5.16 (k-1)

for comparison.
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FIG. 5.16. Transverse TEM images of electrodeposited Cu film obtained by different
deposition times: (a-b) 1.5 hours; (c-d) 3 hours; (e-f) 15 hours; (g-h) 24 hours; (i-])
48 hours; (k-1) 78 hours.
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After deposition for 1.5 hours, the thickness of the Cu film was ~30 pm. A
large number of twins with thickness in the range of ~20 to 240 nm were discovered
in this sample (Figs. 5.16 (a-b)). The lengths of the twins were about several hundred
nanometers. The grain sizes were small and in the range of ~40 to 320 nm, with an
average size of 80 nm. However, the grain boundaries were quite vague.

As the deposition time increased to 3 hours, grains with clear boundaries then
developed with increasing numbers of narrow twins inside, as shown in Figs. 5.16
(c-d). Cu film produced with this deposition time was covered with over 95% twins
and had the average twins thickness of 68 nm and grain size of 80 nm. Similar to the
sample obtained by a deposition of 1.5 hours, the lengths of the twins were several
hundred nanometers.

When the deposition time increased to 15 hours and Cu film had the thickness
of 160 um, the number of small grains without containing a twins structure increased.
However, there was still almost a 90% twins matrix. Unlike the previous two cases,
the twins matrix was embedded in small grains with rather large thickness. The
lengths of the twins were comparatively short, as shown in Figs. 5.16 (e-f). The Cu
film obtained under this condition had the average grain size of 107 nm and twins
thickness of 79 nm. The Cu film with the thickness of 280 um, as shown in Figs.
5.16 (g-h), had a similar structure as the one which was 160 um thick, except for the
distribution of the grain sizes. The distribution was in the range of ~20 to 320 nm
and was comparatively wide.

When the deposition time increased to 48 hours and the thickness of the Cu
film was 530 pum, the grain sizes further increased and narrow twins emerged in
some of them, as shown in Figs. 5.16 (i-j). The amount of twins was less than that in

the samples discussed previously. As for the length of twins, it increased with the
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grain size. In the current Cu film, the average grain size was 200 nm and the average
thickness of twins was 94 nm. The distributions of the grain size and the twins
thickness were both wide. For samples obtained with the deposition duration of 78
hours, the average grain size was 350 nm and the thickness of twins was 133 nm.

The distribution of the grain size and the twins thickness of Cu film with different

thickness are summarized in Fig. 5.17.
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FIG. 5.17. Distribution of the grain size and the twins thickness of samples obtained
by different deposition times: (a-b) 1.5 hours; (c-d) 3 hours; (e-f) 15 hours; (g-h) 24
hours; (i-j) 48 hours.

Generally, as the deposition time increased, the grain size increased and the
amount of twins decreased. Following this change, the thickness of twins increased
and the range of the thickness distribution became wide. The effect of deposition
time on the average grain size and the average twins thickness is plotted in Fig. 5.18.
It can be seen that the rate of the increase of the grain size and the twins thickness
increased with deposition time. As expected, the grains started to grow with special
crystallographic orientations after several tens of hours, and hence the columnar

structure formed and grew at a higher rate.
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FIG. 5.18. Effect of the deposition time on the average grain size and the average

twins thickness.

5.2.1.2 Texture characterization

The textures of the electrodeposited Cu films obtained from different
deposition duration, i.e. 15, 24, 48 and 78 hours, were analyzed with XRD. Figs.
5.19 and 5.20 demonstrate that both the electrolyte and the deposition duration
impacted on the textures. After the substrate was coated with silver paint, some
silver element was left on the substrate side of the sample. This silver paint
consequently resulted in {111}, {100}, {110} and {311} out-of-plane
silver-corresponding textures which coexisted with the original Cu-related textures:
{111}, {100}, {110} and {311}. The initial layer of Cu deposited on Ag was
observed to inherit {111} and {110} out-of-plane texture of the Ag layer.

Meanwhile, the solution side of the Cu film which was obtained by a
deposition duration of 15 hours had only the {I11}, {100}, {110} and {311}

out-of-plane textures of Cu elements with a very strong {110} out-of-plane texture.

127



Chapter 5. Electrodeposition Process Development

The texture intensity of the solution side was stronger than that of the substrate side,

as observed from Fig. 5.19.
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FIG. 5.19. XRD patterns of the substrate and solution sides of the electrodeposited Cu film.

For all of the deposited films obtained from different deposition time, the
types of textures were the same. However, the texture intensity decreased as the
deposition time increased. When the deposition time increased to 78 hours, the
strong out-of-plane texture changed from {110} to {111}, as shown in Fig. 5.20. The
probable reason for this phenomenon is that the substrate effect on the texture
decreased as the deposition duration and the thickness of the sample increased.
Consequently, the effect of the solution or current density took place when the
deposits grew farther away from the substrate. Contrary to the intensity of the strong
texture in the samples obtained with short deposition time, the intensity of {111} on
sample deposited for 78 hours did not have such large differences compared to the

textures of the other samples.
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(a) Deposition time: 78hours
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FIG. 5.20. XRD patterns of the solution sides of the electrodeposited Cu film obtained with
different deposition times: (a) 78 hours; (b) 48 hours; (c) 24 hours; (d) 15 hours.

As mentioned before, the columnar structures grew with the deposition time.
Fig. 5.21 demonstrates the orientation map taken by EBSD for the sample deposited
for 78 hours. The cross-section along the thickness direction containing the columnar
structure embedded with equiaxed grains is shown in Fig. 5.21 (a). The
corresponding transverse view at the 0.6 mm depth is displayed in Fig. 5.21 (b). It
can be seen that the columnar structures are composed of small grains with similar
texture, <220> // ND; the equiaxed grains in-between were rather random, but still
had a preferential texture, <102> // ND. Combined with the results obtained from
XRD, it seemed that the strong out-of-plane texture, {110}, of the samples deposited
for 15 to 48 hours was the implication of columnar structure. Therefore, the
columnar structure intended to grow in a particular direction, <220> // ND, under the

effect of the substrate.
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FIG. 5.21. EBSD images of the sample deposited for 78 hours: (a) cross-sectional view
along the thickness direction showing the columnar and equiaxed structure; (b) transverse
view at the depth of 0.6 mm away from the substrate showing the columnar structures have a

similar texture, <220> // ND, and equiaxed structures with the texture of <102>// ND.

5.2.1.3 Fracture mechanism

In the observations from the previous parts, the measured 0.2% offset yield
strength and ductility exhibited a thickness-dependent behavior. The increase of the
thickness (also in terms of deposition time previously) of the specimens led to the
reduction of the yield strength (YS) and the improvement of the ductility when the
deposition time was less than 48 hours and the thickness was smaller than ~0.5 mm,
as shown in Fig. 5.22. When the thickness of the samples is large enough, their YS
changed slowly but their ductility was further promoted with increase of thickness.
The thickness-dependent behavior has been discussed in view of grain size
distribution. In this section, it will be further discussed from the perspective of

fracture mechanism.
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Beforehand, a standard mechanical analysis by applying the classical theory of

J2 plasticity was performed to compare the necking strains of electrodeposits of

different thickness in both plane stress (o =0, ,£=¢, ) and plane strain

(g-zﬁo-n?g:i
2 3

plane strain play roles in the difference of the necking and fracture behaviour

&,,) conditions in order to manifest if the plane stress and the

between the thinner and the thicker samples. The results show that the difference of
the necking strains under these two extreme conditions was less than 10% for all the
electrodeposits with various thicknesses. This indicates that the thickness effect may
be the more dominant explanation for the different fracture behavior among
electrodeposits of different thickness.

In line with the variation in ductility, the angle of the fracture plane with
respect to the loading axis, together with the necking morphologies, also showed a
dependence on the grain size and thickness, as shown by the insets of Fig. 5.22. At
the thickness of 0.5 mm or smaller, i.e. the average grain size of ~200 nm or smaller
obtained from a deposition duration of 48 hours or shorter, the fracture angles were
about ~45° with limited material necking in the width direction. In contrast, when
the fracture angle changed to ~90° at a thickness of 1.0 mm, i.e. the average grain
size of ~350 nm obtained from the deposition duration of 78 hours, necking was

appreciable in the width direction.
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FIG. 5.22. Variation of the measured yield strength, ultimate tensile strength and ductility
with the specimen’s thickness (the insets display the angle of the fracture plane at different
specimen thickness and the embedded length scales, as indicated by the white line segments,

corresponding to 1 mm).

In order to observe the fracture mechanism, in-situ SEM tensile experiments
were performed on three sets of samples with thickness of 0.5, 0.7 and 1.0 mm,
respectively. These three sets of thickness are chosen with the purpose of revealing
the role of columnar structure in the thickness effect in the thicker thin film. Two
sets of fixtures were adopted in these experiments, with which the deformation and
failure processes in the copper thin foils could be imaged either in the mode of ‘top
view’ or ‘side view’ by the SEM.

In Refs [161, 164-166], the plastic deformation process in an electrodeposited
metallic thin film was postulated to occur in a sequential manner. The materials with
the largest columnar grains first yielded, thus triggering a domino type of yielding
process in the columnar grain structure. In the present tensile experiments, this was
manifested by the asymmetrical necking in the thickness direction, as shown in Fig.

5.23. Numbers at the left top corner state the occurring sequence. Conforming to the
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previous postulation, the plastic flow initially occurred in the coarse-grain regions
and then propagated towards the fine-grain regions. It should be emphasized that the
trend of the asymmetrical necking in the thickness direction was observed to be
irrespective of the specimen’s thickness. However, the extent of necking was found
to display a thickness-dependent behavior in accordance with the measured ductility.
Based on the experimental findings, it is believed that the thickness effect on the
yield strength was caused by the grain size distribution in the columnar grain

structure.

loading axis e | loading axis
— q. ———

e fixtures = o

neckind initiates

dog-bone specimen
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i ; A —ly.

FIG. 5.23. The side view of the deformation sequence in a ~0.7 mm thick copper thin-foil
showing the asymmetrical necking morphologies in the thickness direction (note that the
dashed lines mark the positions of the two edges on the side surface of the undeformed

dog-bone specimen).

For the ~1 mm thick dog-bone specimens, the in-plane plastic deformation

occurred in a homogeneous manner prior to necking. When the necking developed to

133



Chapter 5. Electrodeposition Process Development

stage 3, both edges of the specimen’s top surface curved inward symmetrically (Fig.
5.24). The symmetrical necking behavior is consistent with the in-plane random
orientations of grains as revealed by EBSD (Fig. 5.12(a)). The curvature of the
necking region increased progressively with the plastic deformation but it was
saturated when stage 4 was reached, at which the surface of the necking region was

significantly roughened.
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FIG. 5.24. Top view of the deformation sequence in a ~1 mm thick copper thin foil.

Fig. 5.25(a) shows the SEM image of the roughened surface at a higher
magnification. Surface grooves became visible around the roots of the curved edges.
In stage 3, the surface grooves evolved into an inclined shear plane and the lateral
necking ceased to develop. The stretching of the dog-bone specimen was then
accommodated by the sliding of materials along the inclined shear plane, as shown in
Fig. 5.25(b). With the further plastic deformation, cavities developed and emerged

on the shear plane, and then formed a center crack in the dog-bone specimen, as
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displayed in Fig. 5.25(c). The mode I propagation of the center crack towards the
two edges of the dog-bone specimen finally led to the fracture with an apparent
fracture angle of about ~90° with respect to the loading axis, as shown in Fig.

5.25(d).

" the inclined
V4 shear plane

FIG. 5.25. (a-d): The failure process of the ~1 mm thick dog-bone specimen (the arrows
indicate the transition of position from the specimen’s top surface to the inclined shear

plane).

In sharp contrast, the 0.5 mm thick copper thin foil displayed a 45°-oriented
fracture in the in-situ SEM tensile experiment as shown in Figs. 5.26(a—d). Similar to
the previous case, necking was initiated from a geometrical imperfection along the
edge of the specimen’s top surface, as shown in Fig. 5.26(b). However, at stage 3, an
inclined edge crack, having an angle of about ~45° with respect to the loading axis,
was nucleated in the necking area (Fig. 5.26(c)). Final fracture then occurred due to

the mode II crack growth (Fig. 5.26(d)).
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FIG. 5.26. (a-d): Top views of the deformation and failure processes in a ~0.5 mm

thick copper thin foil.

Fractographic analysis of the above two fracture modes indicated two different
microscopic failure processes. For the 1.0 mm thick dog-bone Cu thin foil, voids of
the ellipsoidal shape were visible on the fractured cross-section (Figs. 5.27(a) and
(b)). Due to the high width-to-thickness ratio, the void growth was apparently biased
towards the width direction and the subsequent void coalescence took place through
the necking and breakage of the inter-void ligaments. In contrast, no appreciable
void growth was observed on the fractured cross-section of the 0.5 mm thick
dog-bone Cu thin foil (Figs. 5.28(a-c)). Void coalescence occurred through the

shearing of voids in the inclined plane (Fig. 5.28(a)).
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FIG. 5.27. (a-b): The fractographic features on the cross-section of a broken 1.0 mm thick
Cu thin foil.

FIG. 5.28. (a-c): The fractographic features on the cross-section of a broken 0.5 mm thick
Cu thin foil.

Similar fracture mode transition was reported in the fracture of the notched

2024 aluminum alloy thin sheets [167]. In the proximity of the notch root with high
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stress triaxiality, the voids grew and coalesced through the internal necking of the
inter-void ligaments. However, as the stress triaxiality decreased with increase of
distance from the notch root, the void growth was restricted due to the low
hydrostatic stress and the void coalescence was triggered by the shearing of the
inter-void ligaments. The above mechanisms were also investigated and confirmed
by the numerical simulations using the finite element method (FEM) [168].

In our experiments, besides the grain size effect caused by deposition time, the
stress triaxiality in the thin-foil specimen after necking was also related to the
original specimen’s geometry. At a given specimen’s gauge width, increasing the
gauge thickness promoted the degree of necking in the width direction and vice versa
(Figs. 5.25 and 5.26), thus resulting in the different stress triaxiality in the center of
the necked region. For thick thin foils, the high stress triaxility favored the internal
necking mechanism for void growth and coalescence, giving rise to a 90°-oriented
fracture plane; for thin ones, the low stress triaxility favored the void-shearing

mechanism and resulted in a 45°-oriented fracture plane, as illustrated in Fig. 5.29.
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(a) internal necking mechanism (b) void-sheet mechanism

FIG. 5.29. Schematic illustrations: (a) internal necking mechanism; (b) void-sheet

mechanism for the thicker thin film (~1 mm) and thinner film (~0.5 mm) respectively.
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5.2.2  Hall-Petch relation

The effects of the average grain size on the ultimate tensile strength (UTS),
yield strength (YS), strain to failure are plotted in Fig. 5.30. As observed from this
figure, increasing grain size resulted in the reduction of both the ultimate tensile and

the yield strength, while improving the ductility.
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FIG. 5.30. Effect of the average grain size on: (a) the ultimate tensile strength and yield

strength; (b) strain to failure.
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FIG. 5.31. Effect of the inverse of the square root of the grain size on: (a) UTS and YS; (b)

strain to failure.

To compare to the conventional Hall-Petch relation and the similar relations
developed in previous works, the variations of UTS, YS, and strain with respect to
the inverse of the square root of the grain size were examined and are plotted in Fig.

531. The relation of YS and the grain size was found to be
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Oy = 2717.2d7"7 +159.11 in the current case. This variation trend deviated from

the conventional Hall-Petch relation of Cu and those in previous works, as shown in
Fig. 5.32. The test samples in previous literatures usually reported a high yield
strength and small grain sizes. However, it should be noted that most of these
samples had thickness no larger than ~100 um. Compared with the values of k
(~3478.5 MPa) and o (~25.5 MPa) for Cu in conventional Hall-Petch relation [169],
our experimental results were small. The gradient structure of Cu deposits is
responsible for this difference. The grain size considered here was the average value;
grains with larger size existing in the Cu film might yield first and hence lower the
yield stress. Nevertheless, the deviation of our results from the other literatures was

still small.
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FIG. 5.32. Comparison of the relationship between YS and the grain size of Cu.
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5.2.3  Strain hardening exponent

The flow curve of many metals in the region of uniform plastic deformation

can be expressed by a simple power curve relation as

o=Ke", (4.10)
where n is the strain-hardening exponent; and K the strengthening coefficient. n is
the linear slope of the straight line resulting from a log-log plot of true stress-strain
up to maximum load; K is the true stress at ¢ = 1 [170]. The strain hardening
coefficient is one of the indications of the material's characteristic which lies
between 0 and 1. A value of 0 means that a material is a perfectly plastic solid; a
value of 1 represents a 100% elastic solid.

The strain hardening exponents, n, of electrodeposited Cu film of different
thickness in our studies ranged from 0.09 to 0.16 (usually coarse-grained Cu has the
n value of 0.35), which are plotted in Fig. 5.33. It can be seen that the smaller the
grain size, the smaller the strain hardening exponent. This tendency is consistent
with that in reference [51]. Meanwhile, the n value in this study was comparatively
small, especially those determined from the thin Cu film with thickness less than 0.5
mm and grain size smaller than ~200 nm. Usually this is attributed to the lack of
plasticity for NS materials with smaller grain size since the n value decreases with
grain size. However, the extremely small » values are believed to be induced by the
near-perfect elastoplastic behavior [159]. As mentioned before, the electrodeposits
with thickness less than ~0.5 mm exhibited a small degree or absence of necking
before failure. However, the electrodeposits still sustained certain ductility to around
10%. The probable reason is that the grain size presented here was the average grain
size, and the effect of the twins structure was not taken into account. Moreover, it is

believed that both twins and grain boundaries played significant roles in providing
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room for the dislocations and hence enhancing the overall ductility. In such case, Fig.
5.33 presents the combined effect of nano-twins and gradient grain size on

strain-hardening exponent.
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FIG. 5.33. Relation of strain hardening exponent, n, and average grain size of the

electrodeposited Cu film in this study.

5.3 Concluding Remarks

Pulsed-current type (pc) was usually adopted to produce NS materials for its
facilitation of the nucleation and inhibition of grain growth in other studies. However,
it is necessary to precisely control the on-time and off-time, and also the distance
between the anode and cathode (which was seldom addressed by other studies). On
the contrary, direct current type (dc) was easy to be manipulated. Irrespective of its
simplicity, dc was rarely used for the production of NS materials because of its

allowance of grain growth. In this chapter, the grain growth rate in dc type and the
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effects of other parameters on the deposits were studied. The microstructure, texture
and tensile properties of the electrodeposits were also examined.

The electrodeposition (ED) process of Cu conducted in an acidic bath with
electrolyte of Cu,SO4 on a small mass production scale was studied. Silver paint
coated wax was used as the substrate in this study since it can be easily removed
after the ED process and is widely applied in industrial applications. The current
density of 1.5 A/dm® was adopted.

First of all, the effect of current type was studied. The rather porous structures
were obtained by pc type with different on-time and off-time combinations. This was
induced by the rather low current density and the comparatively long distance
between anode and cathode. The porous structure obtained in this project was found
to have a comparatively high strength, as well as the common low ductility. Deposits
produced by the dc type had both high strength and high ductility compared with
those produced by pc since less porous structures were produced.

The effect of current density was also elucidated. Generally, increasing the
current density resulted in increased tensile strength of the deposits. The strength
reached its maximum when the current density was 8 A/dm”. Further increasing the
current density decreased the tensile strength. On the other hand, the ductility
reached its maximum at a current density of 1.5 A/dm®. At high current densities, the
structure of the deposits became extremely porous, which led to the reduction of
ductility and in the extreme case, the lack of plasticity.

As the deposition duration increased, the deposition rate drastically decreased.
This resulted in grain growth. Hence, the thinner the deposits, the higher the strength
and the lower the ductility. Thick deposits had relatively low strength but high

ductility. This can be attributed to the increase of the grain size and twins thickness
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with deposition duration. Meanwhile, the grain size and the twins thickness of all
samples with the thickness discussed (from ~30 pum to ~1 mm) were in nano-scale or
ultra-fine regime. As the thickness of the Cu film grew, the gradient structure of the
deposits allowed the sample to have a rather ductile characteristic.

For the samples with the same thickness, grains and twins with nano-scale
thickness can be usually found at the substrate and the solution side. In between the
ultra-fine grain layers at the substrate and solution sides, columnar structures were
observed with the direction of <220>//ND and nano-grains were embedded in the
columnar structures with the direction of <102>//ND. It is noted that the texture of
the deposits also varied with deposition time. Strong-textured deposits were obtained
with short deposition duration. Deposits obtained with deposition time of 48 hours or
less had {110} out of plane texture which coincided with the direction of the
columnar structure. This coincidence suggests that under the effect of the substrate,
the columnar structures were promoted in the specimens with short deposition time.
As the duration increased, the effect of the substrate decreased while that of the
solution and the current density became dominant.

Besides the texture, the fracture mechanisms also varied with deposition
duration / specimens thickness. The thin specimens (<~0.5 mm) exhibited the void
sheet mechanism displaying a 45°-oriented fracture; thick specimens (~1 mm)
demonstrated internal necking mechanism showing a 90°-oriented fracture.

The Hall-Petch relation and the strain hardening exponent for the Cu films in
the current study were found to slightly deviate from the ones in previous works. The
deviation is believed to be caused by the bimodal structure and the coexistence of

nano-grains and nano-twins in the current films.
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As analyzed in Chapter 5, when proper operation conditions are adopted, NS
materials produced by the ED process can be tailored to obtain desirable structures
and mechanical properties. There are two approaches that affect the mechanical
properties, i.e. the change of grain size and thickness of twins. In the ED process,
both of them can be achieved by adjusting the current type, current density and
deposition duration.

For electrodeposited Cu film, the yield strength increases with decrease of
thickness of twins. When the thickness is reduced to 15 nm, the yield strength
reaches its maximum with the strain remaining less than 10% [51]. With further
decreasing the thickness of twins, the yield strength decreases and ductility increases
[51]. Therefore, to acquire desirable mechanical properties, the thickness of twins
has to be carefully controlled. This can be implemented by using strict conditions,
for example, pulsed current (pc) type with short on-time and long off-time, high
current density, specific pH value, oxygen and hydrogen level. However, for thick
electrodeposits, the proper conditions to obtain twin-structure become very
complicated. The maximum thickness of the electrodeposits with twin structures
reported in previous works was around 200 um [51]. To produce twin structure in
thick samples, simple and reliable approaches need to be developed.

On the other hand, the improvement of the yield strength can also be realized

through the reduction of the grain size. In the ED process, pc is usually adopted.
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Thus obtained electrodeposits, however, are often brittle even though the grain size
is reduced. As an alternative, the direct current (dc) type was also found to be able to
produce electrodeposits with similar grain size as the pc type does when the
thickness is confined below a few tens of nanometers [121]. This can be
demonstrated by the experimental results in Chapter 5, where the electrodeposits
having nano-grains and nano-twins were produced by dc type. Besides this, the
experimental results in Chapter 5 also proved that the electrodeposited Cu film with
a large thickness, i.e. 1 mm, can still have ultra-fine grains and ultra-fine twins.
Nevertheless, long deposition duration for thick electrodeposits increased the grain
size and developed columnar structures. The formed gradient structure lowered the
tensile strength, but, retained the ductility. As expected, the ED process shows its
availability in producing NS materials with large thickness.

As the failure of materials is very often triggered from the surface (fatigue,
fretting, corrosion, wear, etc.), the optimization of the surface microstructure and
properties is often an effective approach to enhance the global behavior and service
lifetime of materials. SMAT recently emerged as a powerful technique to create
nanostructures at the top surface and harden the material over a depth of several tens
of micrometers. Under the impact of the balls at sufficiently high velocity, twins
structures can be obtained and the mechanical properties are then improved.
However, this technique usually induces a rather low ductility. As aforementioned in
Chapter 4, SMAT has been successfully applied to many materials, especially
coarse-grained materials. Knowledge about its application on electrodeposits per se
having ultra-fined grain matrix is still discrepant.

Utilizing the features of ED and SMAT, this chapter will apply SMAT on

electrodeposits to produce NS materials with large thickness. NS materials are
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required to sustain desirable strength and ductility for further applications. The
microstructure, mechanism, texture and tensile properties of SMATed

electrodeposits will be examined thoroughly.

6.1 Experiment

Deposited Cu films of thickness of ~1 mm were obtained using the ED process
with an electrolyte of CuSO4 solution employing direct current (dc). The current
density was 1.5 A/dm® The choice of these conditions is to obtain the ductile
characteristics of electrodeposits. After removal of the wax substrate, the rectangular
electrodeposited Cu blocks were EDMed to 4 plates for SMAT.

Three durations of SMAT, 1, 4 and 10 minutes, were applied to the
electrodeposited Cu plates of 1 mm thickness, respectively. For the electrodeposited
Cu plates of 0.16 mm thickness, a 2-minute duration was used. The SMAT
conditions were the same as described in Chapter 4. The balls used for treatment
were made of bearing steel, being 3 mm in diameter. The effect of SMAT on
substrate side, solution side and both sides of deposits of 1 mm thickness was studied
in terms of tensile properties. After SMAT, samples were subjected to EDM in a
dog-bone shape according to the ASTM E8M-04 standard, whose gauge dimension
was (25 x 6) mm”. Thus the samples can withstand the impact force of SMAT which
is too large for the small ones used in Chapter 5.

The microstructural evolution and texture of the SMATed Cu samples were

then characterized by TEM and EBSD, respectively.
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6.2.1  Mechanical properties

6.2 Mechanical Properties and Microstructure Characterization
I
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FIG. 6.1. Photographs of electrodeposited Cu film of 0.28 mm thickness: (a) before
subjected to SMAT; and (b) after SMATed for 30 seconds, 1 minute, 2 minutes, 8

minutes and 4 minutes.

In the preliminary study, SMAT with different durations were applied to the
electrodeposits of different thickness. The results suggest that the Cu film with small
thickness deformed severely under long-duration SMAT. If the thickness of the Cu
film was less than 0.3 mm, 2-minute treatment was the limit for not causing
over-severe deformation on the Cu film. Fig. 6.1 shows the electrodeposited Cu
films before and after SMAT. After SMAT for 4 minutes or more, the films
deformed severely as shown in Fig. 6.1 (b).

Fig. 6.2 (a) and (b) show the engineering and true stress-strain curve of the
electrodeposited Cu film of 160 um thickness with and without SMAT for 2 minutes.
As expected, both the yield and ultimate tensile strengths were enhanced after
SMAT for 2 minutes on both sides of the samples. The yield strength was enhanced

by ~20%, but the strain to failure was reduced by ~7%. It is known that SMAT
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enhanced the yield strength by creating high-density dislocations in the top layer of
the treated materials [60]. In such a way, however, the ductility was reduced due to
the limitation of the dislocations in the small grains. On the other hand, the Young’s
Modulus or toughness was also enhanced with the benefit from the reduction of the
porosity by the strong impact force of SMAT. This became significant in this sample
because of its original small thickness. The true stress-strain curve of the SMATed
samples also showed the near-perfect elastoplastic manner [159] which implied that
the grain size was small and the SMATed samples had the same plastic deformation
behavior as the non-SMATed ones as discussed in Chapter 5. The effect of the grain

size will be further verified in the next section.

600 r
500
400

300

200

Engineering Stress (MPa)

100 —e— Electrodeposited Cu without SMAT (0.16mm)
—=— SMAT for 2 min

0 5 10 15 20
Engineering Strain (%)

150



Chapter 6. Study of SMATed Electrodeposits

600

500

400

300

200

True Stress (MPa)

100 —e— Electrodeposited Cu without SMAT (0.16mm)
—=a— SMAT for 2 min

0 2 4 6 8 10
True Strain (%)

FIG. 6.2. Tensile test properties of electrodeposited Cu film of 160 pm with and
without SMAT for 2 minutes: (a) engineering stress-strain curve; (b) true

stress-strain curve.

Although the sample size seemed not to influence the properties of the thin
specimens, it did have an effect on the thick ones, such as the example shown in
Fig.6.3, corresponding to a specimen of 1 mm. The yield strength of the
non-SMATed sample of large size was slightly reduced while the ductility was
greatly increased compared with the results obtained in Chapter 5 for small-sized
samples (Fig. 5.8). It is plausible that the large gauge width provided sufficient room
for the necking and crack propagation to proceed after yielding, and hence resulted
in a high ductility. The large-sized thick samples also preserved the normal Young’s

Modulus of the coarse-grained Cu.
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FIG. 6.3. Tensile test properties of electrodeposited Cu film of 1 mm thickness with

and without SMAT for 4 minutes: (a) engineering stress-strain curve; (b) true
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Fig. 6.3

electrodeposited Cu film of 1 mm thickness with and without SMAT for 4 minutes.
SMAT was applied to the solution side, substrate side and both sides of the 1 mm
thickness Cu electrodeposits. The application of SMAT on only the solution or the
substrate side resulted in similar tensile test properties. For simplification, only the

sample with SMAT on the solution side was employed for comparison. The final

shows the engineering and true stress-strain curves of the
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results are shown in Fig. 6.3. As observed, the sample with only one SMATed face
had similar yield strength as the non-SMATed one of the same thickness. The
ineffectiveness of SMAT on the yield strength was due to the unbalanced residual
stress caused by SMAT on only one face. The bending of the sample had the
tendency towards the SMATed side. This resulted in the yielding occurring first at
the non-SMATed side, and consequently lowered the strength. The effect of SMAT
also led to a remarkable reduction in ductility.

On the contrary, samples with SMAT on both sides significantly increased in
yield strength by ~30% but the ductility was reduced by half. The reason was similar
to the case of the SMATed Cu film of 160 um thickness. However, it should be
noted that the plasticity regions of all samples in the true stress-strain curves (Fig.
6.3 (b)) had a positive slope which is different from that of the thin samples. This
positive slope implied that the plastic deformation mechanism was the continuous
multiplication of dislocations pertaining to the dislocation density. The ultimate
tensile strength of the non-SMATed samples in the true stress-strain curve was found
to be higher than that of the SMATed ones. This low ultimate tensile strength of
SMATed samples is believed to be caused by the limitation of dislocation activities
from work-hardening during the SMAT process.

To evaluate the duration effect of the SMAT process, 1-minute, 4-minute and
10-minute SMAT were applied on both sides of the Cu electrodeposits of 1 mm
thickness, respectively. The corresponding engineering and true stress-strain curves
are plotted in Fig. 6.4. It can be seen that the yield strength of the SMATed deposits
increased with the treatment duration, but the ductility was reduced. The 1-minute
and 4-minute SMATed Cu films had very similar yield strength and ductility,

although these two properties still followed the global variation tendency with
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respect to the duration. Furthermore, Cu electrodeposits after SMAT for 10 minutes
had significant enhancement in yield strength by 30%. However, the reduction of the
ductility was still remarkable. It was interesting to point out in Fig. 6.4(b) that the
10-minute SMATed Cu had different plastic deformation manner from the 1- and
4-minute SMATed ones. The latter two kinds of samples followed the conventional
plastic deformation. In contrast, the plastic deformation at a constant flow stress was
observed for the 10-minute SMATed sample. This implied that the grains were small.
The small grains can reduce the dislocation activity and make the sample sustain the

plastic deformation by diffusional grain-boundary sliding [160].

400 r
350
300

250 |

200

150 :
—0—- Electrodeposited Cu without SMAT (1mm)
—=— SMAT for 1min
50 SMAT for 4 min

§ SMAT for 10 min

O 1
0 10 20 30 40 50 60 70
Engineering Strain (%)

Engineering Stress (MPa)

100

154



Chapter 6. Study of SMATed Electrodeposits

b 500 -
450
400 /
< 350
o
= 300
»n
$ 250
)
o 200 f
2
~ 150 | —e— Electrodeposited Cu without SMAT (1mm)
100 E —=— SMAT for 1min
{ SMAT for 4 min
50 ¢ SMAT for 10 min
0~ |

0 10 20 30 40 50
True Strain (%)

FIG. 6.4. Tensile test properties of Cu electrodeposits with and without SMAT for 1,

4 and 10 minutes: (a) engineering stress-strain curve; (b) true stress-strain curve.

6.2.2  Microstructure evolution

The microstructures of the topmost surface of the Cu electrodeposits with a
thickness of 160 um after being subjected to SMAT for 2 minutes were first evolved.
The thickness of the Cu electrodeposits then increased to 1 mm and the SMAT
durations of 4 and 10 minutes were adopted for these thick samples. It has been
reported that two different grain refinement mechanisms can be detected for
SMATed Cu (in that study, coarse-grained Cu was used): formation and evolution of
dislocation cells (DCs), and mechanical twinning. The former one is a process
analogous to that observed in deformed coarse grains [60] and is dominant in the
deformation layer (>~25 pum depth); in the top layer (<~25 um depth), mechanical
twinning played an important role in the grain refinement. Hence, the
microstructures at the depth of ~30 um of the Cu electrodeposits after SMAT for 10

minutes were also examined.
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FIG. 6.5. Typical cross-sectional bright-field TEM images at the topmost surface of

the 2-minute SMATed Cu electrodeposits with 160 um thickness with white arrow
and red arrows pointing at the newly formed grain boundaries and apparent original

twins lamella structures, respectively.

Fig. 6.5 shows the typical cross-sectional bright-field TEM images at the
topmost surface of the 2-minute SMATed Cu electrodeposits with 160 um thickness.
Different from the non-SMATed deposits, only a small amount of twins structures
(<~5% volume fraction) were observed in this figure; meanwhile, dislocation cells
(DCs) and sub-grains (indicated by white arrows) were formed inside the original
grains instead. Because of the inhomogeneity of the plastic deformation, some grains
had DCs and sub-grains while some had just a few dislocations inside. The original
twins lamella structures, indicated by red arrows, were also discovered, some of
which had sub-grains formed inside. The short SMAT duration was insufficient for
the homogeneous transformation of all the grains into smaller ones, hence resulting
in the rather small degree of improvement of yield strength. The missing of a large
amount of nano-twins is believed to be responsible for the reduction of ductility.

Based on the TEM observations, the grain size distribution of the current Cu
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electrodeposits was obtained and is compared with that of the non-SMATed ones in
Fig. 6.6. As observed, the grain sizes in the current sample ranged from 40 to 240 nm

and were slightly small compared to the non-SMATed ones.
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FIG. 6.6. Grain size distribution of the topmost surface of the cross-sectional Cu film

of 160 um thickness: (a) SMATed for 2 minutes; (b) non-SMATed.

It has been reported that longer duration of SMAT results in the further
refinement of grains and consequently a high yield strength [80]. However, the
SMAT duration has to be considered according to the thickness of the specimen

since severe deformation can occur. In the following study, the Cu electrodeposits
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were 1 mm thick, with a comparatively high ductility and low strength. It, therefore,
can be subjected to SMAT for long durations. Fig. 6.7 shows typical cross-sectional
TEM images of the top surface layer of the 4-minute SMATed Cu electrodeposits of
1 mm thickness. It can be observed that DCs and sub-grains were formed inside
some of the original grains. Some sub-grains had dense dislocations and some had
clear DC walls (indicated by the white arrows in Figs. 6.7 (b) and (c)). Dislocation
bands, marked by red arrows in Fig. 6.7(c), were also found, which were believed to
be formed by high density dislocations [171] and seemed to be the former status of

equiaxed sub-grains [171]. One can surmise that further increasing the strain will

promote the grain refinement further.

FIG. 6.7. Typical cross-sectional TEM images of top surface layer of 4-minutes

SMATed Cu electrodeposits of 1 mm thickness.
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FIG. 6.8. Grain size distribution of the surface layer of 1 mm thick Cu
electrodeposits: (a) non-SMATed; (b) SMATed for 4 minutes.

The Cu electrodeposits after being subjected to SMAT for 4 minutes had grain
sizes ranging from 100 to 350 nm with an average size of ~250 nm, as shown in Fig.
6.8. Compared to the non-SMATed ones (Fig. 6.8(a)), the grain size of Cu was
refined, though the twins structures were rarely discovered.

After increasing the SMAT duration to 10 minutes, grains were further refined
and a small amount of twins were found. Fig. 6.9 shows the TEM images of the top
surface of the 10-minute SMATed Cu electrodeposits. DCs and sub-grains with clear
DC walls, as indicated by white single arrows, were observed. Some sub-grains with
dense dislocations were formed in the possible pre-existing twins. The high density
of dislocations was still found in the sub-grains and some were in the form of
dislocation bands, as marked by white double arrows. Multiple twins with thickness
of around ~40 - 50 nm were occasionally discovered within grains, as indicated by
the red arrow. It was apparent that these kinds of small nano-twins with lengths of

about 200 nm or less were caused by the high strain-rate during SMAT [60]. With
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further increasing of the strain-rate and the plastic strain, the amount of twins will

probably increase with decrease of thickness [60].

FIG. 6.9. Typical TEM images showing the microstructures of the top surface of the
10-minute SMATed electrodeposits.

Fig. 6.10 shows the distribution of the grain size and twins thickness of the
10-minute SMATed electrodeposits. The grain sizes ranged from ~100 - 450 nm
with an average size of ~204 nm, as plotted in Fig. 6.10 (a). They were smaller than
those of the non-SMATed and the 4-minute SMATed samples. This allows the
current sample to have a higher tensile strength. A small number of nano-twins were
also observed in the 10-minute SMATed electrodeposits. The thickness of the twins
was larger than those of the non-SMATed ones, as presented in Fig. 6.10 (b).
However, it is hard to determine if these nano-twins are the existing growth twins or
the mechanical twins formed by SMAT. Meanwhile, sub-grains were always found

inside those twins.
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FIG. 6.10. Microstructures of the surface layer of 1 mm thick Cu electrodeposits

with SMAT for 10 minutes: (a) grain size distribution; (b) twins thickness

distribution.

As the depth increased to ~30 um, a high density of dislocations was found,
and many of them were in the form of the dislocations band, as shown in Fig. 6.11.
Some DCs with thin cell walls were also observed. A very small amount of twins
were discovered inside the dislocations-filled grains.

In general, SMAT induced a large number of dislocations in the grains which
size was originally in the ultra-fine regime. Increasing the strain-rate and the plastic

strains resulted in DCs and dislocation bands. When the strains further increased,
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sub-grains with clear DC walls or grain boundaries were formed inside the original
grains and growth twins. Hence, grains were refined. If sufficient strain-rate and

strains were applied, twins with a few tens of nanometers thick were formed among

grains.

FIG. 6.11. Typical TEM images showing the microstructures of layers at the depth of
~30 pum of the 10-minute SMATed electrodeposits.

6.3 Discussion

As discussed in section 6.2, SMAT can significantly enhance the mechanical
properties of the treated materials and influence the microstructures which can be
observed from the TEM observations. In this section, the special effect of SMAT on
textures of the electrodeposits will be investigated. The Hall-Petch relation and the
tensile properties of the electrodeposited Cu in this study are examined and

compared with those in previous works.
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6.3.1  Texture characterization

IPF calouring Cu[B4.7%]

~1 111

001 101

FIG. 6.12. The EBSD mapping of the grain orientations in the top view of the
4-minute SMATed electrodeposits.

The SMATed electrodeposits not only demonstrated the refined grains, but
also maintained a random grain orientation. Fig. 6.12 shows the EBSD mapping of
the grain orientations of the top view of the 4-minute SMATed electrodeposits. This
figure provides an overview of a larger area composed of nano-grains with the size
of a few tens of nanometers, and ultra-fine grains with the size of a few hundreds of

nanometers to a few micro-meters with twins inside.
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Fig. 6.13 displays the pole figures of the Cu electrodeposits before and after
SMAT for 4 minutes. It shows that the overall texture was rather weak and the
comparatively strong texture was <102>//ND and <220>//ND. After SMAT, though
the texture was still fairly weak, new components are created. The crystallographic
texture is modified from <102> // ND and <220>//ND towards <111> and <200> //

ND.

/05107109/1.1/13
Max 1.57 (200) ; 2.1 (102)
Texture index: 1.2

{

Sketch of fiber texture

[

105/08/1/112/1.4

Max 1.6 (200)
Texture Index: 1.1

FIG. 6.13. Pole figures of the top surface of the electrodeposits, (a) non-SMATed;
and (b) SMATed for 4 minutes.

The results of EBSD mapping and the pole figures are consistent with the
XRD analysis in Fig. 5.20. For the electrodeposits obtained by short deposition
duration, they showed strong texture in the growing direction of the columnar
structures. However, as the electrodeposited Cu deposited for 78 hours and the
thickness was about 1 mm, the sharpness of the texture decreased. This agrees well
with the overview of the random grain orientation that the EBSD mapping displayed.
Pole figures were a comparatively sensitive tool and hence it detected the relatively

strong texture of the sample even though the intensity was weak.
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The difference of texture before and after SMAT prompted us to contemplate
the possibility of employing SMAT for the electrodeposits in the early stage of the
ED process to diminish the strength of the texture in order to retard the growth of
columnar structures. This may need to be further proved by more experiments in the

future.

6.3.2 Hall-Petch relation

As addressed in Chapter 5, the samples in previous works had small size and
thin thickness compared to those in this study. The size effect of the NS materials
has been reported in many literatures [172], showing the necessity for considering
this effect. Therefore, using the data from large-sized samples, this section will
re-examine the variations of UTS, Y'S and strain to failure with respect to the inverse
of the square root of the grain size. The corresponding results are plotted in Fig. 6.14.
As observed, UTS and YS increased with decrease of grain size, following the

general trend. The current relations for UTS and YS were determined to be

Oy = 3666.5d7>+112.89 and o, = 3433.6d"* +108.11, respectively. Thus

the obtained k& value was similar to that of the conventional Hall- Petch relation as
shown in Fig. 6.15 and was large compared with that in section 5.2.2. It is plausible
that the original rather porous structure of the electrodeposits was improved by the
strong impact force during the SMAT treatment and hence the results obtained in

this chapter were comparatively close to the theoretical values.
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FIG. 6.15. Comparisons of the results in this study and that from other literatures and

the conventional Hall-Petch relation of Cu.

Besides the yield strength, the ductility of the materials obtained in this study
was of the great concern. Fig. 6.16 shows the comparison of the tensile properties of
the NS or ultra-fine grained Cu produced by SMAT and/or ED, which were denoted
by red color, and that of those produced by other synthesis methods. The materials
fabricated in this work have a large variety of tensile properties owing to the
different process parameters adopted during the treatment. Also, it is worth to note
that the samples obtained in this study are comparatively large in size, unlike those

from other literatures as stated in section 2.5.
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FIG. 6.16. Comparisons of the tensile property results in this study and that from
other literatures [29, 33, 34, 51, 53, 65, 93, 142, 143].

6.4 Concluding Remarks

SMAT was applied to the electrodeposited Cu of thickness of 0.16 and 1 mm.
Experimental results showed that SMAT duration cannot exceed 2 minutes for thin
samples; otherwise, the deformation becomes very severe. As expected, SMAT
significantly enhances the tensile strength and the Young’s modulus since the grain
size is refined and the porosity formed during the ED process is reduced. However,
the loss of ductility is still a shortcoming.

The effect of SMAT on a rather thick sample, i.e. the sample with 1 mm
thickness, was explicit. When the SMAT duration was 10 minutes, the yield strength
was enhanced by 30%. By increasing the SMAT duration, the yield strength can be
further enhanced. Although there was still loss in ductility, a certain amount was
retained owing to the ductile characteristics of the electrodeposits per se. The

10-minute SMATed Cu was found to have a different plastic deformation manner
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from the 1- and 4-minute SMATed ones. The latter two kinds of samples followed
the conventional plastic deformation. In contrast, the plastic deformation at a
constant flow stress was observed for the 10-minute SMATed sample. This implied
that the grains were small. The small grains can reduce the dislocation activity and
make the sample sustain the plastic deformation by diffusional grain-boundary
sliding.

Through the TEM observations, the mechanism of the grain refinement for
SMAT was obtained. A large number of dislocations were induced by SMAT to the
grains which size was originally in the ultra-fine regime. Increasing strain-rate and
plastic strains resulted in the formation of the DCs and the dislocation bands. When
the strains further increased, the sub-grains with clear DC walls or grain boundaries
were formed inside the original grains and the growth twins. Following this process,
grains were refined. If sufficient strain-rate and strains were applied, twins of a few
tens of nanometers thick were formed among the grains.

In general, the texture of the electrodeposited Cu of 1 mm thickness was rather
weak and the grain orientation was rather random. A comparatively strong texture of
<102>//ND and <220> //ND was observed by the pole figures though the overall
intensity was still relatively weak. After SMAT, a rather random grain orientation
was still observed. However, the intensity of the texture was slightly enhanced. The
crystallographic texture was modified from <102> // ND and <220>//ND towards
<111> and <200> // ND.

Compared with the k£ value in the Hall-Petch relation obtained in section 5.2.2,
those resulting from the SMATed samples were comparatively close to the

theoretical values from the conventional Hall-Petch relation. This is the reason that

169



Chapter 6. Study of SMATed Electrodeposits

the porosity created in the ED process was reduced by the high impact force of
SMAT.

The encouraging results demonstrated that the ED process can produce NS
materials with sufficient thickness and high ductility, while SMAT technology can
further improve the strength of the electrodeposits with desirable ductility retained.
The effect of SMAT on the crystalline texture prompted us to contemplate the
possibility of employing SMAT for the electrodeposits in the early stage of the ED
process to diminish the strength of the texture in order to retard the growth of
columnar structures. This may need to be further proved by more experiments in the

future.
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SUGGESTIONS FOR FUTURE WORK

7.1 Concluding Remarks

Most NS materials produced by recently developed synthesis methods have
ultra-high strength, but low ductility. This restricts their applications in industry. In
addition, the current fabrication methods of NS materials often have limitations on
the size and the shape of materials, which also confines the development of
producing NS materials for practical implementation. The electrodeposition (ED)
process is one of the methods to produce NS materials with fewer restrictions. The
publication of Lu et al. in Science [51] have demonstrated that a large amount of
nano-twins with controlled thickness can be produced by the ED process with strictly
controlled conditions. However, the sample size was still small. This kind of
small-sized sample was also extensively used in other works. Limited researches
have shown the practicality of this method in maintaining the superior properties of
NS materials with a thickness larger than ~200 um. SMAT is another method
capable of producing NS materials in bulk form. However, low ductility is always
the drawback for treated materials if improper operating conditions are chosen.
Nevertheless, the relation of the operation parameters and the microstructures
obtained is still not fully understood. In this project, through the thorough

acknowledgement of SMAT technology and the ED process, the effect of the process
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parameters and the properties of the produced NS materials were discussed, and the
practicality of combining these two technologies to produce bulk NS materials with
good strength and desirable ductility was demonstrated. The extended possibility to
produce NS materials in free shape was shown via using wax as a substrate in the ED
process. Materials with nano-grains and nano-twins having thickness larger than 1
mm were demonstrated.

In the study of the SMAT process, the relationship among the ball velocity, the
attained strain-rate and the microstructures of the treated materials was
systematically investigated. The number of balls was found to greatly affect the
nominal impact velocities of the balls in the treatment chamber, as well as the total
kinetic energy transferred to the sample per se and the treatment efficiency in terms
of the tensile properties of treated samples. As the number of balls increased, the
corresponding nominal impact velocity of the balls decreased since more kinetic
energy was dissipated or allocated to the horizontal motion due to more collisions
between balls. The treatment efficiency correlates well with the total kinetic energy
evaluated from the ball number and the corresponding nominal velocity. Higher total
kinetic energy resulted in higher treatment efficiency. Using the measured ball
velocity, the strain-rate at different depths of the treated samples was approximately
predicted. Numerical analysis using FEM verified the predicted strain-rate. The
strains level at different depths was also simulated by FEM. By associating
strain-rate and strains with the microstructures obtained from TEM observations, the
least requirement of the strain-rate for the formation of twins with nanoscale spacing
for the materials was obtained. By treating the AISI 304 under optimum conditions
for obtaining more nano-twins, the possibility to obtain NS materials with high

strength and high ductility was demonstrated.
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In the study of the ED process, the feasibility of employing direct current (dc)
to produce NS Cu with large thickness was examined. Considering the easy shaping
of wax, it was used as the substrate throughout this project. Electrodeposits with a
thickness ranging from ~160 pm to 1 mm with ultra-fine grains and nano-twins were
obtained. SEM observations and results of tensile property tests showed that the
pulse-current (pC) can result in a porous structure when producing NS materials of
Cu. The porous structure enhanced the strength of the electrodeposits but lowered
their ductility. When dc was adopted, the use of high current density might also
cause the formation of porosity in the microstructure thereby weaken the tensile
properties of the electrodeposits. Direct current and low current density, i.e. 1.5
A/dm?, were found to be the proper conditions to produce NS materials with a less
porous structure with high strength and desirable ductility. The deposition duration
can greatly affect the growth of the columnar structure and the grains, and hence the
tensile properties. The consistent results obtained from EBSD and XRD analysis
suggested that under the effect of the substrate, the columnar structures were
promoted in the specimens with short deposition time. As the duration increased, the
effect of the substrate decreased while that of the solution and current density
became dominant. Experimental results showed that the fracture mechanism was
also affected by the deposition duration.

The Hall-Petch relation and strain hardening exponent for the Cu films in the
present study were found to have a little deviation from ones in previous works. The
bimodal structure and the coexistence of nano-grains and nano-twins in current films
were the reason for the difference. In this study, the electrodeposition process was

proved to be a practical method to produce NS materials in bulk form. Direct current
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was confirmed to be capable of producing electrodeposits with nano-grains and
nano-twins.

After combining SMAT and ED technologies, the materials obtained the
tensile strength close to that from the conventional Hall-Petch relation and retained
ductility with a desirable level. Experimental findings showed that employing SMAT
on the electrodeposited Cu further reduced the grain size and enhanced its tensile
strength. Through the TEM observations, the grain refinement mechanism for
SMATed ultra-fine grained electrodeposited Cu was revealed. Furthermore, the
EBSD analysis showed that the effect of SMAT on the texture of the deposits was
remarkable. As a rule of thumb, the combination of SMAT and the ED process can
enhance the strength, retain the desirable ductility and is capable of processing NS
materials on a large scale. These advantages allow this combined approach to be one
of the potential ways to produce NS materials in bulk form for industrial

applications.

7.2 Suggestions for Future Work

Since the very first attempt of producing NS materials on the laboratory scale
which has shown the superior mechanical properties, development of the NS
fabricating processes for synthesizing NS materials in bulk form has become the
world-wide challenges. This thesis explores the ideas and develops the possible way
for the evolution of potential industrial-applicable bulk NS materials by SMAT and
ED process. Experimental results provided by this study showed the availability of

production of SMATed electrodeposited Cu in bulk form with nanostructures, with
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comparatively high strength and desirable ductility; however, there is still room for

improvement for the fabrication processes and worth for further study as follows:

In this work, the motion of a single ball has been modeled and simulated. In
order to further understand the real SMAT process, the behaviour of the
multiple balls is worth to be considered. Also, the role of the local heating in
the SMAT process is worth to be taken into account in the future study as it is
one of the important factors in the process of grain refinement.

The effect of SMAT on the crystalline texture of the electrodeposited Cu was
impressive. It seemed plausible that employing SMAT may modify the texture
of the electrodeposits and prohibit the growth of columnar structures. In order
to have sufficient thickness and as well as retain the strength and ductility,
applying SMAT to the electrodeposits before the columnar structures
becoming dominant and re-electrodepositing again to reach the desired
thickness may be possible. Experimental studies are required to verify this
idea.

Recent SMAT for electrodeposited Cu plate in this study was done by treating
the solution side and substrate side alternatively, however, failure was always
occurred at the side of the plate along the thickness direction which composed
of comparatively large grains having a more ductile but weak characteristics.
Treating the materials with rotational motion may be a way to further improve
the performance. Extend works on this idea, both experimentally and
theoretically, are in need of further investigation.

Electrodeposition process is not only applicable to Cu and SMAT technology

also shows its significant effect on different materials, the exploitation of these
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two synthesis methods on different materials may provide a good opportunity
to further develop NS materials in bulk form for industrial applications.

The idea of adopting ED process to produce the base materials and SMAT
process to further enhance the tensile properties may be able to apply to
produce heat pipe. Heat pipe is commonly used in a large variety of
applications to transfer heat. It requires high heat conductivity, certain
mechanical strength to withstand the external force and good diffusivity during
welding. Pure Copper is commonly used. However, a more complex geometry
is required to fit the applications these days. The techniques demonstrated in
this work may be a possible way to meet this requirement, nevertheless further

study is required.
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