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Abstract

Abstract

Wire bonding remains the dominant form of interconnection technology, and is
expected to be used in 85% of total IC units worldwide by 2010. As device
miniaturization continues, the diameters of wires get finer, requiring higher mechanical
strength from the thin wires for handling. However, strong wires with low ductility pose
an insurmountable hurdle in manufacturing because of formability issues. Therefore,
strategies to attain both high strength and ductility (dual improvement) in Au wires need
to be developed, a goal shared by researchers in the field of nanocrystalline (NC) and

ultrafine-grained (UFG) materials.

The objective of this study is to establish dopant selection criteria (in low ppm
level) in Au wires to achieve the goal of dual improvement. In this thesis, the unique
effect of Ca on simultaneously improving the strength (by ~60%) and ductility (by ~96%)
of Au wires is demonstrated. Also, Ca is shown to retard high temperature creep by 4-6
times, where the activation energy, stress and grain size exponent all indicate that grain
boundary (GB) diffusion mediated GB sliding creep has occurred. Also, the Hall-Petch
coefficient is increased - these obvious impacts on GB-related properties have suggested

the segregation tendency of Ca in Au wires.

The postulation that stacking fault energy (SFE) reduction is the underlying
mechanism is confirmed by statistical measurement on stacking fault (SF) width/ density,

where SFE is found to be reduced from 15-50 mJ/m” to 10-34 mJ/m?. The observations

viii
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of a straighter slip mode, more evenly distributed dislocation network, higher dislocation
density and increasing random texture have further supported this conclusion. The
specific location of Ca is not identified in this work, as expected from the scarcity of
direct evidence in the field. Simulation is used instead to show the segregation tendency
of Ca. The resulting texture with higher Schmid factor has imparted ductility to the wires.
Yield strength is enhanced, even in the presence of this texture change, due to more
boundaries and defects. As localized, abundant twin and SF are emitted from the GB, it is
seen that partial dislocation mediated process has occurred in this relatively large GS
range of 100-500 nm, compared to the literature suggested range of 50-100 nm. It is
inferred that on top of the usual dopant segregation to SF (as in coarse-grained metals),
segregation to GB in UFG/ NC metals could enhance the effectiveness of SFE reduction.
Considering the significant impact of SFE in UFG/ NC metals, segregating dopants is
proposed to be an effective strategy for achieving dual improvement in this class of
materials. This is observed here, that the effect of doping on strength is ~ 20 times more
in UFG Au wires, compared to Au rod. This is also the first demonstration that strength
and ductility can be simultaneously improved by the optimum combination of grain size

and orientation.

The dopant selection criteria proposed here centers on the impact of dopant on
SFE. Since segregation tendency is found to be relevant, segregation energy and the
effect on GB cohesion upon segregation are examined. Requirements on six materials
parameters are suggested: atomic size misfit, crystal structure, valency, electronegativity,

segregation energy and strengthening energy, some of which are established via ab initio

1X
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simulation within the framework of density functional theory. These criteria are further

verified in Au-Be and Au-Pt systems.

In summary, understanding on the effects and mechanisms of Ca in Au wires has
been established. The objective of this work, i.e. to determine the criteria for dopant
selection in Au wires to achieve high ductility and strength are successfully fulfilled. We
have also demonstrated that the effectiveness of segregating dopant in reducing SFE to
improve the strength of UFG Au wires is 20 times more than in Au rod. This suggests a
strategy for the dual improvement in UFG/NC materials in general, and that the very
much neglected part on the impact of alloying on the properties of UFG/ NC metals

should be emphasized.
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Chapter Introduction

Chapter 1
Introduction

1.1 Background

Wire bonding remains the dominant form of interconnection in
microelectronic industry, due to its cost effectiveness, flexibility and mature
infrastructure. Wire bonding accounts for 90% of IC packages shipped in 2006, and is
expected to stay as the mainstream in the packaging world (Fig. 1-1). Today, the
current generation of device shrinkage translates into a requirement for a bond pad
pitch of 40 um. To realize six sigma processes with such ultrafine pitch bonding,
technology advancement in every relevant area. including bonding equipment,

bonding wire materials and capillary materials are essential (Vardaman, 2007).

2006 2010
Total ICs = 137.7 Billion Total ICs = 191.2 Billion

(124 Billion units) (163 Billion units)

r

Bumped Die
10.0% 14.5%
Source: IC inisghts and TechSearch International. inc

Fig. 1-1 Wire Bonding Market Share for IC Packaging. Bumped die includes
flip chip, wafer level packages, gold bump driver ICs (Vardaman, 2007).
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For bonding wire materials, one of the foremost challenges is the mechanical
properties of fine wires. As diameters of wires get finer, wire strength decreases, and
therefore wires need a higher inherent strength to start with for handling and service.
So the first obvious requirement for Au wires is to have high strength. On the other
hand, it is difficult to draw down wires to increasingly fine dimensions if they become
too strong and brittle, so that translates into a need for ductility or formability. These
requirements on strength and ductility become more stringent, as wire size decreases.
Unfortunately, ductility and strength are often mutually exclusive properties, i.e.,
materials may be strong or ductile but are rarely both. This represents a quandary for
the industry. Therefore, strategies to attain both high strength and high ductility (dual

improvement) in Au wires are highly valued.

Optimization of wire mechanical properties is traditionally done empirically
through alloying additions and is reported in numerous patents (e.g. Herklotz, 2001
and Kang, 1999). Clearly, to bonding wire producer, it is important to know the effect
of various dopants, understand how they work, and to have some rule of thumb when
it comes to dopant selection. However, there is very limited effort in attempting to
understand the underlying working mechanisms of the dopants in Au wires, without

which it is not possible to establish guidelines for dopant selection.

Au bonding wires go through extensive plastic deformation during the
drawing process, therefore they have grain size in the UFG range, which is ~100-500
nm. (Chew, 2006). The goal of achieving concomitant high ductility and strength is
shared by researchers in the field of NC and UFG materials (e.g. Koch, 1999). Most

of the efforts done to accomplish dual improvement in UFG/ NC materials are
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through manipulating the process. On the other hand, data on the effects of alloying/
doping are limited (Koch, 2003). Still, these valuable data highlights the differences
in the alloying effects and mechanisms in UFG/ NC materials, compared to CG
materials (e.g. He, 2003 and Song, 2005). For example, optimum distribution of
carbon second phase of certain size can give rise to higher strain hardening rate in
UFG steel, leading to higher ductility, as strain hardening (plastic instability) is the
major limiting factor in NC/ UFG materials (Song, 2005). On the other hand,
precipitation hardening is known to induce high strength at the expense of ductility in

CG metals (Hertzberg, 1996).

Therefore, detailed mechanism study of dopant in UFG Au wires that will
ultimately lead to selection rules of dopant is crucial for bonding wire manufacturer,

as well as the research community in the areas of UFG/ NC materials.

1.2 Objective and scope

The objective of this thesis is to establish criteria for dopant selection in order
to produce Au wires with high ductility and strength. Also, the dopants have to be
effective at very low doping level (ppm), to conform to the general requirement of

low doping level in Au bonding wires. In this thesis that limelight belongs to Ca.

The scope of this thesis includes:
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1. Effects of Ca on room temperature tensile properties and high temperature

performance of Au wires

First, we search for a dopant which could realize dual improvement in Au
wires. It was reported that stacking fault energy (SFE) reduction can lead to dual
improvement in UFG Cu (Zhao, 2006a). While selecting the first test vehicle, calcium
(Ca) is chosen as it is a well-known strengthener in wire bonding industry (Kang,
1999; Hosoda, 1989). This element is also selected for its potential to effectively
reduce SFE of Au wires, as it has low solid solubility in gold (Reed-Hill, 1991) and
has high valency (Murr, 1975). It is found that Ca concurrently increases the strength
and ductility of Au wires under multiple conditions, which is very desirable. For the
benefits of certain wire application, the high temperature mechanical properties
(creep) of Au wires are also investigated, as a function of Ca. Creep properties are
studied with dynamic mechanical analyzer (DMA) and Hall-Petch coefficient is
established by both tensile test and microstructure study with scanning electron

microscopy (SEM).

2. Mechanisms of Ca-induced dual improvement of ductility and strength in

UFG Au wires

A series of tests are designed, with the purpose of understanding the
mechanisms of Ca induced dual improvement in Au wires. The form of Ca and the
microstructures of Au wires are understood with combined techniques of optical
microscope, SEM, electron dispersive X-ray (EDX), high resolution transmission

electron microscopy (HRTEM), electron energy loss spectroscopy (EELS) and
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electron back-scattered diffraction (EBSD). Also, the change of SFE is also
investigated with TEM. The suppression of plastic instability via increasing strain
hardening (leading to larger uniform elongation) and strain rate sensitivity (i.e.
smaller activation volume) is the only established approach used for dual
improvement in UFG/ NC studies (Ma, 2006), and are therefore examined in this
study. To confirm on the observation of increased dislocation density from TEM
study, stored energy measurement with differential scanning calorimetry (DSC) and

microstrain estimation with x-ray diffraction (XRD) are conducted.

3. Dopant selection criteria for dual improvement in UFG Au wires

With the understanding on the working mechanism of Ca in Au wires, it is
confirmed that Ca has obvious impact on the stacking fault energy (SFE). To propose
material parameters for dual improvement, this should originate from the ability of the
dopants to affect SFE of Au wires. The relevant behaviors are the segregation
tendency of the dopant, and their impact upon segregation. This includes solid
solubility of dopant in Au, atomic radius, electronegativity, crystal structure, valency,
segregation energy and strengthening energy. The last two parameters can neither be
found in literature nor be measured experimentally. For the deduction of these
parameters, ab initio simulation within the framework of density functional theory,
which is based on the thermodynamic model of Rice and Wang is performed. The
proposed criteria are verified in two other binary systems, namely the Au-Be and Au-

Pt systems, in agreement with published patents.
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1.3 Thesis organization

This thesis is organized into 7 chapters. First in chapter 1 we start off with a
general overview on the background, objective and scope of this thesis. Relevant
literature in two major areas, wire bonding and progress in UFG/ NC materials are
summarized in Chapter 2. The executions of work, i.e. sample preparation and
characterization methods are described in Chapter 3. From Chapter 4 to 6, we go
through the results and discussion. Chapter 3 describes the effects of Ca on both room
temperature and high temperature mechanical properties of Au wires. A thorough
investigation of the underlying mechanism is presented in Chapter 5. Building upon
the understanding in previous chapters, we propose criteria in Chapter 6, for the
selection of dopants to achieve dual improvement in Au wires. Finally, conclusions

and future work are discussed in Chapter 7.
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Chapter 2

Literature Review

In this chapter, two broad categories that are relevant to wire bonding technology
and UFG/NC metals are reviewed. On wire bonding technology, we briefly touch on the
production and wire bonding process of bonding wires, as well as critical requirement of
bonding wires. Secondly, we concentrate on recent development and peculiar
characteristic of plastically deformed UFG/NC metals, which is different from their CG
counterpart. The focus is laid upon mechanical properties and various efforts to achieve

simultaneous high ductility and strength, which is the topic of this thesis.

2.1 Wire Bonding Technology

All wire samples used in this project are specially designed engineering wires
manufactured by Heraeus Materials Singapore. A general description of Au wire casting
and wire bonding process are given below, some details are proprietary to Heraues and is

therefore not mentioned.
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2.1.1 Wire Manufacturing Process

The overall flow of the manufacturing process is shown in Fig. 2-1. Bonding wire
materials are normally specified to be of relatively high purity to eliminate any undesired
impurities. The starting material is the commercially available Au granules of 99.999%
(S5N) purity. Au bonding wire materials typically have high purity, meaning that low
amount of total dopant alloy addition is used. As the amount of dopants required is
unmanageably small, it is a common practice to add the dopants in the form of master
alloy, which is highly doped to 1000-2000 ppm. The wire alloy lot is made from the
appropriate weight ratio of SN Au and the required master alloys of each required
dopants. Continuous casting is used to produce a rod that is convenient for subsequent
drawing process. The Au is melted under first vacuum, then back filled with inert gas
during casting. This highly automated and efficient casting process provides both
improved mechanical properties and compositional homogeneity which are crucial to

wire bonding application.

The as-cast rod is then subjected to multi-die drawing process to reduce wire
diameter to its desirable value. Intermediate annealing is performed and samples are
taken for the verification of chemical uniformity and hardness. All drawing machines
employ lubricant and the condition of lubricant is regularly monitored. Different
combination of break load and elongation are required for the diversity of bonding wire

applications. This is achieved with final annealing of the bonding wires.
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Figure 2-1 Wire manufacturing process flow (Stephan, 2008).

Extremely pure gold (>99.999% wt Au) is simply too soft and unstable for
successful wire drawing and wire bonding. Therefore, it is a common practice to add
various dopants at ppm level (by weight) into the high purity gold. This study focuses on

Ca and Au-Ca phase diagram is attached here for reference (Fig. 2-2).



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 2 Literature Review.

Weight Per Cent Calcium 80
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Figure 2-2 Au-Ca phase diagram (Massalski, 1986).

2.1.2 Wire Bonding Process

A brief description of wire bonding process is included here, to illustrate how the
wires are being applied in final application. The wire bonding process begins with the
ball formation at the capillary. Au wire is fed through the capillary and a spark would
melt the wire and surface tension leads to the formation of ball at the end of the wire. The
capillary presses against the bond pad on the die and squashes the ball. With a
combination of pressure, heat and ultrasonic energy the ball bond is formed. The tool is
raised and forms a wire loop as it moves towards the second bond position. The capillary
makes contact to the lead-frame and a second bond is established like before. This time
the second ball morphology pinches off the wire, leaving only a small ‘tail” to hold the
wire. This is the stitch bond and the cycles repeat. A typical bonding cycle is <0.15

seconds per wire with two bonds (Fig. 2-3).

10
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—

Figure 2-3 Basic gold ball wire bonding cycle (Small
Precision Tool, 2009).

2.1.3 Critical Requirement of Bonding Wires

The materials requirement of the bonding wire depends on the application. For
example, for automobile application, as a car is expected to be in service for > 10 years,
stringent requirement on reliability is imposed. On the contrary, an inexpensive chip-on-
board IC device used in a singing Christmas card, needs bonding wires that can be

bonded at high speed to reduce cost, and come with minimum reliability requirement.

First and foremost, formability, which determines if a wire can be produced at
high volume is an important consideration. After being manufactured, broadly speaking.

bonding wires are to fulfill functions in three areas, namely bondability, reliability and

11
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looping performance. Bondability refers to how easy a bond is formed, and how good is
the bond formed. Bondability is becoming more and more challenging, as the more
fragile low k substrate gains popularity. Second, the focus of wire bonding is to create a
perfect metallurgical interface, and that this interface stays strong throughout service,
which this is quantified in reliability test. Typically reliability reduces as the wire size
shrinks. Third requirement is that it is important that the wire is strong enough to sustain
through the entire mechanical load, maintain the desired loop shape to avoid electrical
shorting. This project focuses on the impact of dopant on the mechanical properties of Au

wires, which is closely related to the manufacturing, looping and bondability of the wires.

2.2 Characteristics of Ultrafine-grained and Nanocrystalline

Metals Produced Via Plastic Deformation

Even though Au wire interconnection is a mature and established technology, the
approach used has been more empirical so far. Most research in this area focus on how to
solve problems in wire bonding, but not why. Typical 25 pm Au wires are manufactured
through several stages of drawing processes, which resulted in heavily deformed, fine
fibrous grain structure of ~100-500 nm (Chew, 2006). The final grain size (GS)
corresponds to the GS of UFG materials, which with NC materials, this class of materials
emerges as a relatively new area of research in materials science. In the mid-1980s,

Gleiter made the visionary arguments that metals and alloys, if made NC would have a

12



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 2 Literature Review.

number of appealing mechanical characteristics of potential significance for structural

applications. The definitions are:

Coarse-grained (CG): GS> 1 pm
ultrafine-grained (UFG): 500 nm >GS> 100 nm

nanocrystalline (NC): GS <100 nm

Both UFG and NC metals are considered as fine-grained (FG) materials (Dao,
2007). It has been concluded that this class of materials shares many commonalities with
conventional heavy plastically deformed materials (Valiev, 1996). Therefore, many
understanding on the mechanical properties of UFG Au wires are borrowed from the

UFC/NC study.

Bulk FG materials can be synthesized via either a bottom-up approach, where the
nanostructure is built atom by atom and layer by layer, or a top-down approach, where
the fine structures are synthesized by breaking down the bulk microstructure into the
nanoscale. Several major processing techniques include inert gas condensation,
mechanical milling, electrodeposition, severe plastic deformation (SPD) etc. Among
them, cold-drawn Au wires share the greatest similarity with FG metals produced with
SPD method. Therefore we will benchmark mostly with this group of FG metals.
Common SPD methods include equal channel angular pressing (ECAP), surface

mechanical attrition treatment (SMAT) etc. (Gleiter, 2000).

13
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2.2.1 Strength of UFG/NC Metal

The strength of materials generally scales with the inverse of GS, following the
famous Hall-Petch Law. The Hall-Petch Law, which relates the yield strength (oy) of

polycrystalline materials to its GS, can be written as:

o,=0,+k GS” (2-1)

where o, = yield strength
oy = friction stress
k = Hall-Petch coefficient
GS = grain size
n = exponent and is usually taken to be -0.5 for most FCC metals.

The Hall-Petch coefficient, k, can be regarded as a measure of the difficulty of
slip transmittal across GB. Some author commented that k depends on the way the
dislocation structure builds up during the deformation, and its meaning is not
straightforward. Still in general, the k value is typically viewed as a “locking parameter”,
which measures relative hardening contribution of GB (Hertzberg, 1996), or as GB
parameter that serves as obstacles to the propagation of deformation (Lu, 2001b).

Indeed, extremely high strength and hardness have been observed through
nanostructuring, for example in the most studied copper (Cu) (Fig. 2-4). Note that
most UFG Cu samples (with GS in the submicron regime) exhibit higher hardness and

tensile strength than the Hall-Petch expectation. The possible reason may be related with

14
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the fact that the UFG samples were prepared via SPD, in which dense dislocation walls,
tangles, cell walls or even subgrain boundaries are formed. These are barriers to the
motion of dislocations and hence strengthen materials. It is remarkable that a simple,
relatively soft metal like Cu (o, ~ 50 MPa in CG state) can be made to exhibit strength as
high as 1 GPa through nanostructuring. However, the mechanism for the continued Hall-
Petch strengthening down to GS of 10 nm are not fully understood as yet, as the

traditional picture of dislocation pileups are not expected to be applicable to NC grains.

d(nm)

100 20 10 4
a ~ Tensileoy, b 1

Hardness (GPa)
%] w

—_—
L] L] L] L]

TR TR (T TR N P | s 1 . 1

0 A L
00 01 02 03 04 00 01 02 03 04

Figure 2-4 (a) Summary of experimental data from the literature on the GS
dependence of strength of Cu specimens. The strength (or hardness) is plotted vs.
GS™? (Dao, 2007).

enhanced to a level where they control plastic deformation. Therefore, one of the issues
in debate has been whether the Hall-Petch relation breaks down at a critical GS (Dao,

2007), which some term this phenomenon as ‘inverse Hall-Petch Law’, or ‘the strongest

15
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GS (Lu, 2001b). One example is shown in Fig. 2-5 (Lu, 2001). This observation was first
reported by Birringer and co workers (Birringer, 1984), various experiments have pointed
to a departure from the linear relation when GS is in the nanometer range. As GS further
decreases, the Hall-Petch plot could even exhibit a negative slope (Nieh, 1991). However,
whether there is a true “strongest GS’ has not been fully confirmed experimentally, but
mostly predicted by molecular dynamics (MD) simulation. Right now it is fair to say that
simulation (Van Swygenhoven, 2001), as well as limited experiments on NC nickel (Ni) (
Erb, 1995) have suggested that the critical GS for decreasing strength may be on the
order of 7-15 nm. Many mechanisms have been put forward to interpret the negative
Hall-Petch slope, most of which point to the migration of deformation mechanism,

mostly GB related.
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Figure 2-5 Deviation from linear relationship in NC Cu and Pd (Lu, 2001b).

2.2.2 Ductility of UFG/NC Metals

Like strength, ductility is predicted to increase as GS decreases. This expectation

is based on experience with the conventional CG materials, in which GS affects yield and

16
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fracture strength differently. As GS reduces, the fracture strength increases more than the
yield strength, and the material becomes more ductile (Lu, 2001b). It is suggested that the
small GS can lead to reduced flaw sizes and increased difficulties for the imposed stress
concentration at the flaw to exceed the critical toughness, thus suppressing the crack
nucleation/ propagation instability (Wang, 2002). Thus grain refinement is one
mechanism that makes material both stronger and more fracture resistant than their CG

counterparts (Courtney, 2000).

While the anticipated strength improvement over CG materials has indeed been
realized, rarely has the predicted ductility enhancement been observed. In general it is
reported that the ductility of NC/UFG metals is much lower than that of their CG
counterparts, even for metals that are extremely ductile in CG form. For example, CG Cu
can have EL as large as ~ 60%, while EL of Cu (100 nm > GS > 10 nm) reported ranged
from 1% to 7%, as depicted in Fig. 2-6 (Lu, 2001b). Three major limitations of ductility
for NC/ UFG materials can be identified. These are: (1) artifacts from processing; (2)

force instability in tension; (3) crack nucleation or propagation instability (Koch, 2007).

17
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Figure 2-6 Plots of ductility vs. GS for several metals and alloys (Lu,
2001b).

Processing artifacts such as large residual stresses, porosity, contamination from
gaseous and metallic species as well as the imperfect bonding between particles are
inevitable, especially for specimens that were made by “two-step” processes that required
a consolidation step. Several groups have demonstrated that after minimizing processing
artifacts, NC/ UFG metals can indeed be made strong and ductile (Youssef, 2005a; Li,
2004). Also, the influence of specimen dimension on ductility needs to be taken into
consideration (Erb, 2004; Zhao, 2008). Another major factor limiting the ductility is the
tendency for plastic instability, such as shear band formation or necking. Localized
deformation modes as such may occur in the early stage, due to the decreased strain
hardening capacity (Dao, 2007). Since adequate ductility is frequently required in many
applications, this has evolved as a critical barrier to the successful commercialization of

UFG/NC metals.

18



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 2 Literature Review.

2.3 Strategies to Attain Concurrent High Strength and

Ductility in UFG and NC Metals

As previously discussed, strength improvement in UFG/ NC metals has been
realized but not the ductility, the focus of effort in the community therefore gear more
towards increasing ductility while maintaining the high strength. In the review by Ma,
most routes used to improve the tensile ductility of bulk NC metals have their concepts
rooted in enhancing strain hardening (n) and strain rate hardening (m) (Ma, 2006), as

stated in Hart’s criterion. In this section we will briefly go through the success so far.

To enhance n, one method is to introduce bimodal or multi-modal GS distribution.
This is because the small grains can then maintain the strength level, while the bigger
grains can act like conventional grains to contribute to strain hardening (Wang, 2004).
For the same purpose, a mixture of two or more phases with varying size scales and
properties is also effective (e.g. Song, 2005). Besides the original materials, one can also
play around with deformation/ processing condition. For example, increasing
deformation strain rate or using cryogenic deformation is helpful for improving m, and
therefore ductility. These two methods are known for CG metals. It would be interesting
to see if similar principles can be useful for FG metals as well. These differences are
illustrated In Fig. 2-7. In Fig. 2-7a, the conventional CG Cu is represented by curve B.
Curve A is the ECAP Cu with nanostructure, and curve C is for the bimodal

nanostructure. Finally for curve D, the ECAP Cu was cold rolled at liquid nitrogen
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temperature. In Fig. 2-7b, from curve A to D, the deformation strain rate increases
progressively from 1 x 10%to 1 x 107" s™. It is clear that both n and ductility are higher

with higher strain rate (Wang, 2004).
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Figure 2-7 Room temperature testing engineering stress-strain curves (a) for
Cu obtained by different microstructures (b) by different strain rate. Details
are in text (Wang, 2004).

The second parameter from Hart’s criterion, is the strain rate sensitivity m (Dieter,
1986). For FCC metals, GS in the NC range does increase m (e.g. Wei, 2004). The
reasons are yet to be fully clarified, but the refined GS and the highly non-equilibrium
GB structures may be promoting GB deformation mechanisms which offer a relatively
high m (Valiev, 2002). One example is to introduce nanoscale growth twin, which can
lead to both higher m (Dao, 2006) and n (Ma. 2004). These twins are referring to growth-
in twin formed during processing, not during actual deformation test. Other approaches,
namely transformation-induced plasticity (TRIP) and twinning-induced plasticity
(TWIP), are also well established for conventional metals and alloys. It seems that TRIP

is operative in NC/ UFG materials (Wu, 2005). Lastly, imperfection in bonding has been
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one reason for the low ductility observed so far. Therefore, striving for flaw-free
materials is one of the strategies for getting excellent mechanical properties in UFG/ NC
metals. Very recently, there was a breakthrough in obtaining NC Cu of such quality at
least for pieces on the order of 1 cm in diameter. The Cu was consolidated in-situ to full
density from ball-milled nanostructured powders, rendering a final average GS of only 23
nm and a narrow GS distribution. This Cu is remarkably strong (stronger than all
previous NC Cu) and at the same time ductile, while strain hardening at high rates

(Youssef, 2005a).

Most of these current efforts done are through manipulating the process. In
contrast, work on the effects of alloying/ doping in UFG/ NC materials are limited (Koch,
2003). And in most cases, the effects of alloying at higher concentration (not doping)
which in general leads to second phase formation are studied (e.g. He, 2003;
Zimmerman, 2002). For example, in the work done by Sun et al., multiple dopants were
added into titanium to yield a multi-phase composite consisting of a micrometer-sized
dendritic Ti-based solid solution intermixed with a UFG eutectic matrix. The tailored
microstructure demonstrated both higher strength and tensile plastic strain (Sun, 2006).
This thesis focuses on a much lower dopant concentration, at the ppm level, for which

information is clearly lacking.
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Chapter 3

Experimental Techniques

This thesis focuses on characterizing the mechanical and microstructural aspects
of Au bonding wires. The experimental details of all techniques used will be described in
this chapter. Also, more in-depth description will be highlighted on electron back-
scattered diffraction (EBSD), transmission electron microscopy (TEM) and X-ray

diffraction (XRD), which were used extensively in this project.

3.1 Electron back-scattered Diffraction (EBSD) Technique

Texture is a measure of the similarity in orientation of the crystal lattice within the
constituent grains of a polycrystal. A single crystal would have the maximum texture,
whereas a material where all grains have different orientations would have a random
texture (Fig. 3-1). Traditionally, common techniques used for texture measurements are
transmission electron microscopy (TEM)., X-ray diffraction (XRD) and scanning electron
microscopy (SEM) etc. Texture analysis is most commonly done using pole figures
obtained by X-ray or neutron diffraction. Larger sampling volume is required for these
methods, and this provides information of bulk or average texture but no information is
available on individual grain (Weiland, 1986).

22



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 3 Experimental Techniques

Figure 3-1 Schematic representation of texture of materials (Tan,
2003).

TEM has the advantage of giving information pertaining to grain boundaries (GB)
such as the presence of precipitates, solutes, dislocations and atomic arrangement in GB
together with misorientation measurements. Though TEM can give orientation
information from grains larger than 10 nm and with high precision, inconvenience of
sample preparations prevents this technique to be used effectively and routinely. It is

impractical to obtain statistically significant quantities of data using TEM.

As for techniques which are attached with SEM, there are EBSD and selected area
channeling (SAC). It is commonly accepted that EBSD has superseded SAC since the
former has much better spatial resolution, relative ease of specimen preparation and the
set up fits most microscopes. Comparing to other texture measurement techniques, the

principle advantage of EBSD is that it provides a direct link between microstructure and
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crystallography, which leads to the creation of a new area named “microtexture” (Randle,

1997).

3.1.1 General Principles

EBSD is based on the acquisition of diffraction pattern, which is essentially a
backscattered Kikuchi pattern. They are formed as a result of divergence of the electron
beam when it penetrates the material. The inelastically scattered electrons, satisfying
Bragg’s Law, are diffracted. The resultant loci of diffraction are two cones subtending
twice the Bragg’s angle between them. This is illustrated schematically in figure 3-2a. As
the wavelength of the electron beam is small, Bragg’s angle of diffraction is small,
resulting in flat cones. The intersections of the flat cones on the screen appear as paraliel
lines. Kikuchi patterns are the projection of the geometry of crystal lattice planes. An
imaginary line in the middle of and parallel to the Kikuchi band is a physical trace of the
lattice planes. The intersection of two or more Kikuchi band is a crystallographic pole.
By identifying the crystallographic planes and poles and their orientation with respect to
a datum, it is possible to obtain the orientation of the crystal. A typical Kikutchi pattern

obtained from Au wires is shown in Fig. 3-2b.
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(a) Formation of a backscattered
Kikuchi band

electron beam

28 =1 degree
S0 cones intersect
the screen as nearly
straight lines

Figure 3-2 (a) Schematic illustration on the formation of Kikuchi pattern

(Tan, 2003), (b) Typical Kikutchi pattern of Au wires before indexing and (c)

after indexing.
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3.1.2 Representation of Texture

A simple treatment of texture representation is given in this section, in relation to
those that are used in this project.

Pole Figure

The pole figure is a stereographic projection (a projection of ‘reference sphere
space’) of poles of chosen planes from each orientation, where the reference axes of the
stereogram are those which correspond to the macroscopic specimen geometry. A typical
choice will be the normal to the specimen surface from which EBSD measurements have

been taken.

(a) Normal

Reference
Sphere

TD f—

Figure 3-3 (a) Family of {100} poles in a cubic crystal projected onto the
reference sphere of a steoreographic projection and (b) Typical pole figure
(Randle, 1997).
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Fig. 3-3a shows the family of {100} poles for one cubic crystal in a specimen
which has been processed by rolling. Imagine a specimen to be placed at the center of the
sphere, as the specified direction (normal direction facing upwards). Considering the
(001) planes of the crystal, when their normal intersect with the sphere, the line is
connected to the vertices of the sphere. The point where the arrow cuts across blue plane
will leave a data point. Typical pole figure of Au wires is shown in Fig. 3-3b. Key
features of the pole figure representation of EBSD data are that it has gained familiarity
from its use in macrotexture studies. Also, its way of representation is compact, that a

single projection at a time can be viewed (Randle, 1997).

Orientation distribution function (ODF) and Euler space

Pole figures give the distributions of the normal from a particular set of planes but
not the distribution of the grain orientations. This only gives the most likely grain
orientations present, and spatial distribution of the crystal orientations is not available,
therefore the information from pole figure is incomplete (Weiland, 1986). A better
description is given by the ODF which describes the orientation of all the discrete
volumes in the aggregate, which the ODF is obtained from pole figures from different

sets of planes.

ODF can be displayed in Euler space. The three independent variables which
comprise an orientation can be described in terms of three rotations which, when applied

in a specific sequence, effect the transformation between crystal axes and specimen axes.
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Following Bunge definition, the crystallography axes are represented in the normal way
in standard projection and the specimen direction is specified by the directions normal
direction (ND), rolling direction (RD) and transverse direction (TD). Euler angles are
typically expressed by {@1, @, @, }, and represent the relative position of sample axes (
ND, RD, TD) and crystal axes ( [100], [010], [001]). Imagine the rotation of crystal,
starting from an original position of sitting right along ND, RD and TD. Then imagining
rotating the crystal (all rotations are in anti clockwise direction) about the ND (1st angle,
¢1), then rotate out of the plane (about the [100] axis, @), and lastly rotate by the 3rd
angle (¢,) about [001]. The rotation sequences are illustrated in Fig. 3-4, which the
sequence is the rotation highlighted in red, then green and finally blue. Therefore the blue

lines represent the final position of the crystal (Rollett, 2005).

Discrete orientations from EBSD can be displayed in Euler space, and appropriate
contouring/ smoothing routines can make them appear identical to an ODF from XRD.
However, there is a crucial difference: discrete orientations, as measured by EBSD, give
directly the true orientation distribution whereas a macrotexture ODF from XRD has to
be calculated, and there are inherent inaccuracies in this procedure. To summarize, the
principal advantage of Euler space is that it contains more complete information about
texture, especially when it is gathered from EBSD, as EBSD gives a direct ODF. Also, it
affords comparisons with ODF which are familiar to the macrotexture community. A

typical ODF displayed in Euler space is shown in Fig. 3-5 (Randle, 1997).

28



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 3 Experimental Techniques

(a) N D

[001]

(b) A

JEETat)

<100>

[12]

<100>

Figure 3-4 Definition of Euler angles, (a) sequences of rotations and (b) relative
position of crystal and sample axis (Rollett, 2005).
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Figure 3-5 Typical orientation distribution function displayed in
Euler space (Engler, 2000).
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Orientation imaging map (OIM) and ratio of <100>/<111>

The most powerful data representation method of EBSD is orientation imaging
mapping (OIM). This is a graphical way to plot the orientation computed from each
diffraction pattern according to its spatial coordinates. Since an orientation comprises
three independent variables, a compressed version of the parameter is calculated to render
it convenient to use colour scale to denote regions of different orientation. The map is
plotted according to its spatial coordinates, the location of discrete orientation changes
are revealed in the plot as the change in color as shown in Fig. 3-6. Hence the plot
provides a map of orientation with respect to position in the microstructure. OIM is very
powerful as it links orientation directly to microstructure. It can be seen in Fig. 3-6 that
the microstructure only focuses well in the middle portion of the image, but is blur at the
two sides. This is because of the slanted position of EBSD holder in SEM, which is to
enhance signal collection. With the OIM, the ratio of grains with wire texture of <100>

and <111> can then be estimated and compared.

[ T
10um

Figure 3-6 (a) Superimpose of orientation imaging map (OIM) onto the
SEM captured microstructure and (b) OIM alone.
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Coincidence Site Lattice (CSL)

The coincidence site lattice (CSL) is a model which has been adopted widely for
classification of GB geometry, especially in cubic materials. These are the idealized GB
which their misorientations permit certain atoms to belong to the lattices of both grains-
CSL site- forming an interface of a kind of superlattice common to two grains. Its
characteristic depends on the axis, <hkl>, about which the rotation is made, and the angle

of rotation (the misorientaion angle). CSL may be generated by (Murr, 1975):

=x>+Ny’ (3-1)

where X is the ratio of the area of the coincidence lattice cell to that of the original
lattice; X and y are non-negative integers representing Cartesian coordinates of the lattice
point joined to an origin; and N = h*+ k*+ I>. Two issues which affect CSL classification
are the upper cut-off value of X and the spread permitted around the exact CSL
configuration. On the whole as the Z-value increases there is less chance of the boundary
having ‘special’ properties; but since this is not an exact relationship there is no
prescriptive upper limit for Z. The mode value, compiled from the existing literature, is
29. For textured materials, usually a higher upper cut-off is more appropriate. By far the
well-used rule to define the maximum allowable spread around a CSL, V,,, is the

‘Brandon criterion’ (Randle, 1997):

Vv =15z7"? (3-2)

m
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3.1.3 Experimental Details

Samples for EBSD study were mounted in epoxy and prepared by standard
metallographic procedures, with careful attention paid to avoid smear and surface work
hardening. Samples were then etched with aqua regia for slightly longer etching time, to
remove any mechanical strain on wire surface that could cause diffuseness in the
Kikutchi pattern. For every composition, ten wire strands from two batches of casting

were studied.

The EBSD experiment was performed using the Oxford Instrument Link Opal
EBSD system attached to a JEOL JSM-5410LV SEM at 25 kV. The mesh sizes are ~0.02
um? and ~0.09 pm? for Ca-doped Au wires and pure Au wires respectively, which the
former is the smallest possible mesh size. Calibration of the EBSD system was carried
out using single-crystal germanium with [001] being the surface normal and the [110]

parallel to the horizontal edge.

3.2 Transmission Electron Microscopy (TEM) & Energy

Loss Spectrometer (EELS)

3.2.1 General Principles of TEM
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A schematic of transmission electron microscope (TEM) is shown in Fig. 3-7. As
opposed to a light microscope, the TEM operates with electrons instead of light. Using
an electron microscope offers the advantage of increasing both the magnification of an
object and the resolution over other imaging tools. TEM images are formed in two stages.
The first stage consists of scattering of an incident electron beam by a specimen,
followed by the formation of diffraction pattern at the back-focal plane by the objective
lens. The second stage consists of the formation of the primary image by Fourier
transform of the diffraction pattern and the magnification of the primary image by a

series of projection lenses (William & Carter, 1996).

Electron gun =———

Anode ~

Condensor Lens —
Specimen

Objective Aperture
Lens

intermediate Lens-

Fluorescent Screen

Figure 3-7 A schematic of the TEM (Walker, 2009).
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Because an image has to be reconstructed from diffraction pattern, it is important
to understand the possible contrast mechanism which will determine whether a feature
will appear dark or bright in an image. TEM image contrast arises because of the
scattering of the incident beam by the specimen. As a consequence the electron wave can
change both in amplitude and in phase as it traverses the specimen and both these kinds
of change can give rise to image contrast. In most images, both types of contrasts
contribute but one will tend to dominate. The two principal types of amplitude contrast
are the mass-thickness contrast and the diffraction contrast. Mass-thickness contrast
arises from incoherent elastic scattering of electrons and is a strong function of the atomic
number and thickness, i.e. regions which are thicker and of higher density will appear
darker in the image. If the specimen is crystalline then an additional diffraction contrast is
encountered. Amplitude contrast is used to produce bright field or dark field images by
selecting the direct or scattered electrons respectively. On the other hand, phase contrast
is due to the differences in phase of the electron waves scattered through the thin
specimen. A phase contrast image requires the selection of more than one beam. In
general, the more beams are collected, the higher is the resolution of the image. This
differs from the case of bright field or dark field image, which require us to select a single
beam using the objective aperture. A more common type of phase contrast image is the
high-resolution transmission electron microscopy (HRTEM) images. Good HRTEM

images can only be obtained when (Ferraris, 2007):

1. Thin specimen, since inelastic scattering will tend to degrade the image quality

2. The microscope must be aligned as accurately as possible
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3. The objective lens astigmatism must be minimized
4. The specimen must be carefully tilted so that the beam direction coincides with a

crystallographic axis

3.2.2 General Principles of EELS

The principle of EELS is based on a form of inelastic scattering that knocks out
an inner shell electron. The signal produced is less pronounced in intensity for elements
of high atomic number since the critical energy to excite X-ray increases with atomic
number. As such it is generally used for light elements, and it has the advantage of
detecting elements whose X-rays are too soft to be counted e.g. helium and lithium. As
shown in Fig. 3-8 an EEL spectrum is conventionally considered to consist of 3 regions.
Those electrons (usually the majority) that have suffered negligible inelastic scattering
contribute to the zero lost peaks. For analytical purpose, the characteristic edges that
correspond to inner shell excitation are useful, as they are characteristic of the element as
are X-ray peaks. Leapman and Hunt showed that EELS can detect smaller amounts of an
element than EDX spectroscopy for elements below sodium (Z<11) based on K-shell
excitation, or below iron (Z<26) using L-excitation (EELS, 2006), and that the detection
of Ca (Z=20) in the parts per million ranges has been reported in an EELS study on MgO
(Yan, 1998). It is thus one of the most practical ways to study low level Ca segregation at

the GB.
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Figure 3-8 Typical EELS data (Walker, 2009).

3.2.3 Experimental Details

Sample preparation for TEM was done with FEI FIB200XP focused ion beam
(FIB). Standard copper grid was cut into a half and used as a holder for wire, as shown in
Fig. 3-9. FIB was performed on the area near to the tensile-fractured surface, the purpose
is to capture the area which has undergone tensile deformation. The Au wires were cut
using the ion beam at a high current of 6500 nA and 30kV. The current was subsequently
tuned to 20k nA, 920 nA, and slowed down to 280 nA and finally ~90 nA to clean the
surface. TEM investigations in this work were performed at 200 kV on a JEOL JEM-
2100F field emission electron microscope equipped with double-tilt holder, CCD and
TV-rate camera, and LINK ISIS EDS X-ray micro-analyzer. At least two samples and

upto four samples are studied for every sample condition.
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Area thinned
down by FIB

The edge of
tensile deformed
Au wires

Half Cu grid

Figure 3-9 Schematic of FIB and TEM sample.

3.3 X-ray Diffraction (XRD)

3.3.1 General Principles

X-ray scattering techniques are a family of non-destructive analytical techniques
which reveal information about the crystallographic structure, chemical composition, and
physical properties of materials and thin films. These techniques are based on observing
the scattered intensity of an X-ray beam hitting a sample as a function of incident and
scattered angle, polarization, and wavelength or energy. In this section, discussion will

focus on microstrain measurement with XRD.
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Because of the interaction between grains, a single grain in a polycrystalline mass
is not free to deform in the same way as an isolated single crystal would, if subjected to
the same deformation. As a result, a plastically deformed grain in a solid aggregate
usually has regions of its lattice left in an elastically bent or twisted condition. The metal
is then said to contain microstress (also called residual stress) that vary from one grain to
another, or from one part of a grain to another part, on a microscopic scale.

If grains are given a uniform tensile strain at right angle to the reflecting planes, their
spacing becomes larger than d, and the corresponding diffraction line shifts to lower
angles but does not otherwise change, as shown in Fig. 3-10b. This line shift is the basis
of the x-ray method for the measurement of macrostress. In 3-10c, the grain is bent and
the strain is nonuniform; on the top (tension) side the plane spacing exceeds do, on the
bottom (compressive) side it is less than d,, and somewhere in between it equals d,. We
may imagine this grain to be composed of a number of small regions in each of which the
plane spacing is substantially constant but different from the spacing in adjoining regions.
These regions cause the various sharp diffraction lines indicated by the right on (c) by the
dotted curves. The sum of these sharp lines, each slightly displaced from the other, is the
broadened line. While macrostrain is a vector, microstrain is defined to be a scalar

(Cullity, 1967).
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Figure 3-10 Effect of Lattice Strain on Debye-line width and position
(Cullity, 1967).

3.3.2 Experimental Details

The fine wires were cut into length of not more than 15 mm and attached to a 15
mm X 10mm glass slide. Fine wires had to cover a sufficient area with no space in
between the wires. The slide was then attached to the sample holder using carbon

adhesives. Fig. 3-11 shows the sample together with the XRD sample holder.

Wire samples were characterized by Rigaku Dmax 2200 X-Ray Diffractometer
system with CuK, radiation operating at 50kV, 20mW. X-Ray Powder Diffraction

(XRPD) data was collected in the range of 30 ° to 80° (26 range). The scan rate was 2°

39



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 3 Experimental Techniques

per minute at a scan step of 0.002. The contribution of K radiation were subtracted from
the total profiles, thus the results obtained correspond to just K, component of the K,
doublet. Through the broadening of the peaks detected, microstrain was then calculated
with Williamson-Hall plot (Williamson, 1953). Three runs were repeated to confirm the

trend observed.

Figure 3-11 XRD sample together with sample holder.

3.4 Tensile Mechanical Testing

In this work, INSTRON 5543 Universal Tensile Testing Machine was used to
conduct the tensile test at room temperature. The machine is operated by displacement
control in mm/ min, the load cell used is 5N. The clamps of the machine are of the
conventional type with certain type of tape added on to improve the gripping of the fine
wire. The exact detail of the setup is proprietary to the company. Experimental

procedures were set in accordance to ASTM Standard Test Method F 219 (ASTM, 1996).
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The gauge length of specimen was 10 inch (254 mm) and the standard pulling speed was

1 inch per minute.

The strain rates were varied for the strain rate tests, where five strain rates within
the range of 107 to 107 s were used, which were 0.1, 0.017, 0.01, 0.005 and 0.001 s,
respectively. The initial load applied to the specimen before conducting the test was
sufficient to keep the wire straight. Ten tests were conducted for each wire composition.
In this test procedure, a specimen was subjected to a continually increasing uniaxial load,
while simultaneous observation was made on the elongation by the extensometer. The

applied load and extension readings were recorded.

3.5 DSC stored energy measurement

For sample preparation, wires were cut into small strand of about 5 mm to fit into
the aluminium pan. Cutting was selected to minimize possible strain induced and to allow
for tighter crimping as small wire strand can move more freely to fill in spaces in
between wires, thus allow better heat conduction within sample. The sample pan was

then crimped using an appropriate TA Instruments, Inc. sample press.

DSC measurements were carried out in a TA Instrument Heat Flux DSC 2010
with a heating rate of 40 °C/min going up to 450°C, under nitrogen environment. It was
air-cooled to 50°C after the first heating. Without moving either the sample or the

reference, a second run, programmed just like the first, was performed. The heat flow
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values of this so-called second run were then subtracted from the initial measurements to
separate those parts of the heat flow signal due to imbalance of the calorimeter (i.e. heat
capacity of the two furnaces), mismatch of the heat capacity of sample and references or
equipment signal noises. Heating rate of 40 °C/min was used in order to amplify our
signal. Sample size was kept strictly between 18 to 22 mg. Precautions were taken in
order not to diminish the indistinct signal. Cell cleaning, temperature calibration, cell
calibration with Indium and also baseline calibration were carried out before each round

of test run. Three runs were repeated to confirm the trend observed.

3.6 Creep study with Dynamic Mechanical Analyzer

Creep tests were performed with a dynamic mechanical analyzer (DMA) from
Thermal Analysis (TA) Instruments (model no DMA 2980), under tension mode. As the
wire diameter is too fine for the fiber clamp, film clamp was used instead. Grooved
aluminium balls (also provided by TA Instruments) were used to clamp the wires at two

ends. The gauge length used was kept constant at 20 mm.

Following the criterion for creep test, the force was selected to be lower than the
0.2% yield strength of the weakest sample in our collection (Au20Ca as defined in
Chapter 4) at 513 K; And the temperatures are chosen to be lower than ~700 K (which is
0.4Ty). With an initial static force of 0.001N, the temperature was ramped from room
temperature to different test temperatures (493, 503 and 513 K) at 10°C/min. After the

temperature has stabilized, the force was ramped at a rate of 0.005 N/min to the final
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testing stress levels (67 and 88MPa). The data collection was then initialized when both

the load and temperature have reached their respective target levels.

3.7 Determination of Hall-Petch Behavior

To examine the Hall-Petch behavior, annealing was employed to alter GS of Au
wires. Au wires were wound loosely around a spool, paying special attention that the
wires were not touching each other, to avoid wire sticking under high temperature. The
wires were annealed at 573K, 673 K, 773 K and 873 K for half an hour, respectively.
The temperature range was selected to cover the temperature before and after grain
growth occurs. The recrystallization temperatures of both Au20Ca and Au90Ca( defined

in Chapter 4), which were determined using DSC, were~ 613 K and 633 K, respectively.

3.8 Materials

All wire samples used in this project are specially designed engineering wires
manufactured by Heraeus Materials Singapore. A general description of Au wire casting

and wire bonding process are in Chapter 2.

The GS of Au20Ca is ~100 nm larger than the Au250Ca in the as-drawn state

whereas it is ~1 pum larger in the annealed state (Kulicke, 2005). The effect of GS could
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dominate over other factors. To single out the effects of GS, all wires in this study are

wires in the as-drawn state, i.e. non-annealed wires.

44



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 4 Beneficial effects of Ca in Au Wires

Chapter 4
Beneficial effects of Ca in Au wires

Strength and ductility are two of the most important mechanical properties of
structural materials. However, they are mutually exclusive, i.e. a material may be strong
or ductile, but rarely both at the same time. This is the dilemma shared by both wire
bonding producers and researchers studying the mechanical properties of UFG/ NC

materials (Koch, 1999).

Here we focus on the unique effect of Ca that brings desirable concurrent
improvement in ductility and strength of Au wires. First, the effect of Ca on room
temperature tensile properties of Au wires is examined. Second, we also look at high
temperature properties of Au wires with creep test. The results point towards a GB
related mechanism, therefore we are interested to understand the impact of Ca on GB

properties. For this purpose, the effect of Ca on Hall-Petch behavior is studied.

4.1 Composition of Au wires

The compositions of the wires studied in this work are as shown in Table 4-1:
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Table 4-1 Code names and targeted compositions of Au wires

Code name Concentration of Ca

ppm by weight | Atomic % (At %) | Weight % (Wt %)
AuSN* ~0 ~0 ~0
Au20Ca 20 0.01 0.002
Au60Ca 60 0.03 0.006
Au90Ca 90 0.04 0.009
Au250Ca 250 0.12 0.025
Au500Ca 500 0.24 0.05
Solid solubility (at 3750 1.8 0.36
800°C)

* AuSN is Au wires with 99.999% purity

Binary Au wires of the above mentioned intended compositions were prepared,
and their compositions were verified with ICP-MS (Inductively coupled plasma mass
spectrometry) technique. The actual compositions of the wires are listed in Table 4-2. It
can be seen that the achieved dopant levels are usually quite near to the targeted values,
except that Au500Ca has lower Ca content of ~ 400 ppm by wt. The other impurities are
in general < 2 ppm by wt. All the wires have gone through exactly the same
manufacturing process: therefore differences in their properties can be clearly attributed

to the differences in Ca level.
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Table 4-2 Actual compositions of Au wires (ppm by wt), determined with ICP technique

Au | balance | balance | balance | balance | balance balance
Ca 0.3 21 58 87 210 400
Zn 0.5 <0.5 <0.5 0.7 <0.5 <0.5
Ag 1.8 1.75 1.7 1.65 2 1.7
Al <1 <1 <1 <1 <l
As <2 <2 <2

Be | <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Ce <2 <2 <2 <] <1
Ca| =05 <0.5 <0.5 <0.5 <0.5 <0.5
Fe <2 0.7 <0.5 0.7 12 1.2
Ge <2 <2 <2

In <2 <2 <2

Mg 0.3 0.3 0.2 0.2 0.2
Mn 0.1 0.1 0.1 <0.1 <0.1
Ni <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Pb 1 1.35 1.6 1.25 1.1 1.5
Pd | <0.5 0.75 0.7 0.7 <0.5 <0.5
Pt <1 <1 <1 <1

Si <1 <1 <1

Ti 0.1 0.1 0.1 <0.1 <0.1
il <1 <1 <1

Y <0.1 <0.1 <0.1

4.2 Effect of Ca on Tensile Properties of Au wires

Room temperature tensile properties of as-drawn Au wires at several levels of Ca

are compared in this section. Fig. 4-1 shows the engineering stress strain curves of Au

wires at five levels of Ca additions, from 20 ppm to 500 ppm. The stress strain curve of
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AuSN wire is included as a reference. Even in the as-drawn state, AuSN has good
ductility of ~3.5%, but has extremely low strength of ~ 100 MPa, which is one of the
reasons why doping is needed for Au bonding wires. By adding only 20 ppm of Ca, the
strength goes up to ~400 MPa, but the ductility is also significantly reduced to ~1.6%.
The strength of Au wire is as high as ~700 MPa, at the highest Ca level of 500 ppm used.
Ca is a well-known strengthener used in Au bonding wire industry, with their
strengthening effects documented in many patents (Kang, 1999; Herklotz, 2001).
Interestingly, Ca also has an obvious beneficial effect on the ductility of Au wires. It has
been reported in one patent that Ca can prevent brittleness (Hosoda, 1989). From the
results, it is clear that both ductility and strength of Au wires are progressively and
consistently improved by Ca. However, ductility improvement seems to saturate and stop
at Au500Ca. At this doping level also, second phases start to appear (section 5-1). For

these reasons, subsequent study will focus only on wires with 250 ppm Ca and below.

AuS00Ca
|

| Au250Ca

Au%90Ca

Au20Ca

Au60Ca

Stress (MPa)
A
o
o

AuSN

Strain (%)

Figure 4-1 Engineering tensile stress strain curves of as-drawn Au wires at
various levels of Ca.
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A characteristic feature of these curves is a steep rise followed by yielding and a
flat response under an essentially constant load until fracture. This absence of strain
hardening after yield is termed elastic-perfectly plastic stress strain behavior, and is
commonly observed in UFG and NC materials (Furukawa, 1997). This is believed to be
caused by the small grains which can not contain dislocations because that image force is
too low. The theory of the steady state (flat region) portion of tensile curves for UFG
materials such as those in Fig. 4-1 is that strain hardening mechanisms such as
dislocation pile up are not effective with the small GS (Zhu, 2004). In actual bonding
application, Au bonding wires used are usually annealed wires. Wires used in this work
were annealed at 500°C for ~ 3 min, and their stress-strain curves are plotted in Fig. 4-2.
As mentioned, Au500Ca will be excluded, while Au5N is also omitted as it is too soft to

be annealed at 500 °C.
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Figure 4-2 Engineering tensile stress strain curves of annealed Au wires, at
various levels of Ca.
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The effects of Ca are retained in the annealed wires, i.e. Ca increases the strength
and ductility of Au wires concurrently. With this concomitant improvement, toughness
(area under the curve) is invariably enhanced. The percentage of toughness increment,
comparing Au20Ca and Au250Ca, are 127% and 277% for as-drawn and annealed wires,
respectively. The values of ductility, strength and the percentage of improvement for the
as-drawn and annealed wires are presented in Table 4-3. It can be seen that in the as-
drawn state, Au250Ca has 69% and 32% higher ductility and strength than those of
Au20Ca. Furthermore, after annealing at 500 °C, the level of increment between Au20Ca
and Au250Ca for ductility and strength has gone up to 96% and 60% respectively. The
percentage of improvement is remarkable, considering that the difference of Ca is only in
the ppm level. These levels of enhancement are more impressive than those from other
similar studies (e.g., Song, 2005; Zhao, 2006). For example, by adding 10% zinc in Cu,
Zhao et al. has increased the ductility and strength over pure Cu by ~ 40% and 55%

respectively (Zhao, 2006).

Obviously, we can further increase the ductility of these wires by annealing, but it
comes at the expenses of strength. As mentioned, the improvement of properties is
greater for the annealed wires (Table 4-3). Some of the properties e.g. uniform
elongations are discussed in greater details in section 5.6.1. It was suggested that this
phenomenon be possibly caused by Ca due to its effectiveness of inhibiting grain growth
(Herklotz, 2001). The GS of Au20Ca is ~100 nm larger than the Au250Ca in the as-
drawn state whereas it is ~1 um larger in the annealed state (Kulicke, 2005). The effect of

GS could dominate over other factors; therefore analysis of the mechanism is focused on
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the as-drawn wires only.

Table 4-3 Tensile properties of the Au wire at room temperature

Improvement
from Au20Ca
to Au250Ca
Properties Au5N Au20Ca Aub0Ca Au80Ca Au250Ca %
Tensile 9864+ | 42129+ 450.07 = 500.15 556.30 £ 0.97 32
strength (MPa) 1.14 1.54 0.98 1.12
Percentage 351+ 160+ 210+ 240 +£0.05 2.70+0.10 69
elongation (%) 0.08 0.15 0.05
Uniform 351+ 160+ 210+ 2.10+0.10 2.10+0.09 31
elongation (% 0.12 0.08 0.04
Tensile N. A. 237.72 + 279.38 31475+ 379.95+0.74 60
strength (MPa) 0.80 0.62 0.54
Percentage N. A. 220+ 330+ 4.05+0.04 4.30+0.05 96
elongation (%) 0.18 0.20

Compared to other studies, the absolute values of the percentage of elongation-to-
failure (EL) reported here is not high. For example, EL of FG Cu ranges between 1- 7%
(Lu, 2001b), for Cu having the GS between 10 nm- 100 nm. For Ni, EL is generally
between 1- 10%, and can be tailored to reach as high as 50%, with a GS distribution of
100 nm to 8 um (Zhao, 2008). However, the EL of FG materials is typically at ~2%
(Koch, 1999). It is not meaningful to compare the absolute value of EL, since the sample
used here is vastly different from most studies conducted in similar areas, especially in
terms of materials, sample shape, sample size and test gauge length. For instance, most
studies used standard dog-bone shape specimen, which can not be realized for fine wires.
In this work, wire diameters used are relatively thin (0.025 mm) and are tested at long
gauge length of 250 mm. Most other studies have much thicker/ bigger diameter samples

of ~ 0.15 mm- 5 mm, especially for SPD samples. Commonly used gauge length is also
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much shorter than our case, which is ~ 5 mm to 18 mm (Zhao, 2006; Hayes, 2004). In a
paper dedicated to study the effect of specimen dimension on tensile properties of UFG/
NC metals, Zhao et al. have concluded that EL increases with increasing thickness or
decreasing gauge length. Specimen with thinner diameter or thickness shall be
susceptible to instability and premature failure, while the effect of gauge length originates
from the definition for strain (Zhao, 2008; Li, 2004). Therefore both the sample diameter
and gauge length work against higher EL in our case. Instead, the high percentage
improvement induced with such low level of doping is the focus of this work. It is
intriguing that the addition of Ca can bring about both higher ductility and strength at the
same time, while the two properties are in general trade-off properties. The results from
this study also highlight the importance of purity control in the study of UFG/ NC

materials, as very low ppm level of dopant could give major impact on their properties.

All the above mentioned tests were conducted at a fixed strain rate of 0.017 s™ (1
inch/minute). Subsequently, to understand the effect of Ca on tensile properties under
various strain rates, tests were carried out at five different strain rates. The common
ranges for strain rate testing are between 102 to 107 (static) and 10 to 10° (dynamic). Due
to equipment constraint, the highest strain rate that we can use is 10”". The strain rates
used are within the range of 107 to IO'I, which are 0.1, 0.017, 0.01, 0.005 and 0.001 s™
respectively. The results of tensile testing, i.e. 0.2% offset yield strength (oy), tensile
strength (o7s), EL are listed in Table 4-4, and plotted in Fig. 4-3 to Fig. 4-5, where
standard deviations are omitted to avoid confusion. The beneficial effects of Ca addition

on Au wires are very clear and consistent throughout the five strain rates used.

82



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 4 Beneficial effects of Ca in Au Wires

Table 4-4 Room temperature tensile properties of Au wires

Au wires Str?isl-]l )rate oy (MPa) o1s (MPa) EL (%)
Au20Ca 0.1 422.33+£2.63 437.16+2.62 134015
0.017 390.85+0.64 426.29+1.01 1.6+0.15
0.01 390.87£1.06 421.67+4.58 1.6£0.2
0.005 388.17+0.81 419.86+1.21 1.3£0.15
0.001 382.06%1 405.57£3.63 1£0.1

Au60Ca 0.1 449.39+0.78 466.17+0.55 2.210.05
0.017 415.53+0.33 456.07£0.41 2.1£0.05
0.01 414.45+0.63 455.47+0.4 2.2+0.05
0.005 411.63+0.53 451.48+0.32 2.1+£0.05

0.001 405.53£0.96 440.78+1.83 1.9+0.2

Au90Ca 0.1 496.99+0.49 517.2740.3 2.410.1
0.017 462.02+0.77 504.1540.31 2.410.05

0.01 461.2+1.09 504.25+0.3 2.4£0.05

0.005 458.06+0.99 498.96+0.41 2.310.05
0.001 452.03+0.67  489.66+0.42 2.3£0.05
Au250Ca 0.1 557.121£0.56 581.10+£0.46 2.6+0.20
0.017 534.02+0.43 557.30£0.53 2.6+0.10
0.01 536.2+1.30 556.2510.65 2.6£0.05
0.005 528.46+0.59 549.32+0.47 2.5%0.15

0.001 498.731+0.62 540.36+0.42 2.5+0.05
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Figure 4-3 Tensile strength of Au wires as a function of
Ca level at different strain rates.
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Figure 4-4 Yield strength of Au wires as a function of Ca
level at different strain rates.
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Figure 4-5 Elongation to failure of Au wires as a function of Ca
level at different strain rates.

Strength is observed to be higher at higher strain rate and vice versa. It is clear
that strain rate has an obvious impact on the 6y and ors of Au wires. Strength is always
the highest for the fastest strain rate used (0.1 s and the lowest for the slowest strain
rate used (0.001 s™), for Au wires at all Ca levels. This is consistent with numerous
studies conducted on UFG/ NC face-centered cubic (FCC) metals (Torre, 2002), which
their behavior deviates from the strain rate insensitive behavior of bulk CG FCC metals.
Ductility (EL), on the other hand, seems to have weaker dependency on the strain rate.
The variation of EL at various strain rate is high, still, there seems to be a trend that EL is
the lowest when tested at the slowest strain rate. The trend is clearer only for Au20Ca.

Whether ductility of UFG/NC metals should decrease or increase with strain rate is more
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controversial. For example, Lu et al. reported that EL for electrodeposited NC Cu (GS ~
30 nm) was ~ 25% larger when the strain rate was increased from ~ 10 to 10 * 5. They
suggested that the behavior may originate from the change in the fracture mechanism
(Lu, 2001a). However, the opposite was observed by Torre et al. with NC nickel, and
ductility was found to decrease as the strain rate was raised from 107 t0 102 s™" (Torre,

2002).

4.3 Creep Performances of Au wires

High temperature performance of Au wires is important for certain applications
such as automobile electronics. Devices are required to operate safely with high reliability
over a long period, even under harsh working conditions, such as high temperatures and
high humidity conditions enveloping an engine, which is peculiar to automobiles (Gallo,
2004). The requirement for Au wires is mainly from the reliability and resistivity aspects,
also strong mechanical properties which can be extended into high temperature regime
are needed. In this work, creep test conducted at low stress levels and high temperature
(typically > 0.4-0.5Ty,, where Ty, is the melting point) is employed for the determination
of high temperature properties of Au wires (Courtney, 2000). The main objective is to

determine the effect of Ca on high temperature mechanical properties of Au wires.

For real life application, Au wires are usually doped at low doping level, with a
mixture of various dopants (Kulicke, 2005). Because creep test are concerned with the

actual performance of the Au wires, only wires with dopant concentration of < 100 ppm
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are considered. Also, only two wires of extreme conditions are selected, which are
Au20Ca and Au90Ca. Following the criteria for creep test, the force was selected to be
lower than the 0.2% yield strength of the weaker Au20Ca at 513 K; And the temperatures
are chosen to be lower than ~700 K (which is 0.4T,). Fig. 4-6 shows typical creep
responses of Au wires, deformed with stress of 88 MPa and at temperature of 513 K. The
creep curves exhibit a primary transient period, which then settle into steady state. The
change of creep rate as a function of strain is also followed, as shown in Fig. 4-7. It can
be seen that the strain rate has gone into a steady state and stabilized as strain proceeds,

signifying that the creep rate attained is the minimum creep rate.

More than 70% of the time, the creep tests stopped before 3000 minutes, and
mostly at the EL of < 1%. The low EL is expected, as it is known that high temperature
EL of wires is lower than their room temperature EL, which is ~ 2% for our case
(Kulicke, 2005). The creep rates are extracted from the time range of 1500-2500 min,
where steady state creep rate has been achieved. It is obvious that Au20Ca has
significantly higher slope, thus higher creep rate (%/min), than Au90Ca. The creep rates
of Au20Ca and Au90Ca were collected under two loads and three temperatures, as shown
in Table 4-5. Each experimental value corresponds to three data points, with a standard
deviation between 0.1 %/min — 1 %/min. It can be seen that the creep rate of Au90Ca is
consistently lower than Au20Ca, and the disparity ranges between 4 to 6 times.
Considering that the dopant concentration only differs by 70 ppm, the retardation effect is
quite significant. As a comparison, creep rate was reduced by 0.5-1 order of magnitude

with 700 ppm (by weight) of boron added into NC nickel (Yin, 2001). Also, the creep
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rates are always higher when the temperatures or stress levels are raised. It is concluded
that Ca can retard the creep rate of the Au wires effectively. This shows that Ca has
beneficial effects on both the room temperature and high temperature mechanical

properties of Au wires, both of which are critical for wire applications.
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Figure 4-6 Typical creep curves of the Au wires deformed at 88 MPa, at 513 K.
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Figure 4-7 Creep data of Au20Ca plotted versus strain showing
the minimum strain rate corresponds to steady-state creep.
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Table 4-5 Creep rates of Au20Ca and Au90Ca at different stresses and temperatures, with
standard deviations ranging between 0.1-1 %/min.

Creep rate (%/min)
Stress at 67 MPa Stress at 88 MPa
Au20Ca at 493 K 3.1 6.1
Au20Ca at 503 K 5.4 10
Au20Ca at 513 K 6.3 11.2
Au90Ca at 493 K 0.75 1.28
Au90Ca at 503 K 1.33 1.5
Au90Ca at 513 K 1.73 2.4

To further quantify and compare the creep behavior of the two samples, the

general creep equation is used (Wakai, 1997):

de [ o" :_Q_ -
Z-A(GSP]CXP{ ] (4-1)

where A is a constant determined by the slowest diffusing species along the most
rapid diffusion path, o is the applied stress, n is the stress exponent, GS is the grain size,
p is the inverse GS exponent, Q is the activation energy and T is the temperature. Besides
the creep rate, three parameters were also extracted from this set of creep data, namely
the stress exponent, the grain size exponent and activation energy. As creep tests are very
time consuming (each sample takes 2 days). we have limited data points for some of the
derivations. For example, we have only two data points for the determination of stress

exponent of Au20Ca at 493 K. This, however, is compensated by similar data gathered at
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503 K and 513 K. These derived parameters are used to give a hint of the possible creep

mechanism that could have taken place.

First, the data on creep rate as a function of the applied stress gives the stress
exponent, n. Fig. 4-8 shows the creep data, plotted as steady state creep rate versus stress
on double logarithmic scales. The slopes of the curves correspond to n, which are ~2 for
Au20Ca and ~1 for Au90Ca at all three temperatures used (493 K, 503 K and 513 K).
Diffusional creep has a linear dependence on stress, and has n value of 1. The n value
obtained here shows that the creep in Ca-doped Au wires is sensitive to dislocation glide
as well as diffusion, but is not as heavily dislocation-dependent as in the case of power

law creep which has n ~ 3-8 (Courtney, 2000).
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Figure 4-8 Creep rate vs. applied stress of Au20Ca and Au90Ca, which
the slopes represent stress exponent, n.
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Second, the activation energies (Q) of the creep process are derived from the
Arhenius plot of creep rate versus reciprocal of temperature. The values of Q are shown
in Fig. 4-9. It is expected that the Q obtained under the lower stress condition would be
higher. For Au20Ca, the range is between 0.66-0.76 eV; For Au90Ca, the Q values are
between 0.68-0.9 eV. The Q value of the GB diffusion is normally taken as half of the Q
for lattice self-diffusion in conventional CG metals (1.76 eV for Au) (Gupta, 1975). It
can be observed that the Q values obtained are comparable to the Q required in GB
diffusion (Qg= 0.88 €V). The higher activation energy when more Ca is present

correlates well with the slower creep rate observed on Au90Ca.
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Figure 4-9 Arhenius plot of creep rate vs. reciprocal temperature of Au20Ca and
Au90Ca, where the slopes represent the activation energy (Q).
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Third, for the determination of the GS exponent p, the GS of the samples is
measured with TEM. The average GS for Au20Ca and Au90Ca are 219 nm and 147 nm
respectively, which we will discuss in detail in Chapter 5. With the average GS, the creep
rate is then plotted wrt GS, to give the p value (Fig. 4-10). The GS exponent, p, is found
to be ~3 at 67 MPa and ~4 at 88 MPa, which correspond to Coble creep (Courtney,
2000). The temperatures used are below the recrystallization temperatures of both
Au20Ca and Au90Ca, which was determined using differential scanning calorimeter to

be ~ 613 K and 633 K respectively (Cheo, 2004). Therefore we do not expect significant

grain growth to occur during the creep test.
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Figure 4-10 Creep rate vs. grain size of Au20Ca and Au90Ca at two
levels of applied stress, where the slopes represent grain size exponent,

p-
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The value of p=3-4 suggests a GB diffusion controlled creep mechanism, while
n=1-2 implies a dislocation-related mechanism. Also, the Q value obtained is close to Q
for GB diffusion in CG Au. This combination of experimental values was also observed
in other systems, especially in superplastic materials (Cho, 2001) and FG materials (Yin,
2005; Cai, 2001), where creep operates through GB sliding or GB diffusion. The
commonality among the studies is that GB has a much more important role in UFG and
NC metals when deformation occurs at lower temperature than CG metals. With the p, n
and Q values observed, the likely creep mechanism in Au wires under present study
could be GB sliding which is accommodated by GB diffusion. These findings elucidate
the important role of GB in creep deformation in FG metals, observable at much lower
temperatures than their CG counterpart. It is known that materials with elongated grain
structure which are parallel to the major stress axis are less prone to GB sliding
(Hertzberg, 1996). However this study shows that Au wires with such structures are also

prone to GB sliding under high temperature, probably due to the fine grains.

As the dominating creep mechanism is likely to be GB sliding which is
accommodated by GB diffusion, it is postulated that most Ca could have segregated to
the GB to interfere with the deformation process. This postulation is in agreement with
other similar studies (Cho, 2001; Yin, 2001). Also, the mechanical properties such as
room temperature tensile properties and creep properties of FG metals are known to be
very sensitive to dopants that reside at the GB (Yin, 2005). This suggests that the dopants
may have segregated to the GB to manifest the effects. The form and detection of dopants

will be further discussed in Chapter 5.
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4.4 Hall-Petch Properties of Au wires

In previous section, the results imply that GB segregation of Ca in Au wires might
have occurred. In this section, we study the Hall-Petch behaviour of Au wires, which can
provide more information on the GB properties. On the basis of the dislocation pile-up
mechanism for the plastic deformation of CG materials, the yield strength of a

polycrystalline metal is expected to increase with reducing GS:

o,=0,+kGS™"” (4-2)

where oy is the yield strength, GS is the grain size and o, is the lattice resistance.
The Hall-Petch coefficient, k, can be regarded as a measure of the difficulty of slip
transmittal across GB. A previous study had commented that k depends on the way the
dislocation structure builds up during the deformation, and its meaning is not
straightforward. Still in general, the k value is typically viewed as a “locking parameter”,
which measures relative hardening contribution of GB (Hertzberg, 1996), or as GB
parameter that serves as obstacles to the propagation of deformation (Lu, 2001b). The
values of o, in the as-drawn state are derived to be 328.38 MPa and 330.09 MPa for
Au90Ca and Au20Ca respectively, which are almost identical. To determine k, GS of the
samples in the as-drawn and various annealed states are measured with SEM images. The
GS of as-drawn wires are too fine to be distinguished with SEM, and are obtained from
TEM (Chapter 5). Representative SEM images from each condition are presented in Fig.

4-11.
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Figure 4-11 Representative SEM images of Au20Ca and Au90Ca, annealed at 573 K, 673
K, 773 K and 873 K respectively. The average grain sizes, GS, are indicated.
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The slope of oy versus GS™'” gives k, which is the Hall-Petch coefficient. Fig. 4-
12 shows that the k values for Au wires are 0.06 MPae m'? and 0.02 MPae m'” for
Au90Ca and Au20Ca respectively. The k value of Au film reported by Emery et al. is
reproduced in Fig. 4-12, which is 0.25 MPae m'? (Emery, 2003). Since k represents the
extent of GB strengthening, it seems that the GB strengthening effect is much more
pronounced in Au films than Au wires. The k values of three FCC metals with
micrometer GS range were summarized in Hansen’s work. For aluminium, nickel and
copper, the k values are 0.04 MPae m'?,0.16 MPae m'”? and 0.14 MPae m'” respectively
(Hansen, 2004). The values are comparable to the k found for Au wires and Au films.
The difference of k between Au20Ca and Au90Ca is not very significant, however, we
should bear in mind that the difference in the doping level is only 70 ppm. GB
segregation has been reported to be responsible for the difference in k value. For
example, the change in k was attributed to constitutional disordering of the GB that arises
from co-segregation of nickel and boron in NizAl. It is known that GB segregants can
modify GB structures to encourage dislocation generation, which could lead to
dislocation accumulation along GB and possibly a Hall-Petch strengthening effect
(Baker, 1991). The k values obtained therefore support the postulation that Ca could have

segregated to the GB in Au wires, as deduced in the previous section.
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Figure 4-12 Yield strength as a function of (grain size)-1/2 for Au wire
from this study; And for Au film from Emery’s study.

One of the issues in debate has been whether the Hall-Petch relation breaks down
at a critical GS (Dao, 2007), which some termed this phenomenon as ‘inverse Hall-Petch
Law’, or ‘the strongest GS (Lu, 2001b). This observation was first reported by Birringer
and co workers (Birringer, 1984), that various experiments have pointed to a departure
from the linear relation when GS decreased to the nanometer range. As GS further
decreases, the Hall-Petch plot could even exhibit a negative slope (Nieh, 1991). However,
whether there is a true ‘strongest GS” has not been fully confirmed experimentally, but
mostly predicted by molecular dynamics (MD) simulation. Right now it is fair to say that
simulation (Van Swygenhoven, 2001), as well as limited experiments ( Erb, 1995) have

suggested that the critical GS for decreasing strength may be on the order of 5-15 nm.
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Many mechanisms have been put forward to interpret the negative Hall-Petch slope,

which mostly point to the migration of deformation mechanism.

In his work, Emery has suggested that Au film may deviate from Hall-Petch
relation at GS significantly larger than other FG metals, which is ~ 500 nm (Emery,
2003). However, in our work, the yield strength of Au wires seems to obey Hall-Petch
relationship down to GS of as fine as ~150 nm. Nieh et al. has attempted to estimate the
critical GS at which inverse Hall-Petch phenomenon should take place (Nieh, 1991).
They have estimated the critical GS for dislocation pile-up, below which decreases in

strength with reducing GS could occur. His estimation was based on the equation:

3Gb

&= n(1-v)3o,, (4-3)

where I is the critical GS, G is the shear modulus, b is the Burgers vector, v is the
Poisson‘s ratio and G4pp is the applied stress. Taking Ggpp to be ~ 450 MPa (Chew, 2006),
the 1. for Au is estimated to be ~ 8-10 nm. To conclude, both the theoretical estimation
suggested by Nieh and the experimental results obtained in this work do not agree with
what has been suggested by Emery, that the critical GS of Au is at ~500 nm. This could
also be attributed to the difference in texture (textured versus random) or grain shape
(fibrous versus columnar). More work is needed to conclusively determine the critical GS

of Au.
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4.5

Chapter Summary

The beneficial effects of Ca on Au wires are summarized in this chapter, the results

being suggestive that Ca has the tendency for GB segregation in Au wires to induce these

effects.

&

The addition of Ca has the intriguing effect of progressively and consistently
increasing both strength and ductility of Au wires. The improvement can be as
high as 60% and 96% respectively, by comparing Au20Ca and Au250Ca. The
effect has been demonstrated in as-drawn and annealed wires, at five different
strain rates.

Ca is also shown to impede high temperature creep rate of Au wires by ~4 to 6
times. The stress exponent (1-2), activation energy (~ 06-0.9 eV) and grain size
exponent (3-4) obtained all point to a GB diffusion mediated GB sliding creep
mechanism. It is therefore postulated that Ca could have segregated to the GB to
induce the retardation effect.

Hall-Petch coefficient is increased by the Ca addition, from 0.02 MPae m'”? for
Au20Ca to 0.06 MPae m'? for Au90Ca. This implies that Ca could have
segregated to the GB to encourage dislocation generation and to strengthen the
GB more effectively. Both the changes on creep and Hall-Petch behavior of Au
wires as induced by Ca suggest that segregation of dopant to GB may have

occurred.
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In conclusion, Ca has beneficial effect on both the room temperature and high
temperature mechanical properties of Au wires, which is important for bonding wire
application. The impact of Ca on GB-related properties is also evident. Based on the

results, it is postulated that segregation of Ca to GB is highly probable.
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Chapter 5
Mechanisms of Ca-induced Dual Improvement in
Au Wires

Previously we have summarized the unique and beneficial effects of Ca on Au
wires in chapter 4. Ca consistently increases both strength and ductility of Au wires (dual
improvement), an effect which is highly desirable. With the goal of establishing selection
criteria for dopants to achieve similar effects, we present through a series of designed
tests, a thorough investigation on the underlying mechanism for the dual improvement

effect.

First we look at the microstructure of the Au wires, and their changes as a
function of Ca content. Techniques used include optical microscopy, SEM (scanning
electron microscopy), TEM (transmission electron microscopy), EBSD (electron back-
scattered diffractometer), DSC (differential scanning calorimetry), XRD (X-ray
diffractometer), EDX (energy dispersive X-ray spectroscopy) and EELS (Electron energy
loss spectroscopy). We also access the strain rate sensitivity/ activation volume and strain
hardening/uniform elongation of the Au wires, which is related to the major limiting
factor of the ductility of UFG/ NC metals- plastic instability (Wang, 2004b). Based on the
structures and properties observed, possible mechanisms, such as grain refinement, GB
sliding, suppression of plastic instability, contribution of twin and texture induced

plasticity are discussed.
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5.1 The Form and Location of Ca in Au Wires

One question to be answered in this study is regarding the location and form of Ca
dopants in Au wires. The phase diagram of Au-Ca shows a maximum solid solubility of
1.8 at% (0.36 wt %) at ~800°C, but the solid solubility of Ca in Au at room temperature

is not known exactly (Massalski, 1986).

5.1.1 Microstructural Characterization

There is no second phase formation at all levels of Ca, up to Au250Ca. In
Au500Ca, small patches of greyish second phases are observed in 2 mm Au rod, as
shown in Fig. 5-1. If second phases are observed in Au rod, they will usually appear in
the corresponding Au wires as well, typically at a finer size, as wire drawing could have
broken down the second phase. In order not to miss out the second phase, these
observations are done on 2 mm Au rod sample. Analysis with SEM/EDX shows that
these second phases contain Ca (Fig. 5-2). The second phase form is probably
intermetallic compound of Au and Ca. We therefore decide to drop Au500Ca, since
second phase formation is not desirable in bonding wire. Bonding wires are required to
have consistent mechanical and electrical properties throughout the wire strand. Second
phase formation is basically non-uniform or agglomeration of dopant, and because the
total dopant concentration have to be low in general, there could either be too much or

too little dopants across the wire strand, if second phase forms (Stephan, 2005).
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Figure 5-1 Optical micrograph on the cross-section of as-drawn 2 mm
Au rod (a) Au250Ca, which no second phase is observed and (b)
Au500Ca, with second phases.
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Figure 5-2 Microstructure analysis on Au500Ca Au rod (a) Optical micrograph which
shows greyish second phase; (b) SEM micrograph zoom into the area enclosed by the red
box in (a), viewed with back-scattered electrons; (¢) SEM micrograph viewed with
secondary electrons and (d) EDX analysis showing the presence of Ca peak.

Based on these observations, it is believed that Ca starts to form precipitation in
Au wires at ~ 400 ppm (which is the actual composition of Au500Ca), even though the
expected solid solubility limit at 800°C is about 3750 ppm. It was also reported in several
publications that UFG/ NC materials have higher solubility with the presence of abundant
boundaries (Liu, 2004; Yin, 2005). This means that the solid solubility of Ca in Au could
be even lower in CG Au. Note that this boundary when solid solution ceases to occur is

expected to vary with different processing conditions as well. It is interesting to note that,
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the occurrence of second phase coincides with the point that the dual improvement comes
to an end. At Au500Ca, ductility improvement saturates while the strength improvement
persists (section 4.1). For both properties and microstructural consideration, subsequent

study will focus only on wires with 250 ppm Ca and below.

Also, AuSN is not included in the comparison. This is mainly because of its vastly
different condition from Ca-doped Au wires, in terms of their dopant concentration, GS
and texture, which will be mentioned in subsequent sections 5.2 and 5.4. This
complicates the identification of mechanism, as too many factors may contribute to the
differences in properties. On top of that, AuSN is too soft and can not be subjected to

many different conditions such as annealing and low speed tensile testing.

5.1.2 Elemental Analysis

To provide direct evidence for GB segregation, we have attempted to use EDX
and EELS. The analysis was carried out on GB and SF, which are areas where Ca is
proposed to segregate to (section 5.7). Sample chosen is Au250Ca, which is annealed at
600°C for 3 minutes. Also, the samples were deformed at the lowest possible strain rate
(0.001 s™) and the highest possible testing temperature (250°C) to facilitate segregation
of solute atoms onto the SF (called Suzuki segregation) and GB (Han, 2003). Fig. 5-3
shows one of the typical EDX analysis that we have performed. Ca was not detected,
probably due to the low concentration, and the complicating presence of abundant GB

and SF. Because EELS should provide better sensitivity for light elements, we have also
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attempted to locate Ca with EELS. The dispersion of the spectrometer was set to 5 eV/ch,
and to avoid zero loss peak, an offset of 280 eV was applied to the spectrometer drift
tube. However, Ca is still not detected by this technique. Fig. 5-4 shows the EELS
spectrum acquired from a region containing the boundary. The spectrum obtained at the
boundary shows only the presence of C (peak edge at 300 eV) and Au (peak edge at 560
eV), both shifted by 20 eV. The reason why EELS has also failed to capture Ca is
probably because there are lots of grain boundaries and stacking faults, therefore the

probability of locating ‘the right one’ is also not high.

Direct chemical evidence for this type of segregation is generally lacking
(especially to SF), because of the abundance of SF and difficulty of microanalysis (Murr,
1975). While only several investigators were able to directly identify the segregation
(Kamino, 1992; Han, 2003; Mendis, 2004), most studies presented indirect identification.
For example, changes in the width of an extended dislocation in a Cu—8 at. % Si alloy

was inferred to be due to Suzuki segregation (Saka, 1983).

In conclusion, Ca is found to exist as solid solution in Au wires, and precipitates
out when dopant concentration reaches 400 ppm. We are unable to identify the location
of Ca solute exactly, even though creep test and study on Hall-Petch behaviour both
suggest that Ca could have the tendency to segregate (Chapter 4). It is postulated that Ca
concentrates along GB and SF, to induce an obvious effect on the mechanical properties

of Au wires, as we will discuss again in section 5.7.
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Figure 5-3 Typical EDX analysis on SF of Au wire, (a) Location of analysis
and (b) EDX spectrum.

500 nm

Figure 5-4 Typical EELS analysis on GB of Au wire, (a) Location of
analysis and (b) EELS spectrum.
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5.2 Microstructure Observations on Rods and Wires

It is a common practice in the wire bonding industry to observe the microstructure
of wires in the longitudinal cross-section (Kulicke, 2005). Fig. 5-5 shows the longitudinal
and transverse cross-section images of Au250Ca, in the form of 8mm Au rod and 25 um
wire. We did not study the transverse cross-section of Au wires with TEM, and have
cited TEM studies of Au wires by Noguchi et al. (Noguchi, 2000) in Fig. 5-5¢. The
common observation is that first, the grains observed in the longitudinal cross-section
appear to be elongated, while they look more equiaxed in the transverse cross-section.
Second, the GS (denoted as d;) in the longitudinal cross-section corresponds roughly to
that observed from the transverse cross-section. From these observations, it is seen that a
strand of 25 um Au wire is made up of multiple bundles of Au fibers. These long grains
are the product of the extensive, uni-directional plastic deformation- the drawing process.
As shown in Fig. 5-5¢, the long grains have two GS. One is the short side of the fiber
(denoted as d;) and another length is the long side of the grains (denoted as d;). In this
study, d; is measured, following the convention used in the wire drawing industry. In fact,
d; of Au wires has not been reported before. This is probably because the fibers are too
long to be captured under TEM, or the boundaries perpendicular to the drawing direction

are not clearly defined. Noguchi et al. did not measure d; but had suggested it to be ~ 5

pm.
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One reason why d; has been used throughout the wire bonding industry is that it
has long shown good correlation with the strength of Au wires. In subsequent discussion,

‘GS’ refers to d; measured from the longitudinal cross-section of the Au wires.
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Figure 5-5 Images on (a) Longitudinal cross-section of Au250Ca, 8mm rod; (b)
Transverse cross-section of Au250Ca, 8mm rod; (c¢) Longitudinal cross-section of
Au250Ca, 25 um wire; (d) Transverse cross-section of Au250Ca, 25 um wire; (e)
Longitudinal cross-section of ~ 25 pm Au wire under TEM and (f) Transverse cross-
section of ~ 25 um Au wire under TEM. (e) and (f) are taken from Noguchi, 2000.
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Typical images of 25 pum Au wires are shown in Fig. 5-7. The wires are as-drawn
SN wires, Au20Ca and Au250Ca respectively. Pure 5N wires have larger grains of ~ 10
um, and can be easily captured under both optical scope and SEM. On the other hand, the
finer GB in Au20Ca and Au250Ca may not be accurately distinguished with these
techniques. It can be seen that the grain structures of Au20Ca and Au250Ca do not

appear to be very different, even when observed under SEM.

Au wire

il Drawing

Bundle of ll]]]g Au fiber direction

Figure 5-6 Schematic representation: Au wires are made up of a bundle of
fine Au fibers.
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Figure 5-7 Grain structure of 25 pm Au wires in optical micrograph
(a) AuSN ; (b) Au20Ca ; (c) Au250Ca; And SEM micrograph of (d) Au5N : (e) Au20Ca and
(f) Au250Ca.

100 nm

Figure 5-8 Typical brightfield TEM image of Au wires, after tensile
deformation. The green arrows indicate twins.
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Fig. 5-8 shows a typical brightfield TEM image of the as-drawn Au250Ca. The
fine grains are clearly observed from the TEM. On top of that, fine features such as the
existence of nano-twins are also observed in the TEM images. Probably because of the
fine size, these twins are not observed in any of the SEM and optical images. To avoid
missing these fine features, subsequent microstructure analysis will be focusing on TEM
analysis only. Also, as described in Chapter 3, it is the intention to capture the structures
from the tensile-deformed part of the wires. It is found that the microstructures before
and after tensile deformation appear to be similar. The samples used are deformed after

tensile test, as described in Chapter 3.

5.3 Microstructural Characterization with TEM

The initial reasoning for selecting Ca is both for its well-known strengthening
effect and the postulation that Ca may reduce the stacking fault energy (SFE) of Au wires
effectively, even at very low concentration. SFE of a material is important since it
dictates many physical properties of the materials, especially mechanical properties as it
has direct influence on the slip mode, deformation twinning etc. Therefore in this section,
we start off with an investigation on SFE of Au wires. The GS and microstructure of the

wires are presented subsequently.

5.3.1 Stacking Fault Energy of Au Wires

Alloying (in solid solution form) typically decreases SFE of the matrix materials.
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The usual range of alloying study is from few percent up to as high as ~ 40 wt % (e.g.
Nie, 1995; Engler, 2000), but there are also studies which focused on lower alloying
concentration of as low as 0.2 wt % (Caballero, 1999; Rohatgi, 2001). The highest dopant
level used in this study is 0.12 wt. %, which is on the low side among the studies that

investigate the effects of dopant on SFE.

The mechanism behind the phenomenon is the segregation of dopant to stacking
fault (SF), stabilizing SF and lowering SFE, as first pointed out by Suzuki. The
absorption phenomenon can be treated in the same manner as at GB, and are expressed in

terms of the Gibbs adsorption isotherm here:

_ OSFE =F,—ﬁF1 (5-1)
oG, A
where x; and x; are the atom fraction of solute and solvent in the bulk phase, G, is
the chemical potential of solute and I'; and I'; are the surface excess concentration of
solute and solvent at the fault. For dilute solutions, where I'>> (x2/x;) I'; , the adsorption

isotherm reduces to:

OSFE
x =T 5.2
[ oG, l_ : (5-2)

Eq. 5-2 shows that when solutes accumulate at the SF, the equilibrium SFE

decreases (Hirth, 1986). Solutes that make the face-centered cubic (FCC) solvent less
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stable against a transition to hexagonal close packed (HCP) structure would be expected
to accumulate in the SF, which is a thin strip of HCP material, and lower its energy. The
reason for that is on alloying, the free energy of the solid solution is increased, i. e. the
stability of the solid solution against other phases has decreased, and hence can tolerate
more mis-stacking (Cahn, 1996). Some authors commented that the driving force for
Suzuki segregation has its origin in the difference in chemical free energies between the
planar defect and the matrix, and is different from Cottrell segregation, where the driving
force is the reduction of the solute atom misfit energy (Mendis, 2004). The theory as first
proposed by Suzuki is fairly complete, however direct chemical evidence is scarce.
(Murr, 1975). Mostly, the effect manifests itself as a change in the stacking fault width
(SFW), which is one of the methods for SFE estimation (Hirth, 1986; Courtney, 2000),

and is employed in this work. ’

To observe SF of the wires, high-resolution TEM (HRTEM) images from one of
the grains were taken from the <110> zone axis, as shown in Fig. 5-9. The imaging of
crystal defects is highly dependent on the orientation of the crystal with respect to the
beam. Therefore, great care was taken to ensure that all the HRTEM images for this
purpose are taken in <110> zone axis. Since there are also several [110] directions for the
same zone axis, sample size is increased to obtain an overall, typical reading. For every
condition, the average sample size is 3 wires, and approximately ten grains were

inspected per sample.
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The SF normally appears as two fold structures (V™ or inverted “V*). These
kinds of multiple folds SF have also been observed in other studies conducted on UFG/
NC metals, while the reason for these formations is unclear at the moment (Liao, 2004a;
Wu, 2006a). The majority of SF planes were determined to be (1 1 T) and (I 1 1)._ wherein
the angle between the planes is ~70.5°. HRTEM can accurately reveal the width of a SF
only when the SF is edge on (two partial dislocation lines enclosing the SF are parallel to
<110>). In <110> orientation, only (T11) and (171) SF are edge on while SF in other
orientations are inclined to the surface. Since the SF observed in this study is not all edge
on, the estimated SFE may not be accurate in terms of their absolute values. However, for
the purpose of comparative study among Au wires with different Ca level, this technique

is still considered acceptable.

Figure 5-9 (a) HRTEM image from <110> zone axis, showing the labeled v-shaped SF
and (b) SAD pattern from <110> zone axis.
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Types of Partial Dislocations

SF can be composed by different types of partial dislocations. In the case of FCC
metals, there are several types of partial dislocations, including Shockley partial
dislocation, Frank partial dislocation, stair-rod partial dislocation etc. The observed SF
are further analyzed, to determine the nature of partial dislocation. The most common
types of partials dislocation, Shockley partial dislocation is shown in Fig. 5-10.
Compared to a full atomic displacement Z, motion going through X then Y is not
accompanied by the “up and over an adjacent ball” process as the complete slip, and has

lower strain energy. The dislocation reaction is described as:
a = a = a =
5[101]25[211}3[112] (5-3)

These half dislocations are Shockley partial dislocations with b = In three

a
m :
dimensions, partial dislocations can be seen as the bounding dislocations at the two sides
of SF. No matter how narrow or how wide the partials are separated, they are bound
together by the SF, and consequently, they must move together as a unit across the slip

plane (Courtney, 2000).
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Figure 5-10 A portion of the atoms ina {111} plane in a FCC
crystal, where A represents atom.

HRTEM image of a SF taken in Au250 wires is shown in Fig. 5-11a. Fourier

transformation was performed on the area a, as shown in Fig. 5-11b. Additional noise is

filtered away by selecting (11 1) beam only, for more accurate determination of the

partials (Fig. 5-11c). Fig. 5-11d is typical (11 1) matrix planes obtained by inverse
Fourier transformations of HRTEM images of area a. Lastly, the vector component of
Shockley partial dislocation is shown in Fig. 5-11e. It can be seen that when we assume

the partials are edge on, there are only two possible Burgers vectors. One is exactly

perpendicular to (111), that there will be atomic shift of g[l_al?] . whichis ~0.16 nm (a is

the lattice constant of Au, which is ~ 0.408 nm); Another is Burgers vector of the same
magnitude, but is 30 “inclined to (111). From the zone axis of <110>, the 30 ° partial will
have a projected length of ~ 0.08 nm, which is about 1/3(d;11) (di; is the interplanar
spacing of (111) planes in Au, which is ~0.24 nm). From Fig. 5-11d, the atomic shift at

both ends of SF are 1/3(d;;;) and 2/3(d; 1) respectively, showing that the partial
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dislocations are Shockley partial dislocations. As a result, one additional plane is formed
within the partial, which is indicated by the green lines, and corresponds to the inset.
Shockley partial dislocation has its Burgers vector lying in the plane of the fault, and
hence is gissile as full dislocations are. The atomic shift may not be exact, which could be
because the SF are not perfectly perpendicular to <110>, or the quality of HRTEM

image, which could be attributed to factors like non perfect beam alignment etc.
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Figure 5-11 (a) HRTEM image of Au250Ca; (b) Fourier transformation
of area a; (¢) Fourier transformation with selected beam; (d)

(111) matrix planes obtained by inverse Fourier transformation of area
marked a (e) Vector component of Shockley partial dislocation.
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Another type of partial dislocation is also observed, which is Frank partial
dislocation (%[1 1 T]), as shown in Fig. 5-12. Fig. 5-12a shows the HRTEM image of

Au250Ca at another location. {111} and {200} matrix planes obtained by inverse Fourier

transformation is shown in Fig. 5-12d. The vectors of Frank partial is relatively straight-
. af, ,+ . ar, <1 . N
forward. Frank partial has b = 5 [1 1 1]_. and the planes shift for 3 [l 1 l] in the direction of

<111>. The Burgers vectors of Frank partial is not lying in the close-packed plane, and
are incapable of gliding, i.e. they are sessile. The atomic configuration of Frank partial is
believed to form as a result of the collapse of the lattice surrounding a cavity which has
been produced by the aggregation of vacancies on to a (111) plane, as shown in Fig. 5-13
(Smallman, 2007). It can be seen in Fig. 5-12d that the (117T) plane shifts about 0.23 nm
at both ends of the SF. There is a dislocation dipole interacting with the SF (as indicated

by black arrows), this makes the plane (1 ji 1) off the fault shift. Again, the atomic shift

may not be exact as predicted by theory.
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Figure 5-12 (a) HRTEM image of Au250Ca; (b) Fourier transformation of
area a; (c¢) Fourier transformation after filtering noise (d) Matrix planes
obtained by inverse Fourier transformation of HRTEM image of a.

92



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 5 Mechanisms of Ca-induced Dual Improvement in Au Wires

_ = g
s oo oo

>0 > wn >

Fig. 5-13 A Frank sessile partial dislocation (Smallman, 2007).

Determination of Stacking Fault Energy

The theory of SFE measurement is not fully established, and many of the SFE
values quoted in the literatures are in error by factors of two or more. There are two
common methods for SFE measurement, which is the ribbon width measurement method
and the node measurement method. In this work, the ribbon width measurement method
is used to determine if the SFE of Au wires has been altered by Ca. The equilibrium

separation, SFW, of two partial dislocations is related to SFE as follows:

w - Gbib, [2—\:)[1#2\’0052(1] (5-4)
8ASFE\ 1—v 2-v

where G is the shear modulus, SFW is the equilibrium separation of two partial
dislocations, Burgers vectors by and b; in a long straight extended dislocation. v is the
Poisson’s ratio, a is the angle between the total Burgers vector and the dislocation line.

By measuring the SFW of Au wires, SFE of Au wires can then be determined. Materials
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with lower SFE shall have longer SFW and more occurrence of SF, since the formation

of SF requires lower energy (Hirsch, 1977).

Fig. 5-14 shows the SF in the Au wires, as a function of Ca content. It can be seen
that the density of SF increases with doping level. As with other FCC structures, perfect
dislocation dissociates into two partial dislocations, bounding a SF in Au wires. The
lattice shift coincides with the start and end of the ‘V’, and is taken to be the SFW. The
formation of several layers of SF will yield nanotwin. The average number of SF
observed in TEM images of the same magnification are ~30 and ~50 for the Au90Ca and
Au250Ca wires, respectively. In Au20Ca, very rarely can the SF be observed, which is
probably attributed to the high SFE. The shift of the plane is indicated by the blue lines in

Fig. 5-14d.

Statistical measurement of SFW in Fig. 5-15 shows that SFW for the Au90Ca
wires ranges from 1.5 to 4.5 nm, and has an average value of 2.4 nm. For Au250Ca
wires, the SFW distribution increases both in range and average value, to 1.5-7.5 nm, and
3.6 nm, respectively. Plugging in the average SFW value into Eq. 5-4 and taking a of two
extreme values (90° for pure edge dislocation and 0° for pure screw dislocation), the
estimated SFE are 10-34 mJ/m” and 15-50 mJ/m? for Au250Ca and Au90Ca respectively.
SFE of Au20Ca cannot be estimated, as SF can hardly be seen in Au20Ca. Also, the
estimated SFE values are comparable with CG Au (50 mJ/m?) (Gorelik, 1981). The width
of the SF (or the SFE) controls the ease of cross-slip in FCC metals, in which a

dislocation changes from one slip plane to another intersecting slip plane. The more
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widely separated the partials, the more difficult is the recombination process. As a result,
low SFE materials with more and longer SF will cross-slip with difficulty and vice versa
(Courtney 2000). To conclude, as postulated, Ca addition does reduce the SFE of Au
wires even when added in the ppm level. Characteristic microstructures that one would
expect from the difference in SFE. and therefore the difference in cross-slip behavior, are

summarized in Table 5-1, and will be discussed in subsequent chapter.

Figure 5-14 TEM images of Au wires at three Ca levels, showing the increase in
stacking fault density and stacking fault ribbon width with Ca. (a) Au250Ca; (b)
Au90Ca; (c) Au20Ca and (d) HRTEM image of stacking fault.
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Figure 5-15 Stacking fault width distribution for Au90Ca
and Au250Ca wires.

Table 5-1 Typical microstructures expected from metals with high and low SFE (Hong,

1990; Humphreys, 2004)

Grain size Larger Smaller

Dislocation pattern

Lower in density, tends to Higher in density, distribution is

cluster together to form cell more even and can be found

structure everywhere
Slip mode Wavy Planar
Texture Less random, lesser <100> More random. more <100>
Twin Has low frequency Has higher frequency

Stacking fault

Has low frequency and often

short in width

Has high frequency and are

longer in width
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5.3.2 Microstructures of Au Wires

Typical brightfield low magnification TEM images of Au wires at three Ca levels
are shown in Fig. 5-16. As previously discussed, the grains of Au wires have elongated,
fiber-like structure along the drawing direction. It is known that the microstructures of Au
wires have several characteristic features. Firstly, GS distribution is generally broad, and
can span from 100-1000 nm in some cases. Secondly, the smallest GS achievable for Au
wires is ~100 nm. Thirdly, most of the GB are not of high-angle type, as Au wires are
heavily textured (Chew, 2006). These features are very similar to those samples produced
via severe plastic deformation (SPD) process (Dao, 2007). The GS distributions of
Au20Ca, Au90Ca and Au250Ca are shown in Fig. 5-16d. While the GS in general lies in
the nanometer range, there are some wider grains in Au20Ca. Au20Ca has a main peak
centered at ~220 nm and a much less prominent peak at ~700 nm, which seems more like
a bimodal distribution. For Au250Ca, the GS are in the range of 100- 300 nm. The
addition of Ca can effectively refine the GS of Au wires, an effect well documented in
patents (e. g. Herklotz, 2001). Statistically estimated averaged GS (by TEM) of Au20Ca,
Au90Ca and Au250Ca are 219 nm, 147 nm and 119 nm respectively. In the inset also we
have seen the corresponding selected area diffraction (SAD) patterns, as a function of Ca
levels. The SAD patterns show that the diffraction rings get more continuous with Ca,
indicating that texture gets more random with the presence of Ca. As it is difficult to
collect statistically significant texture data from TEM, EBSD will be used for the

characterization of texture (section 5.4).
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Cell structure is a unique feature of high SFE materials, in which dislocations are
arranged around the periphery of the cell, with the center being free of dislocations, as
shown in Fig. 5-17. The black arrows point at dislocation lines, which usually terminate
at the GB. By tilting the specimen to a better position, the lines can appear as thin, clear
dislocation lines. For example, the dislocation lines pointed by the blue arrows are
clearer, since they are in a better orientation for imaging. One small area surrounded by
dislocations is indicated by a red box in Fig. 5-17a. The {111} and {200} matrix planes
obtained by inverse Fourier transformations of HRTEM image from the red box is shown
in 5-17c. Red arrows in the figure point to the location where one additional lattice plane
is observed, therefore pure screw dislocations are not considered in this analysis. It can be
seen that the arrows are arranged in a cell structure, which surround the area. This is
because the dislocations in these metals can glide on more than one glide system, so that
dislocations with several different Burgers vectors are available to form cell walls

(Humphreys, 2004).
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Figure 5-16 TEM images showing the grain size of Au wires. (a) Au250Ca;
(b) Au90Ca: (c) Au20Ca and (d) Grain size distribution. Inset in the three
images are SAD patterns obtained from those areas.
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Figure 5-17 Cell structure seen in Au20Ca. (a) At lower magnification; (b) Fourier
transformation of the red box area and (¢) {111} and {200} matrix planes obtained by inverse
Fourier transformations of HRTEM images, showing the cell structure inside the red box in (a).

Some other deformation microstructures that are expected from high SFE metals
are also observed in Au20Ca. These features are the occurrence of wavy slip lines (Fig.
5-18) and ‘partition like’ dislocation structure (Fig. 5-19), both of which are the
consequences of extensive cross-slip (Hong, 1990). Dislocation structure in the high SFE
Au20Ca tends to be very uneven and most dislocations are clustered in high density

regions adjacent to big patches of dislocation-free regions. This is due to the fact that
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dislocations in Au20Ca have the freedom of traveling on different glide planes (giving
wavy slip lines) and only stop when they run into another dislocation. On the other hand,
with suppressed cross-slip tendency, Au250Ca exhibits planar slip mode, in which the
straight dislocations are arranged in planar arrays (Fig. 5-18). Also, Au250Ca has a more
‘dirty” kind of microstructure, where dislocations can be seen everywhere in the
microstructure (Fig. 5-19). This also means that overall, Au250Ca seems to contain much
more dislocations than Au20Ca. This is possible, as cross-slip, which is an effective
dislocation annihilation process, is suppressed in Au250Ca. To confirm if dislocation
density is indeed higher in Au250Ca, other techniques which are less localized than TEM

are employed, which will be discussed in the subsequent section.

Figure 5-18 TEM images showing slip mode (a) Au20Ca with wavy slip mode
and (b) Au250Ca with planar slip mode.
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Figure 5-19 TEM images showing dislocation structures (a)
Au20Ca with big patches of dislocation free areas, as pointed by the
green arrows and (b) Au250Ca with evenly distributed dislocation,
which the structure appears to be more “dirty’.

Another distinct feature that we have seen with samples of higher Ca is the
occurrence of nano-twin. This is not surprising, as more SF are observed in Au250Ca,
and a twin is formed essentially by multiple SF. These twins are very small, and are not
observable at even lower magnification in TEM. As can be seen in the low magnification
TEM image in Fig. 5-20, only one twin can be seen at this low magnification, and this
twin is relatively big (~ 50 nm thick). Usually only a few twins of this size can be

observed at similar magnification.
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S00 nm

Figure 5-20 TEM image of Au250Ca at lower magnification, showing the appearance of
one twin.

However, large amount of nano-twins of even smaller magnitude, which can be as
thin as ~ 1 A (equivalent to two layers of SF) are also observed in Au250Ca (Fig. 5-21).
Even though the twin density can be abundant in some areas, their appearance is
localized, i.e. they are not ubiquitous but concentrated in certain areas, likely those
containing high local stress. Fig. 5-21c is a typical SAD pattern taken using <1 10> zone
axis from the area containing twin boundaries, which shows the mirror spots appear wrt
the {111} plane (William & Carter, 1996). Twinning is not so commonly observed in CG

Au. The appearance of nano-twin seems to be unique to UFG Au wires (Kulicke, 2005).
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0.5 nn

Figure 5-21 TEM image of Au250Ca showing (a) Multiple twins originating from
grain boundaries; (b) HRTEM of the twins and (c) typical diffraction patterns
obtained from twins.
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Twinning is harder to occur in metals with finer GS, as the twinning stress gets
higher with reduced GS. However, molecular dynamics (MD) simulation has suggested a
transition of twin nucleation mechanism, from pole mechanism to partial dislocation
initiated, as GS gets into the very fine size regime (Cheng, 2003). Also, this prediction
has been verified by several groups with direct TEM evidence (Huang, 2006; Chen,
2003). For example, Huang et al. has conducted a systematic study to compare two twin
formation mechanisms in CG and UFG/ NC ECAP-Cu. in CG Cu, twinning was
observed to form in the area with highly localized stress, such as the intersection of shear
bands. The twin nucleation mechanism in CG metals is called the pole mechanism, which
was first suggested by Venables. The process starts with full dislocation, which
dissociates under the action of shear stress, and the gissile Shockley partial moves away
from the sessile Frank partial on the plane, leaving an intrinsic fault. Upon meeting a
‘pole” (usually a screw dislocation), the partial can rotate around the pole and
successively pass on each of the parallel planes and form a twin. As GS continues to
decrease, at one point the critical shear stress to nucleate full dislocation will become
higher than partial dislocation. In this regime, twins are predicted to form via partial
dislocation emission from GB, as observed by Huang in UFG and NC Cu (Gorelik, 1981;
Huang, 2006). The critical stress required for nucleating full dislocation is formulated by

classical dislocation theory:

_ 24Gb,
GS

Ty (5-5)

while the stress required to nucleate a partial dislocation is:
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_ _24Gb, SFE
TGS b,

(5-6)

Here by and bp are the magnitudes of the Burgers vectors of the perfect
dislocation and the Shockley partial dislocation, respectively. The parameter A reflects
the character of the dislocation and other parameters represent their usual meaning as
previously mentioned. By equating the two equations, the critical GS at which the

transition occurs is ~ 20 nm for Au.

Based on the understanding gained from TEM and MD studies so far, Cheng et al.
has classified these differences in deformation mechanism as a function of GS (Fig. 5-
22). At the finest GS (GS < 10 nm), no lattice dislocations have been observed in TEM
experiments, and MD simulations predicted that the only plastic deformation mechanisms
possible are GB processes like GB sliding. Besides small GS, grains are usually required
to be round in shape and have high angle GB, to facilitate GB rotation and GB sliding
mechanism (Zhang, 2004; Zhao, 2008a). The next-highest GS regime is “Nano-2" (50
nm > GS > 10 nm) , in which partial dislocations first become active in FCC metals, that
grains may be sheared by Shockley partial dislocations, which are absorbed in the
opposite GB, leaving an intrinsic SF behind. This is the regime where partial dislocation
mediated process (PDMP) occurs. The third regime of GS behavior has been dubbed
“Ultrafine”, referring to GS between 50 nm and 1000 nm. The higher end of the GS
boundary of the UFG regime is the GS above which unit dislocations can shear the grains
in FCC metals, i.e. the trailing partial can be nucleated before the entire grain is sheared

by the leading partial. In the UFG regime, lattice dislocations are nucleated in GB, and
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shear the grains. The major difference between this regime and the behavior of traditional
metals is that the dislocation sources can only be in GB in the UFG size regime, while
both boundary and intragranular sources are important in traditional metals. Finally, at
GS > 1000 nm, intragranular dislocation sources will compete with GB dislocation
sources to produce deformation, and “normal” metal behavior is to be expected. This

regime has been called the “Traditional” range (Cheng, 2003).

No dislocations Dislocation-based plasticity s
processes only) Grain boundary sources Bomdmy +
intragranular
; L sources. Unit
Partials Unit dislocations.
dislocations
10 GPa . sul Sl T/C s - lncrqaga‘fly
T/C asymmetry
-go Nano-1 Nano-2 Ultrafine Traditional
5
= 1 GP:
a ?
3
-~
100 MPa

1 nm 10 nm 100 nm 1 um 10 uym
Grain diameter

Figure 5-22 Deformation mechanism map for FCC metals, using Cu as
an example (Cheng, 2003).
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In this study, twins are observed to nucleate from the GB or GB junctions in
Au250Ca. In Fig. 5-21, the red lines delineate the boundaries of grains. This suggests that
twin nucleation occurs via a mechanism unique to UFG/ NC metals, which is partial
dislocation nucleation from the GB. Also, judging from the prevalence of partial
dislocations and SF, it seems that PDMP has at least participated in the deformation
process of Au250Ca, i.e. the behavior seems to approach Nano-2, even though the GS in
this work is relatively big. However, Cheng et al. has noted that the boundaries are not
exact, and it is expected to vary as a function of materials, and material constants such as

SFE and microstructure.

It is postulated that dopants that segregate to GB can also reduce the SFE in the
case of UFG/ NC metals, on top of the segregation to SF as in CG materials. It is known
that in CG metals, dopants that segregate to GB can create ledges which are conducive to
dislocation generation (Murr, 1975). Similar scenarios can happen in UFG or NC
materials, but probably partial dislocations instead of full dislocations shall be emitted, as
dictated by the GS. It follows that segregation of Ca to the GB in UFG Au wires can
encourage the emission of partial dislocations (giving SF) from the GB, where the ease of
SF formation is a sign that SFE has been reduced (Yamakov, 2004). Fig. 5-23 shows the
HRTEM of Au250Ca. It can be seen that there is a ledge at the GB, and a twin is
generated from the ledge, which could correspond to what was described earlier. Also,
the localization of twin formation in Au wires seems to support the deduction that the
areas with SF/ twin could be the area where the Ca is concentrated at. Ca first segregates

to the GB to accelerate the partial dislocation nucleation process, and also segregates to
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SF to stabilize their existence. Therefore, through this double enhancement route,
segregating dopant could have a more obvious impact on SFE. Also, it was reported that
the impact of SFE on material properties of UFG/ NC materials will be larger than in CG
metals (Yamakov, 2004). The hardness of 2 mm Au rod with larger GS experienced
~20% hardness improvement with 90 ppm of added Ca (Saraswati, 2004). For Au wires
with very fine GS, tensile strength is increased by 400% with the same level of Ca
addition. The results imply that segregating dopants may have a greater role in

determining the mechanical properties of UFG and NC metal than their CG counterpart.

Figure 5-23 TEM images of Au250Ca, showing twin generation from a
ledge on the GB.

The occurrence of the above mentioned structures is not absolute in one sample

type, but represents the typical microstructure observed. For example, cell structure is
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very commonly observed on Au20Ca wires, but these samples also contain areas without
distinct cell structure. Also, Au90Ca has more mixed type of structure which is

intermediate between Au20Ca and Au250Ca.

It is concluded that the microstructures observed match well with our expectation
for Au20Ca with high SFE and Au250Ca with low SFE (Table 5-1). Therefore, in
addition to the direct evidence obtained from SFW and SF density measurement, the
microstructures observed also support the fact that Ca has effectively reduced the SFE of
Au wires (Hong, 1990; Humphreys, 2004). Also, with increasing Ca content, the
deformation process has begun to involve more partial dislocation movement (as opposed
to slip). The GS range in this work is higher than the proposed boundary for PDMP,
which is between 50 to100 nm. This is probably the combined consequence of a lower
SFE, and possibly localized stress which is introduced by Ca segregation to GB and/or
SF. It is suggested that dopant can segregate to both SF and GB to reduce SFE in UFG/
NC materials, because of their tendency to emit partial dislocations from the GB.
Combined with their sensitivity towards SFE, it is deduced that segregating dopants
should have greater influence on the properties of FG materials, as demonstrated in this

work.

110



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 5 Mechanisms of Ca-induced Dual Improvement in Au Wires

5.4 Texture Measurement with Electron Back-scattered

Diffractometer (EBSD)

As pointed out in the discussion about diffraction patterns, preferred orientation
(texture) of Au wires seems to get more random with Ca addition. It is expected that a
change in SFE will influence the final deformation texture of the wires (e.g. Gorelik,
1981). To confirm this, and to obtain grain orientation information, EBSD study was
conducted. While the procedures for characterizing fine wires with XRD have been
reported, this method measures the average texture of bundled wire (Montesin, 1992).
EBSD is more suited and more reliable to characterize localized texture of single wire

strand (Cho, 2002; Wulff, 2002) and is used in this work.

Texture results could differ, depending on the instrument selected and the method
of sample preparation. For example, Heizmann has shown that (110) pole figures of cold
drawn steel wires are dissimilar in neutron beam and X ray beam measurements, due to
the shallower diffraction volume of the latter. Also, texture results are dependant on
whether the whole wire is examined and to which depth, if cross-section is used
(Heizmann, 1994). For EBSD, the penetration volume is even shallower than X-rays,
since electron beam is used in this case. For these reasons,- results obtained in this study
are only compared with similar EBSD studies conducted on Au bonding wires that are

cross-sectioned to the center.
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The representation of crystallography texture is conventionally done by means of
pole figure and Euler angle. Typical (111) pole figure for Au wire is presented in Fig. 5-
24, which is similar to what Cho et al. has obtained on 25 um Au bonding wires (Cho,
2006). The presence of preferred orientation is revealed by the clustering of points in the

figure, as high-lighted by the red lines.

Figure 5-24 Typical pole figure of Au wires.

Also, wire texture is often described by orientation distribution function (ODF) in
Euler space. It is known that for Au bonding wire, the Brass, S and Copper are the major

components (Cho, 2006). Table 5-2 lists these texture components:
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Table 5-2 Texture components in Au wires (¢,= 45° section) (Humphreys, 2004; Cho,

2006)

Component,

<uvw>
symbol

Copper, C 112 111 90 35 45
S 123 634 59 37 45
Brass, B 011 211 54 90 45
125 90 45

The ODF of Au250Ca, Au90Ca and Au20Ca are shown in Fig. 5-25. There are
five distinct major peaks for the map of Au250Ca, located near {30°, 78.75°, 45°}, {70°,
39.38°% 45°}, {100°, 78.75°, 45°}, {160°, 39°, 45°} and {180°, 78.75°, 45°}. Two of the
peaks at {30°, 78.75° 45°} and {100°, 78.75°, 45°}, are close to the ideal brass
component. Also, the peak at {70°, 39.38° 45°} is close to the ideal copper component.
This is in agreement with literature, where brass and copper are two of the major
components found in Au bonding wire. The component S is usually found in wire in the
earlier drawing stage, i.e. in bigger diameter, and reduces in percentage when going down
to final fine wire size. In the study conducted by Cho et al., they have found S component
in wire as fine as 25 um (Cho, 2006). Wire size in this study is also 25 um, but S
component is not detected for the three wires studied. In Au20Ca, orientation which is
closer to brass texture is observed. Copper components, on the other hand, become less
prominent. Au90Ca has intermediate texture compared to Au20Ca and Au250Ca, and has

more resemblance to Au20Ca since it also does not contain copper component.
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Figure 5-25 Typical ODF (.= 45 section) for Au wire, a) Au250Ca; b)
Au90Ca and c¢) Au20Ca.
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EBSD data can also be presented in the form of misorientation angle distribution.
By definition it is generated based on the rotation along the shared axis, that one pixel is
compared with all neighbors, and the lowest angle is taken (Randle, 1997).
Misorientation angle distribution of the wires is shown in Fig. 5-26. For all three wires,
the misorientation peaks at ~5-10° and ~40-60°, which agree well with literature data
(Cho, 2002). The differences between the three wires are not obvious in this form of
representation. However, it is clear that the distribution is non-random, and the peak is
different from the Mackenzie plot for the randomly distributed cubic crystals, which
peaks at 45° (Mackenzie, 1958). Based on the misorientation angle distribution obtained,

a simulation model was built, which we will discuss in Chapter 6.

—8-Au20Ca =4 Au90Ca

~&-Au250Ca

Percentage (%)

0+ T T T T — o
0 10 20 30 40 50 60 70

Misorientation angle (degree)

Figure 5-26 Misorientation angle distribution of Au wires.

We have seen that the pole figure, ODF and misorientation distribution angle

obtained in this study share common characteristics with those observed in other studies
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on Au bonding wires. For the purpose of this project, orientation imaging map (OIM) and
the ratio of <100>/ <111> are used as representation of texture, to compare among wires
with different levels of Ca. This form of representation is chosen mainly because of the
strong correlation between SFE and the ratio of <100>/ <111> in Au Wire (Gorelik,

1981).

Texture evolution of wires is shown in OIM in Fig. 5-27, which includes the data
of Au5N. The texture of AuSN contains ~ 80% of <100>, with minor amount of <111>
and others complex fiber. This texture is vastly different from the rest of the Ca-doped
wires, which they are made up of mainly <111> grains. For Au20Ca, almost all of the
grains have their <111> aligned along wire axis. As more Ca is added, <100> texture
starts to appear at the surface and the core of the wires. This type of texture, with major
<111> and <100> distributed only at the center and surface of the wires was also
observed by Cho et al. (Cho, 2002). The black spots on the map correspond to those non-
indexed points. This may be caused by poor pattern quality, overlapping patterns at the
GB, or the area may be too severely deformed. Also, it can be seen that the mesh size
used in AuSN (~0.09 um?) is larger than the rest of the wires (~0.02 um?®), for which the
latter is the smallest available mesh size. Mesh size is typically chosen in relation to GS,
whereby smaller mesh size is required for materials with finer grains. This is to ensure
that there are sufficient detection points within a grain (Humphreys, 2001). However, in
practice, the choice of mesh size is limited by the electron beam size. Therefore the
resolution can be improved if field emission scanning electron microscope is used. It is

also apparent that the GS of Au5N is much larger than the rest of the wires, which
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corresponds well to the optical and SEM images of AuSN presented in section 5.2. The
variation of <100>/ <111> ratio is summarized in Fig. 5-28. It can be seen that the ratio

<100>/ <111> in Au wires gets higher with increasing Ca content.

Figure 5-27 EBSD OIM texture distribution of Au wires wrt wire
axis, and the grains with <100> orientation is marked by white boxes.
a) AuSN; b) Au20Ca: c¢) Au90Ca; d) Au250Ca and e) color key of the
orientation.
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Figure 5-28 Ratio of <100>/ <111> as a function of Ca.

A second parameter, the Taylor factor, is also an indicator for the proportion of

<111> to <100> grains. Taylor factor is defined as (Castro, 2006):

M =36y, /68 (5-7)

Where &y; stands for the amount of microscopic deformation shear stress on any
one of the activated slip systems in a given grain, and d¢ represents the macroscopic
plastic deformation applied externally. For the same value of critical resolved shear
stress, those grains with higher Taylor factor will bear a higher flow stress, in which the
grains can be considered to be stronger (Cho, 2002). In this work, the average Taylor
factors were calculated using the EBSD software. The values are estimated with the

standard 12 slip systems for FCC metals. assuming that the {111} <110> slip system is
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operative, loading direction is in the drawing direction and velocity gradient appropriate to

uniaxial extension as (Wright, 1993):

05 0 0
s=| 0 -050 (5-8)
0 0 1

It is known that <100> oriented grains have the lowest Taylor factor whereas the
<111> oriented grains have the highest Taylor factor under tensile deformation (Cho,
2002), therefore it can be used as an indication of the proportion of grain orientation. In
Fig. 5-29, it can be seen that Taylor factor decreases with higher Ca content, which
agrees with previous results that more <100> grains are present when Ca concentration

increases. The difference does not seem to be great though, that the Taylor factor ranges

between 2.27 to 2.29.
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Figure 5-29 Taylor factor of Au wires estimated from EBSD
results.
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There are two schools of thought to explain the formation of deformation texture
in wires. In the first, dislocation density is the key. In the early stage of deformation, cell
formation is typically formed by rearrangement of trapped glide dislocations. These will
be followed by more localized deformation such as the formation of microshear bands or
twinning, when the number of dislocation density grows in a heavily deformed area. At
the later stage, the grains will undergo rigid body rotation. The reason for the formation
of different deformation texture is attributed to the difference in cross-slip frequency and
therefore dislocation density. With low SFE, the dislocations are tightly bounded to their
slip planes and are therefore difficult to annihilate. As a result, the accumulated
dislocation density increases (section 5.5), which has been confirmed in Au250Ca. These
dislocations can be absorbed in the GB, and the Burgers vector components which do not
annihilate will produce a change in the orientation relation between the crystal lattices in
the two grains. The resultant misorientation is therefore larger, which is the deviation
from natural <111> when dislocation density is higher (Aernoudt, 1993; Humphreys,

2004).

From another perspective, this means that Au250Ca has gone through more
rigorous extent of deformation than Au20Ca. This is evident from the microstructure of
Au250Ca which displays more twin formation and grain rotation. It is generally
recognized that the addition of foreign element will accelerate the deformation process.
For example, it is known that second phase particle can increase the rate of dislocation

generation, and develop local misorientation gradient. This leads to an increased rate in
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the generation of high angle GB area with strain so that a submicron grain structure can

be obtained at a considerably lower strain than in single-phase alloy (Apps, 2003).

Another mechanism for the formation of deformation texture in wire that was first
proposed by Ahlborn and Wassermann is that mechanical twinning is the source of the
<100> component (Ahlborn, 1963). It was suggested that the <111> wire texture
transforms to the <115> orientation by twinning taking place along the <112> direction,
which rotates to the nearby <100> orientation by further deformation (Fig. 5-30). This
suggestion which is based on twinning seems to be consistent with our observation, since
both the amount of <100> and twin density are higher in wires with higher Ca content.
However, the amount of twins observed does not seem to be ubiquitous in our sample,
but appears in localized region. In this sense, the first explanation provides a more logical
explanation for the formation of deformation texture in Au wires. This could be similar to
the classical discussion on rolling deformation texture, whereby metals with higher SFE
deform via homogeneous slip, in which the end deformation texture could be well
predicted by the full constraints and the relaxed constraints of the Taylor theories (Hirsch,
1988). In our case, this resembles the scenario that homogeneous deformation has
occurred in Au20Ca, which has higher SFE and therefore deformation texture formed is
largely <111>, as this is the natural deformation texture for drawing. Wires with high Ca
content have lower SFE, whereby heterogeneous deformation occurs, leading to localized
deformation, such as grain rotation and/or mechanical twinning, which contributes to

<100> texture.
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Figure 5-30 Schematic of the possible deformation directions during
drawing of FCC Au wires.

Lastly, Schmid factor (Sy,) can also be calculated from the EBSD data. Sy, is
defined as cos ¢ cos A, where ¢ is the angle between the tensile axis and the normal to the
slip plane, A is the angle between tensile axis and slip direction, as depicted in Fig. 5-31.
Sm is an important parameter; since it can shed light on the impact of texture have on the

mechanical properties of materials (Courtney, 2000).
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Figure 5-31 Schematic drawing of the grain orientation in Au wires.

Eight planes belong to the {111} family in FCC structure, which are (111), (111),

(111), (111) , (111), (111), (111) and (111) respectively. These eight planes form an
octahedron (double pyramid) in FCC crystal (Courtney, 2000). To estimate S, of <111>
and <100> wire texture, the inclination angle of the tensile axis with all the eight planes

have to be calculated.

Graphic software Solidworks is being used in this work for the calculation of the
angles, as seen in Fig. 5-32 (a). In Au20Ca, two planes of {111} family oriented
perpendicular to the wire/ tensile axis, giving 2=90°. On the other hand, the remaining six
planes have an inclined angle of 19.5° with the tensile axis. The table in Fig. 5-32 (e)
illustrates the interplanar relationship of {111} planes in FCC structure. The possible

angles between the {111} planes are 0°, 70.5°, 109.5° and 180°.
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(a) Au20Ca side view - Solidworks

(d) Au20Ca - schematic of planes’

19.5°

70.5°

(e) Interplanar relationship of {111} planes in FCC structure (Edington, 1975)
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Figure 5-32 Inclination angle between tensile axis and {111} planes in Au20Ca:
(a) Au20Ca side view drawn with Solidworks; (b) Au20Ca top view of actual
model (¢) Au20Ca top view drawn with Solidworks; (d) Schematic of planes of
Au20Ca; and (e) Interplanar relationship of {111} planes in FCC structure.
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For the case of Au250Ca, the scenario is slightly more complicated. Considering
the case of <100> wire texture, two of the {111} planes will be at 35° with respect to
tensile axis, as shown in Fig. 5-31. Also, four planes are at 7.09° (Fig. 5-33(b)) and two

planes are at 35.5° angle (Fig. 5-33(c)) with the tensile axis.

(a) Au250Ca side view - Solidworks

(d) Au250Ca - schematic of planes

355°

35°

109.5°

Figure 5-33 Inclination angle between tensile axis and {111} planes in Au250Ca:
(a) Au250Ca side view drawn with Solidworks; (b) Au250Ca top view of actual
model (¢) Au250Ca top view drawn with Solidworks; and (d) Schematic of planes
of Au250Ca.
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With these, the average S;, from wire texture <111> and wire texture <100> can

be estimated as:

Wire texture <111>
= Sum of S;,, of 8 {111} planes /8
=[lcos 90 cos 180 | x 2 + lcos 19.5 cos 109.5|x6]/8

=(0+0.31x 6)/8=023

Wire texture <100>
=Sum of S, of 8 {111} planes /8
= lcos 35 cos 54 | x 2 + |cos 35.5 cos 54.5 | x 2 + lcos 7.1 cos 97.1 | x 4]/8

= (0.94+ 0.95+ 0.49)/ 8 = 0.30

Therefore it is seen that wire with <111> texture shall have lower average Schmid
factor than <100> texture. However, it is not straightforward to estimate the Sy, of the
wires as there are many other factors which could have contributed, e.g. the contribution
of strain hardening, and the difficulty to estimate the average orientation of all the crystal
aggregates. EBSD is used instead for the estimation of Sy, of individual wires. Sy, is
estimated with EBSD software, in which the experimentally determined orientation

matrix is substituted into the following equation:

S, =Syn, =cosAcose (5-9)

When (x, y, z) is the specimen coordinate system, with x the axis of the external

126



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 5§ Mechanisms of Ca-induced Dual Improvement in Au Wires

load, (x, y) the plane of the investigated specimen surface, z is the axis perpendicular to
the investigated specimen surface, S, is the surface component of the unit slip vector, Sy
is the x co-ordinate of the unit slip vector and ny is the x co-ordinate of the unit slip plane
normal (Blochwitz, 1995). The trend of Sy, with Ca concentration is plotted in Fig. 5-34,
and indeed there is an increasing trend of Sy, with Ca. The average S, determined by

EBSD ranges between 0.211 to 0.283, falling at the middle of the possible range of 0 to

0.5.
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Figure 5-34 Average Schmid factor as a function of Ca content.
5.5 Dislocation density estimation

We have observed with TEM that dislocation density inside the Au wires with

higher Ca content seems to be higher. To confirm this point, we have employed several
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methods to determine the dislocation density inside the Au wires. There are several
common methods, such as TEM, DSC, XRD, resistivity measurement etc. In TEM
method, dislocation density is estimated by counting the number of intersecting
dislocations with grid lines. This method is applicable when individual dislocations can
be clearly resolved (Rohatgi, 2002). Because as-drawn Au wires are heavily deformed,
the dislocations can not be easily resolved. Therefore this method is not suitable in our
case and is not used. In this section, we will focus on DSC and XRD techniques. Both
methods use similar principle that the energy (attributed primarily to dislocations)
released is measured, then dislocation density is estimated with formula which relate

energy within a material to dislocation density.

5.5.1 Differential Scanning Calorimetry (DSC)

Stored energy measurement was employed by many researchers as an indirect
means for dislocation density estimation, as the presence of dislocations in a material is
equivalent to a certain amount of stored internal energy (Scholtz, 1999; Rohatgi, 2002).
Typical DSC curve of Au wires is displayed in Fig. 5-35. There are usually two broad
peaks in the curve- the first one occurs at ~250°C while the second peak is usually at
~350°C. The observation of two peaks is consistent with another reported DSC study on
Au wires (Shah, 2004). They presume that the first and the second peak correspond to
the recovery and recrystallization phenomena respectively, which is in agreement with
our analysis. After going through the first energy release at ~250°C, the microstructure

seems to be similar to the microstruture of wires in the as-drawn state, showing that no
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recrystallization reaction has occurred. However after the second peak at ~350°C, more
equiaxed grains start to appear at the wire surface, signifying that recrystallization has
taken place (Kulicke, 2005). The observation is also consistent with literature, whereby
exothermic event occurs at <0.3Ty (Ty is the melting point of Au, which is ~1064 °C),
corresponding to the first peak, and is usually associated with polygonisation effects due
to the formation of low angle GB and recovery, when tangled dislocation arrays release
energy. On the other hand, the reaction occurring at >0.3Ty , which is the second peak in
this case, is more related to the softening of crystal structure and possibly
recrystallization, forming relatively dislocation free grains and high angle GB (Hull,

2001).

The total stored energy is taken as the sum of the energy from the two peaks, and
their variation is displayed as a function of Ca in Fig. 5-36. There is a general trend that
the stored energy released is higher when the wires contain more Ca, except that the
stored energy of Au60Ca and Au90Ca are about the same. The order of magnitude of the

measurements is similar to that observed by Clarebrough et al. (Clarebrough, 1952).
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Figure 5-35 Typical DSC curves of Au wires, showing the
presence of two broad peaks.
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Figure 5-36 DSC stored energy plotted as a function of Ca content.

In cold deformation process, most of the work expended is given out as heat, and
only a small fraction remains as stored energy in the metal. Stored energy has two
sources, namely the presence of lattice strain and imperfections, while the contribution of
the former is usually very small. Therefore the major part of the energy storage is often
ascribed to the presence of lattice imperfections. These include impurity, point defects,
planar defects, grain size, twinning or orientation. For GS and orientation, they affect the
stored energy by modifying the dislocation density and distribution (Martin & Doherty,
1980). This study deals with compositional variation in the low ppm level and is
neglected, such that any stored energy variation observed in our study should be

attributed to defects.
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Firstly, twinning may contribute to thermal energy. However, it is found that the
existence of twinning is not ubiquitous in the Au wires of this work, and the overall
volume fraction is very low, compared to others studies (Shen, 2005). Therefore, it is
deduced that twinning shall not have a major role, given its low density. It is reported that
the mobility of point defects is high, except in the special case of deformation at very low
temperature, point defects do not contribute significantly to the stored energy of

deformation (Zhang, 2001), and is not considered in this study.

GB posses surface energy and their possible contribution to the thermal energy
can be estimated (Rohatgi, 2002). Assuming the grains are perfect cylinder of radius r

and length L, the total surface area per volume, A, is:

A=Q2n*+2nrL)/ nr* L=Qr+2L)L (5-10)

The surface energy per unit volume attributable to the GB is given as Aya, Where
Yau is the grain boundary energy of Au (0.378 mez) (Murr, 1975). The GB surface energy
per gram ranges between 0.001 to 0.003 J/g for the Au wires in this study. Since the
magnitude is relatively minute, this effect is neglected in this work. Instead, the focus is
on comparing the dislocation density among different compositions. For the purpose of
dislocation density estimation, both energies released during recovery and

recrystallization are considered.

The dislocation density (p) is calculated from the DSC data as:
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net energy released per mole

p= (3-11)

molar volume x E |

where E| represents the energy per unit length of a dislocation, also called the

self-energy of a dislocation. E, can be calculated as:

Gb*> . R
Ei==—"_m— 512
L 4k nr ( )

where G is the shear modulus (27 GPa for Au), b is the Burgers vector (taken as
a/2[110], which is ~ 0.289 nm), k equals 1 for screw and (1-v) for an edge dislocation,
with v being Poisson’s ratio (0.420 for Au), R is an outer cut-off radius and r, is an inner
cut-off radius, where r, has been estimated to be about b/2 (r, is taken as 0.144 nm). The
value of R is expected to lie between the values of distance between the dislocations in
the tangles and the cell size. In this work, the value of R is taken as the cell size of
Au250Ca, which is ~ 100 nm. Taking k=1 for simplicity, E, is estimated to be 1.17E-9
J/m and 2.02 E-9 J/m respectively. Using 10.2 E-6 m? as the molar volume of Au
(Winter, 1993), the p estimated from DSC stored energy is summarized in Table 5-3.
Since only the averaged stored energy is used for the calculation, there is no standard

deviation for the estimation.
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Table 5-3 Dislocation density estimated from DSC stored energy

Au20Ca 6.08E14

Au60Ca 1.52E15
Au90Ca 1.39E15
Au250Ca 1.69E15

5.5.2 X-ray Diffractometry (XRD)

Microstrain measurement by XRD is another common method used for dislocation
density estimation. An example of a XRD pattern for the Au wires is shown in Fig. 5-37.
XRD pattern for the selected 20 range of 30° to 80° matches with the characteristic Au
diffraction peaks extracted from the JCPDS standard (JCPDS file no. 04-0784). There are
9 peaks for FCC Au diffraction pattern according to JCPDS file. However, because of the
smaller scanning range selected. only 4 peaks, namely (111), (200), (220) and (311) are

detected.
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Figure 5-37 Typical XRD pattern for Ca-doped Au wires
and AuSN.

It can be seen that the peaks of doped wires are much broader and shorter than
AuSN. By measuring these broadening, dislocation density inside a material can be
estimated (Chapter 3). The peak broadening (full width at half maximum, ) has three
sources: instrumental effects, small particle size, and lattice strain in the material. The
individual contribution of the instrumental effect can be separated using several methods
(Cullity, 1967 ; Krill, 1998). In this work, the instrumental broadening effect was

corrected using parabolic correction as follows (Klug, 1974):

b2
5(20) = B[I—FJ (5-13)

where §(20) is the instrumental broadening corrected peak broadening, b is the
of Au5SN and B is the 3 of the Ca-doped Au wire. The effect of crystallite size is expected

to be small, since the GS of Au wires in this work is greater than 100 nm (Krill, 1998).
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Most commonly the crystallite size is determined by measuring the Bragg peak width at
half the maximum intensity, and estimated using the Scherrer formula (Klug, 1974):
A

= 5-14
P rcosf ( )

where A is the x-ray wavelength, 0 is the Bragg angle and 1 is a mean ‘effective’
size of the coherent scattering region normal to the reflecting planes. In addition, due to
the additional stress-induced broadening B. the following Wilson formula is taken into

consideration,

P, =4stanf (5-15)

where € is a dimensionless value (microstrain) and is usually assumed to be
proportional to the square root of the density of dislocation. Assuming that the

contributions to the Bragg peak are mutually independent, the total B is as follows:

B=pB.+B. = - +4¢tand (5-16)

Hence, rearranging this equation yields the following:

[ cos@ =£+4esin9 (5-17)
T
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By plotting the measured value B cos6 as a function of 4 sinf (Williamson-Hall
plot), one can estimate the microstrain, € from the slope of the straight line. Fig. 5-38

shows a typical Williamson-Hall plot of Au wires.
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Figure 5-38 Typical Williamson-Hall plot for Au wires.

The microstrain estimated from the Williamson and Hall plots are summarized in
Fig. 5-39. There is a similar trend as in the case of DSC stored energy that in general,
higher Ca leads to more microstrain. Also, Au60Ca and Au90Ca have similar levels of
microstrain. Any lattice imperfection will cause additional diffraction-line broadening in
general. Therefore, GS, dislocations, vacancies, interstitials, and substitutional impurities
could all lead to increase in lattice strain, with dislocations having the largest effect
(Balzar, 1999; Warren, 1969). The effect of low level doping and big GS are neglected,

therefore the microstrain is attributed to the rest of the planar defects.
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Figure 5-39 XRD microstrain plotted as a function of Ca.

To estimate dislocation density, similar approach as in DSC stored energy
estimation is used. After evaluating the amount of microstrain in the wires, the strain
energy is then divided by the self energy of one dislocation, such that number of

dislocation can be approximated. The lattice strain energy per unit volume is:

E, =CG<g’> (5-18)

Strain

Where G is again the shear modulus. The dislocation self energy is defined as in

Eq. 5-12. Thus p is estimated as:

A<el>
S 5-19
P, 7 (5-19)

Here A=nkC/ In(R/ 1,), where most variables are as defined previously, C isa
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scaling constant in the range of 4 to 7.5, and is taken as 5.75 in this work. F is a
correction factor that accounts for the mutual interaction energy of dislocations, and is
taken as 1 (Balzar, 1999). The parameters are set as the same values as those used in DSC
stored energy calculation. The estimated dislocation density is shown in Table 5-4. The
dislocation densities estimated by the two methods are plotted in Fig. 5-40. It is clear
from the graph that the dislocation densities estimated by both techniques exhibit the
same trend. With more Ca added, dislocation density increases in general. The range of
dislocation density estimated by DSC and XRD are on the order of 10" -10", and the
order of magnitude is in agreement with most reported dislocation density for deformed
metals (Scholtz, 1999; Rohatgi, 2002). For Au60Ca and Au90Ca, the difference in
dislocation density estimated through DSC is relatively small. For XRD, the density is

rather low at Au90Ca.

Table 5-4 Dislocation density estimated from XRD microstrain

Dislocation density ( m™)

Au20Ca 8.51E14
Au60Ca 1.40E15
Au90Ca 9.78E14
Au250Ca 1.85E15
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Figure 5-40 Dislocation density estimated from DSC stored energy and
XRD microstrain.

5.6 Plastic instability in tension

One proven approach for enhancing ductility of UFG/NC metals is by suppressing
their premature plastic instability in tension (Wang, 2004b). This instability originates
from the fact that UFG/ NC materials have an inherently low strain hardening rate, which
is caused by their inability to accumulate dislocations because of the small GS (Zhu,

2004).

In this sub-chapter, four relevant parameters will be discussed, which are the
strain hardening rate (n), uniform elongation (g,), strain rate sensitivity (m) and activation

volume (v).
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According to Hart’s criterion for instability against necking, localized plastic
instability will take place when the left hand side of Eq. (5-20) falls below zero (Dieter,

1986):

L[EE) EVL..
o\ ot ), ologa ), (5-20)

Loy —1-400)=0
(o}

where ¢ is the true yield strength, € is the true strain, a is the strain rate, T is the
temperature. The two important parameters n and m are the strain hardening rate and

strain rate sensitivity respectively.

5.6.1 Strain hardening and Uniform Elongation

The trend of normalized strain hardening rate (n/c) vs. true strain for the as-drawn

wires is plotted in Fig. 5-41. The curves are obtained by the following procedure:

1. Fitting of the true stress-strain curve to obtain a function that best describe the curve
2. Getting strain hardening rate by differentiating the fitting function - d (stress)/d (Strain)
3. Normalize strain hardening rate by every corresponding tensile strength

4. Plot the normalized strain hardening rate with respect to true strain
As can be seen from the graph, there is no significant difference in strain
hardening rate between Au wires with different levels of Ca. In the magnified curves,

slight difference is observed, that the strain hardening is the lowest for Au20Ca, but
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comparable for the rest of the Au wires with higher Ca. In all cases, the initial strain

hardening rates are high, but soon flatten into plateau.
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Figure 5-41 Normalized strain hardening rate vs. true strain for Au wires
at various levels of Ca. In the inset are the magnified curves.

Also, the uniform strain is defined by Considére criterion (Dieter, 1986):

(6o /0¢) o <1 (5-21)

Uniform elongations (g,) of the wires are the elongation when necking
commences. It is determined at the strain when normalized strain hardening rate equals to
one. As can be read from Fig. 5-41, Au20Ca is the only case which has lower uniform
elongation (1.6%), compared to the rest of the three wires (all are having €, ~2.1%). This
suggests that certain extent of the ductility enhancement may originate from the strain

hardening. However, this effect does not extend to the wires with higher Ca
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concentration. It is known that reduced SFE will lead to higher n (Ebrahimi, 2004).
However, probably because dislocations are highly saturated in high Ca sample, n did not

increase substantially.

5.6.2 Strain rate sensitivity and Activation Volume

Strain rate sensitivity (m) can be obtained from the slope of log stress- log strain
rate curve at a given strain and temperature. The m values in this study are calculated
between 0.5% and 1% strain at room temperature. Figure 5-42 shows the yield strength
variation as a function of strain rate. The values of m obtained for Au20Ca, Au60Ca,
Au90Ca and Au250Ca are 0.0199, 0.0194, 0.0209 and 0.0233 respectively. To the
authors’ knowledge, there is no reported m value for UFG Au. In this work, comparisons
are mainly made wrt some other common UFG FCC metals, such as copper (Cu) and
nickel (Ni). UFG/ NC FCC metals were reported to have higher m, compared to CG
metals. For example, UFG Cu having GS in the range of 200-300 nm has m of ~ 0.019
(Wei, 2004) and the m of NC Ni with GS ~ 30 nm lies between 0.01-0.03 (Torre, 2002).
Since m is defined in logarithmic terms, the relatively high values of m in UFG/ NC
metals will lead to obvious yield strength difference upon strain rate change. This
behaviour is very different from CG Cu, which with their low m of ~ 0.004, is known to
be rate-insensitive. In fact, the m value is approaching the level of CG BCC metals that
are known to be rate sensitive within normal strain rate and temperature. The m values
obtained in this study agree reasonably well with the reported m value for UFG FCC
metals. Also, the m of Au wires does not change significantly with different Ca content,

and have the value of ~ 0.02.
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Figure 5-42 A double logarithmic plot of flow stress versus strain rate,
from which the strain rate sensitivities (m) can be extracted.

The second parameter, the activation volume, v* is defined as (Li, 2007):

Vo=—— (3-22)

where AG = minimum Gibbs free energy that has to be supplied to overcome

obstacles at a given temperature. In addition, the experimental v* can be measured by:

S = KBT(c';’lna)T (5-23)
oo

where Kp is the Boltzman constant and T is the temperature, the rest are as

previously defined. A linear fit of In (strain rate) versus stress gives the slope; the values
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are then substituted into the Eq. 5-21 for v*. The meaning of v* is broadly defined as the
rate of decrease of activation enthalpy with respect to flow stress. This value measures
the average volume of dislocation structures involved in the deformation process and its
magnitude depends on the nature of the deformation mechanism (Li, 2007). All v*
reported in this study are given in normalized form through dividing by the cube of the
Burgers vector (b*). The calculated v* are 17b°, 15b°, 13b° and 13b° for Au20Ca,
Au60Ca, Au90Ca and Au250Ca respectively (Fig. 5-43). Again, the v* does not change
much with Ca content. The range is slightly lower than the reported value of 25-75 b’ for
UFG aluminium (Hayes, 2004) and 41-48 b* for UFG Cu (Wei, 2004). The values also
correspond to the v* range for materials with GS of 10 nm to 1 um, which is ~ 20- 300
b, according to the classification of Conrad et al (Conrad, 2002). This is to be compared
with the large v* value, around 1000b°, for undeformed CG Cu (Wei, 2004). This is

consistent with the trend that with smaller GS, v* decreases.

Wei. et al. have attempted to explain the trend of higher m and smaller v* with a
reduction in GS. They have explained it based on different obstacle spacing. In CG
materials, obstacle spacing is defined to scale with dislocation density, while it is
presumed to depend on GS for the case of UFG/ NC materials. This is based on the
understanding that for CG FCC metals, the primary obstacle is the cutting of forest
dislocations. With GS decreasing into UFG and NC regimes, now it is the large number
of GBs and/or subgrain boundaries that serve as obstacles to dislocation motion. The rate-
limiting process is increasingly influenced by dislocation—GB interactions. This type of

process typically involves small volumes, for example, when one views the process as
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*“either dislocation nucleation or de-pinning from the boundary during its propagation’,
the process would entail an activation length that is a fraction of that of the edge of a
grain, thus the small v*. Since v* and m are inversely proportional to each other, the

resulted m is therefore larger (Wei, 2004).
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Figure 5-43 Plot of natural logarithmic of strain rate versus
flow stress, from which the activation volume (v*) can be
extracted.

An analysis of m and v* can give insight into the rate controlling mechanism in
the plastic deformation of metals. Although the m value of UFG/NC materials are
observed to be much higher than CG materials, the m value is still much smaller than that
expected for the plastic deformation process controlled by GB sliding (m = 0.5) or Coble
creep (m = 1.0). Taken as a whole, the results indicate that GB diffusion-mediated

mechanisms are not yet dominant over dislocation-based processes for Au wires. Also,
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the almost constant values obtained signify that there is no migration of deformation

mechanism, as we increase Ca content.

Tensile true and engineering stress strain curves of the as-drawn Au wires at
several levels of Ca doping are shown in Fig. 5-44. It can be seen that the true and
engineering stress strain curves of Au20Ca almost overlap perfectly with each other,
showing that there is no significant necking. The separation between true and engineering
stress strain curves gets larger at higher Ca levels, which is more obvious in Au90Ca and
Au250Ca. This implies that if differences exist, Au wires with higher Ca will have more
plastic instability. However, the differences are very minor. It is concluded that based on
the observation on m, n, g, v* and stress-strain curves, Ca does not seem to suppress the

necking instability of Au wires.
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Figure 5-44 True (thick line) and engineering (thin line) tensile stress
strain curves of Au wires.
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5.7 Working Mechanism of Ca in Au wires

Experimental results from a series of tests designed to unveil the underlying
working mechanism of Ca in Au wires are presented in previous section. Based on the
results obtained, here we will discuss the possible mechanism which describes how Ca
works in Au wires. The key is to propose a mechanism, which can provide explanation

for the unusual concurrent improvement in both strength and ductility.

It is well known that, in the case of conventional CG materials, GS reduction has
a beneficial effect on both strength and ductility, which is the grain refinement
mechanism (Hertzberg, 1996; Courtney, 2000). This is the driving force behind the
increasing research effort on mechanical properties of UFG and NC materials. The
strengthening of the materials is assumed to result from the presence of abundant GB that
serve as obstacles to dislocation motion. For ductility, this expectation is based on
experience with CG materials, in which GS affects yield and fracture strength differently.
As GS reduces, the fracture strength increases more than the yield strength, and the
materials become more ductile (Lu, 2001b). It has been suggested that the small GS can
lead to reduced flaw size and decreased stress concentration, thereby suppressing the
crack nucleation/ propagation instability, and enhancing ductility (Wang, 2002).
Therefore, grain refinement is one potential mechanism that could be responsible for the

phenomenon observed in this work.
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For the estimation of strength improvement, both grain refinement and solid
solution are considered. The estimated yield strength improvement via grain refinement

mechanism is done by Hall-Petch equation:

k (GS)™* of Au250Ca- k (GS)™? of Au20Ca
=0.06 (119E-9)"% - 0.02 (219E-9)**

=130 (MPa)

The calculation assumes that o, is the same for Au20Ca and Au250Ca, and the k
value of Au250Ca is the same as what has been estimated for Au90Ca (chapter 4). Also,
strength improvement due to conventional substitution solid solution strengthening is:

372 172
{re; 6

5-24
g 700 (>28)

where G is the shear modulus of the solvent, ¢ is the concentration in at% and & is

defined as:
‘ 1dG
£ = Gﬁ'f T ldda (5-25)
‘(1 HOETh o
Gdc
£, =|e; - Bz, (5-26)

148



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 5 Mechanisms of Ca-induced Dual Improvement in Au Wires

Here g6 (dG/Gdc)/ €y (da/ade) is the fractional change in shear modulus/ lattice
parameter per unit solute concentration of solute atom, and B is an empirical constant
related to the relative importance of screw and edge dislocations during plastic flow. Both
epand B are always taken as positive, while £’ can be positive or negative depending on
whether the size and modulus effects reinforce each other. Assuming that 3 is 3, lattice
constant and shear modulus increase linearly with composition, and lattice constant scales
with the average atomic radius (considering both solute and solvent) (Courtney, 2000),

the strength improvement is:

oy of Au250Ca- oy of Au20Ca
=27E9 x ((1.58)*%)/700 x (0.12)*- 27E9 x ((1.58)**)/700 x (0.01)**
=15-7.6

=17.4 MPa

The estimated strength improvement from grain refinement and solid solution
gives a total of 137.4 MPa, and this value matches rather well with the experimental
value (150MPa). Additional strength may come from sub-GB, SF and twin boundaries
that are not accounted for. It is therefore concluded that the major mechanism for strength

improvement are grain refinement and solid solution strengthening.

However, while the anticipated strength improvement over CG materials has
indeed been realized in many NC/ UFG studies, rarely has the predicted ductility

enhancement by grain refinement been observed. In general it is reported that the
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ductility of NC/ UFG metals is much lower than that of their CG counterparts, even for
metals that are extremely ductile in CG form. For example, as illustrated in Fig. 2-7 in
Chapter 2, ECAP-Cu with average GS of ~300 nm has EL of ~15%, while conventional
CG Cu can have EL as large as ~ 70%. Specifically, Wang et al. has introduced the
concept of having bi-modal or multi-modal GS materials, which exhibit higher ductility
by regaining strain hardening capacity. In this case, they purposely introduced grains of
~1700 nm, to couple with the original NC grains. Therefore, larger grains resulted in
higher ductility, as opposed to what has been proposed by the theory, which predict
ductility increment with smaller GS (Wang, 2004). Based on these general observations
in the field, it is suggested that grain refinement mostly does not lead to ductility
enhancement in this GS range, and is not likely to provide explanation for the ductility
improvement in our study. For example, annealed wires with larger GS have higher
ductility than as-drawn wires with smaller GS (Kulicke, 2005). In summary, grain
refinement is seen to account well for the strength improvement observed in this study.

However, the improvement in ductility requires further explanation.

As discussed, the suppression of plastic instability in tension is the only proven
method for ductility improvement in UFG/ NC metals so far, and the discussion is not
complete without reviewing this concern. Either by raising the strain hardening rate (m)
or the strain rate sensitivity (n), plastic instability can be delayed and this will prevent the
occurrence of premature necking. We have shown that the normalized strain hardening
rate of Au20Ca is slightly lower compared to the rest of the wires, corresponding to the

lower uniform elongation observed (section 5.6). This suggests that there exist slight
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differences in strain hardening behavior with Au wires with 20 ppm Ca and the rest of the
wires. However, the strain hardening rate and uniform elongation of Au60Ca, Au90Ca
and Au250Ca are all comparable. Also, m is not increased by Ca addition. Therefore, it is
concluded that Ca does not significantly affect the plastic instability of the Au wires, and
this does not seem to be the mechanism to provide an explanation for the progressive

increment in ductility.

Also, it was suggested that new, GB-related mechanisms are operative in
materials with very fine GS, which differs from the conventional cutting of forest
dislocation mechanism in CG materials. These mechanisms can contribute to higher
ductility in UFG/ NC materials. As discussed in section 5.3, the behavior of the Au wires
seems to be approaching the “Nano-2” regime, where PDMP has participated in the
deformation process. However, it is not likely that GB sliding has occurred in our
samples. First, our GS are far from the predicted boundaries of 10 nm and below, where
GB rotation and GB sliding are preferred. Second, the elongated grain shape of Au wires
does not favor these mechanisms, as long grain shape is known to be effective in
inhibiting GB sliding as interlocking of GB occurs (Hertzberg, 1996). Also, both the
values (m~0.002) and the consistency of m and activation volume (v*) signifies that GB
sliding (m~0.5) has not taken place, and the mechanism does not migrate as Ca increases.

Therefore the contribution of GB sliding to the ductility of Au wires is not anticipated.

Twinning can also lead to higher ductility, as they increase the capacity for

dislocation multiplication, giving higher n (Dao, 2006) and/or higher m (Ma, 2004).
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These twins can refer to growth-in twin formed during processing (Shen, 2005; Zhao,
2006) or deformation twins which occur during actual deformation test (Wu, 2006a). We
have not observed deformation twinning which was produced during tensile deformation
process in this work. This agrees with literature observation, as deformation twinning
usually occurs in samples that were subjected to complicated stress states and high stress
levels, such as during indentation, grinding, high-pressure torsion, high-rate cold rolling
etc. The only reported deformation twin generated during uniaxial tensile testing is
conducted at cryogenic temperature (Wu, 2006a). The density of growth-in-twin does
seem to get higher with Ca, however, their existence is not ubiquitous, and the overall
volume fraction is very low, compared to others studies (Shen, 2005). Also, twins
enhance ductility by improving m and/ or n, which is not observed in this study. To
summarize, twinning does not provide satisfactory explanation to the ductility
improvement observed. It is believed that ductility enhancement by twinning alone is
usually very limited. However, the orientation change resulting from twinning may place
new slip systems in a favorable orientation wrt the stress axis so that additional slip can
take place (Zhang, 2004). This leads us to the next mechanism, which is related to the

texture of the Au wires.

The evolution of fexture with Ca was shown, that the ratio <100>/<111>in Au
wires gets higher with increasing Ca content. There are possibly two implications from
the change of texture. Firstly, texture affects the level of the resolved shear stress (tRSS)

experienced on slip planes, which are the major strain carrier (Courtney, 2000):
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P P
Ties =A—-coscpcosi =?OS,,, (5-27)

o o

Here P is the axial load, A, is the cross-sectional area of the sample and S, is the
Schmid factor as previously defined. The grains with higher S,, will experience higher
Trss, therefore fulfilling the critical resolved shear stress easily. Consequently, it is easier
for slip to be initialized in these grains. Secondly, the change in texture may activate
other secondary slip systems (Valle, 2006). However, Au being FCC does not have

secondary slip system (Courtney, 2000).

Au20Ca is expected to have very low average S, value, as it has predominant
<111> wire texture. This orientation is ‘the worst orientation to slip’, as some of the
{111} planes are orienting at right angle with respect to the tensile axis, and the average
Sm 1s low (section 5.4) . It is therefore foreseeable that the ductility of Au20Ca will be
largely constrained by these {111} planes. The addition of Ca has reoriented some of the
{111} slip planes to be close to ‘the ideal orientation to slip” (45° off the tensile axis,
which gives maximum Sy, ~0.5), and this is the <100> wire texture. And through
calculation, we have seen that <100> wire texture has higher average Sp,. Therefore, the
average S, from all the polycrystalline aggregate in Au250Ca will be much higher than
in the case of Au20Ca. Au250Ca is expected to have better ductility, with these favorably
oriented slip planes. The values of S, estimated from EBSD results have confirmed this
deduction, that S;, of Au20Ca and Au250Ca are 0.211 and 0.283 respectively (section
5.4). With higher S,;, Au250Ca has removed the deleterious texture for plastic flow, and

gains ductility.
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Similar approaches of modifying texture for higher ductility in UFG/ NC
materials were also adopted by several groups (Mukai, 2001; Agnew, 2004; Valle, 2006).
Magnesium alloy produced with conventional extrusion process has a low ductility, when
the slip plane is oriented perpendicular to the extrusion/tensile axis (this gives S, ~0).
Mukai et. al were the first to demonstrate that in the case of the ECAP process, the slip
planes reoriented at ~45° to the tensile axis, such that the elongation was twice larger than
the sample produced with conventional extrusion process (Mukai, 2001). For the case of
Mishra et al., they have added 0.2% cerium into magnesium to improve ductility. This
has been attributed to the corresponding microstructural changes that the orientation of
the basal slip plane is re-oriented to yield a larger average S,, (Mishra, 2008). This effect
is very similar to what has been observed in this work. It is important to note, however,
that yield strength usually decreases at the expense of ductility when texture engineering
is invoked. Here, the strength in Au250Ca is high, as the samples contain more grain and
twin boundaries, effective solid solution strengthener as well as SF and dislocations. To
the author’s knowledge, this is the first demonstration that even with a change in texture
which yields higher ductility, the yield strength of the UFG metals is also enhanced. The

summary of the working mechanism is presented in Fig. 5-45.

It can be seen from Fig. 5-45 that some boxes are highlighted in blue, which refer
to mechanisms operative in both CG and UFG/ NC materials. Boxes that are high-lighted
in red refer to the mechanism that is only applicable for UFG/ NC materials. It is known
that segregation of solute to the SF to stabilize them is the mechanism of SFE reduction

in the solid solution of CG metals (Hirth, 1986). It is proposed that Ca not only reduce
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SFE through segregation to SF as in the case of CG materials, but they also concentrate
along the GB and triple junction to serve as dislocation source for partial dislocations.
The rationale is based on the fact that GB is the dominant dislocation source in FG
materials, and partial dislocation instead of full dislocation emission is favored (Cheng,
2003). In this sense, Ca first accelerates partial dislocation nucleation (by segregating to
GB) and later stabilizes their existence (by segregating to SF). This leads to effective SFE
reduction at low dopant concentration. It is therefore inferred that segregating dopant
shall have a greater impact on SFE of UFG/ NC materials, compared to their CG
counterpart. Also, it is known that the effect of SFE on material properties is more
pronounced at smaller GS, where the emission of partial dislocations is more prevalent
(Yamakov, 2004). As a result, Ca plays influential role on the mechanical properties of
Au wires even when present at low ppm level. And this effect is of course dopant
dependant. For example, Ebrahimi et al. has shown that Cu is more effective than iron on

SFE reduction and therefore mechanical properties of Ni (Ebrahimi, 2004).

SFE reduction leads to the formation of profuse partial dislocations, whose
density continues to accumulate, since they can not cross-slip because of their edge
component, which also gets stabilized by Ca (Courtney, 2000) (Fig. 5-45). The direct
consequences for lowering SFE are: the attainable minimum GS should get smaller, SF
and twin densities get higher (Mohamed, 2003, Zhao, 2007) and there will be higher
proportion of grains with <100> aligning with wire axis (Gorelik, 1981). The strength
mainly comes from grain refinement, defects and solid solution, as discussed previously.

Ductility is improved in Au250Ca since the <100> orientation has higher Schmid factor,
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and is therefore released from the severe constraint that is imposed by <111> wire texture
in Au20Ca. By manipulating SFE, several authors have also increased the ductility of
UFG and NC materials, via increasing n (Ebrahimi, 2004; Zhao, 2006). This behavior
seems different from CG materials, where lower SFE will lead to higher strength, but not
higher ductility in all cases (Zhao, 2006). This is probably because n is not the limiting
factor of ductility in CG materials. In our case, n is not increased by Ca, possibly because
of the saturation of dislocations, which is expected to have a discounted effect on n
(Huang, 2008). Lastly, GB-related mechanism that is not operating in CG materials has

been ruled out, based on GS, grain shape and m value obtained.

156



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

LS

'S[RLIdJEW ) [BUOTIUIAUOD Ul dje1ado 03 pajoadxa jou a1k jnq sjeuajew HN /0.4 Ut A[uo

o[qeordde aie Jey) 2SOy} 1k SAX0Q PAY "SAIIM N Ul BY) JO WSTUBYIAW Sunjiom dy) Jo Krewiung Gp-¢ s,

s|ejow 92 '8 IN/O4N
u| yjoq a|qed|ddy :an|g -

sjejal ON/O4N n3
u] ajqesdde Ajuo :pay - EA e

Lmonp 131

T
AS 210y

pasemodud
NRuRAOUI
T [ehaeq

PR PRJ-TTH

PSS ST

M) 2I0T4

durpys
§5) WoJj UOPNGLIU N0 afna §5 3B1e] ApaneRa
7 adeys upead Suoj ‘LA % ux o LoUR)SISU0D B IN[EA

A8 / T renaed
Jo uoneapnu

1)) IseaIUL 0] g5 O

uoneBaadas nedoq

SaIIpM NY Ul JusweAosdul] [en( PeonpuI-es) Jo SWSIUBYO|Y G J8jdeyd



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 5 Mechanisms of Ca-induced Dual Improvement in Au Wires

Fig. 5-46 (a) Dislocations traveling freely on {111} planes without Ca and
(b) Pinning of partial dislocations by Ca, which dislocation can not cross-
slip.

To conclude, the strengthening effect of Ca originates mainly from grain
refinement, solid solution and dislocations/SF strengthening. The ductility improvement
is a result of increased <100> texture which gives high Schmid factor, with also mild
contribution from the suppression of plastic instability. All of the responsible
microstructures have the common source of SFE reduction, which is induced by the

strong segregation tendency of Ca.
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5.8

Chapter Summary

To summarize, the objective of this chapter, i.e. to identify the working

mechanism of Ca in Au wires has been achieved. Along with some findings that focus on

the difference in behavior between CG and UFG/ NC metals, the summary is as follows:

1.

The postulation that SFE of Au wires has been reduced by Ca is proven by
statistical measurement of SFW and SF density measurement, the enclosing
partial dislocations are identified as Shockley and Frank type. Also, observations
on slip mode, dislocation distribution/density and texture further confirmed the
SFE reduction.

Based on the prevalence of partial dislocations and twins, and that they are
generated from the GB, this shows that PDMP has taken place. Our GS range of
100-500 nm is higher than the suggested boundary for PDMP, which is between
10 to 50 nm.

It is proposed that on top of dopant segregation to SF (as in CG metals),
segregation to GB in UFG and NC metals could also enhance the effectiveness of
SFE reduction. This is supported by the occurrence of localized, abundant partial
dislocations and twins, some of which are generated from the GB ledge, even
though we are not able to locate Ca in this work.

It is known that the effect of SFE is more pronounced at smaller GS, with the
result that Ca has significantly larger effect on the mechanical properties of Au

wires, even when present in the ppm level. This is demonstrated by comparing the
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strengthening effect of doping between Au rod and UFG Au wires, in which the
effect is 20 times larger in the latter. The results imply that the effectiveness of
segregating dopant in reducing SFE can be used a strategy for the
accomplishment of dual improvement in UFG/NC materials.

5. Strength improvement by Ca comes from abundant GB, twin boundaries, SF and
solid solution. The ductility mainly originates from a favorable texture, which has
higher average Schmid factor and is more conducive to deformation. Both of
these microstructures have the common source of lower SFE. The predicted
improvement from the respective mechanisms matches reasonably well with the
experimental results.

6. When texture engineering is invoked, yield strength is usually sacrificed at the
expense of ductility. This work is the first demonstration that by tailoring two
simple parameters- grain size and orientation, simultaneous improvement in

strength and ductility can be achieved.
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Chapter 6

Dopant selection criteria for dual improvement in

UFG Au wires

The ultimate objective of this project is to establish selection rules for dopants
that can concurrently improve the ductility and strength of Au wires. The initial
postulation that Ca can reduce the SFE of Au wires effectively has been proven in this
work. Therefore the establishment of criteria should start from the impact of dopant on
the SFE of materials. Based on the original mechanism, it is known that dopants that will
preferentially segregate can reduce SFE effectively, therefore segregation tendency of
dopant is the second consideration (Hirth, 1986). Third, dopants that segregate to GB
may induce embrittlement or act as GB cohesion enhancer. Obviously, we would want to
avoid the first scenario. Hence, the impact of dopant on the GB cohesion after

segregation should also be taken into account (George, 1991).
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6.1 Dopant Selection Criteria for Influencing Stacking Fault

Energy

It is known that SFE of a metal is generally lowered by alloying, while the
effectiveness of the solute will depend on the solid solubility and valency of the solute. A

simple expression has been derived relating SFE and alloying concentration:

SFE . c
l alloy - 5 2 6'1
" SFE rwwsy 1)

solvent

where SFEqvent represents the SFE of the pure metal (solvent) and SFE;0y
represents the SFE of the alloy, 8 is a constant, and ¢ = x/ x’, with x is defined as the
solute concentration and x’ the solid solubility limit at high temperature (Murr, 1975).
From here, it can be seen that SFE of the base metal can be reduced more if the solid
solubility of the solute is low in the metal. Second, it is also known that SFE reduction is
more effective with elements of higher valency, i.e. having higher numbers of electrons

in the outermost energy level of an atom (Reed-Hill, 1991).

Solid solubility itself can be influenced by several factors, as suggested by Hume-

Rothery’s and Darken-Gurry’s Rules (Barrett and Massalski, 1966; Cahn, 1996,):

i) Differences in Atomic Sizes
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If the difference between the atomic sizes of the component elements forming an
alloy exceeds ~ 15%, solid solubility should become restricted. This is known as the 15%
rule. It has been shown that when the size rule alone is applied, low solubility predicted is
usually true, but the prediction of extensive solubility on the basis of small size difference

is only 50% successful.

ii) Differences in Electronegativity

The likelihood of the formation of solid solution is related to the chemical affinity of
the participating elements, and will decrease when the two elements have greater

differences in electronegativity. The criteria is said to be 0.4.

iii)  Differences in Valency

It was also suggested that solubility is related to their respective valencies,
namely, that the amount of the solid solution in the element of lower valency is always
greater. This is sometimes called the ‘relative valency effect’. For example, Cu (univalent
metal) will dissolve approximately 40% zinc (bivalent metal) in solid solution but the

solution of copper in zinc is limited.

Therefore for the consideration of impact of dopant on SFE of metals, the

parameters of concern are solid solubility, valency, size and electronegativity.
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6.2 Dopants Criteria for Segregation Tendency

To have an indication of whether an element has the tendency to segregate, one
needs to look at the segregation energy (Es, ) of the dopant. Esg is the difference in
binding energy at T = 0 K of a dopant atom at a GB/ SF site versus one at a bulk site
(Schweinfest, 2004). As segregation energy is not available in the literature, we have

used simulation method to deduce this parameter.

To deduce the segregation energy to GB (Eseg gg ) and SF (Eseg s ), three
modeling structures were built, namely the simple bulk Au structure, the GB and the SF
structures, as shown in Fig. 6-1. On top of Ca, one of the common dopants, platinum (Pt)
is also considered for comparison. For simplicity, idealized GB structure based on the
coincidence site lattice (CSL) model (Chapter 3) was built (Murr, 1975). Data from our
work as well as that from literature indicate that the misorientation angles of Au wires peak
at ~5-10° and ~40-60° (Chapter 5; Cho, 2003). As segregation is favored at high angle, a GB
with = 5 (53.13°) [001] twist boundary is constructed. This boundary is formed by the
rotation of 53° about [001] axis. For the SF structure, Frank partial dislocation was built,
where the {111} plane is shifted by 0.236 nm (a/3<111>). The three structures were
constructed as a 21-layer slab, and the dopant is placed at the center of the structure.
Each crystal was geometrically optimized using COMPASS (Condensed phase
Optimized Molecular Potential for Atomistic Simulation Studies), which is a molecular
mechanical method. The Smart algorithm, which is a cascade of the Steepest Descent,

ABNR (Adjusted basis set Newton—Raphson) and Quasi-Newton methods, was used in
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the calculation. A force convergence of 4.336 E-5 eV was defined for the final structure.
After the first level of geometry optimization, a finer ab initio geometry optimization was
performed. Ab initio software named DMol3 from Acclerys was used. In the second

stage, even more refined optimization with ab initio method was performed.

For more delicate calculation, cluster of smaller size was used. The GB and the
SF clusters possess ~70 atoms, and the bulk contains ~100 atoms respectively. DMol3
uses an ab initio numerical method within the framework of density functional theory to
evaluate the energy gradient of the structure. A frozen core approximation was applied to
the inner atomic orbitals for Au and Pt atoms, such that only the orbitals beyond 5s were
considered as the self-consistent valence orbitals and those below 5 s were taken as core
orbitals. For Ca, they were treated as in all-electron case due to their much fewer
numbers of electrons. The structure was firstly geometrically optimized with a looser
criterion employing double numerical (DN) basis set. Convergences were set at 1E-4,
2.725E-3 eV, 0.545 eV/ A and 0.05 A for the self-consistent field density, energy, force
and displacement respectively. After obtaining the structure, the final binding energy was
calculated using a more refined calculation that employs the double numerical basis with
polarized functions (DNP). Convergence was defined as achieved when a self-consistent
field density difference of <1E-6 was reached during the optimization cycles. In both
cases, the functional of the exchange correlation energy used was the Perdew-Wang

generalized-gradient approximation (GGA).
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The binding energies of six systems are compared: bulk Au with Ca/ Pt, Au SF
with Ca/ Pt and Au GB with Ca/ Pt. Four E are computed: Eg, of Cato GB and SF;
And Eg, of Pt to GB and SF. The results are shown in Table 6-1. A high Eg; shows that

the dopants have high tendency to segregate to the site, to lower the energy of the system.
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Figure 6-1 The atomic configuration of (a) An Au bulk structure; (b) An Au Z =5
(53.13°%) [001] twist boundary. Structures are shown in projection along [001] with two
planes on either side of the boundary. The stacking sequence of planes is indicated on
the right hand side and (c) Stacking fault that is formed by Frank partial dislocation,
viewed from [110], with the blue atom being the dopant.
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Table 6-1 Segregation energy of dopants at various sites

First, it is obvious that Ca has higher segregation tendency than Pt. This is in
agreement with the theoretical prediction of GB segregation tendency of solute. The
tendency for segregation increases as the size misfit between the solute and matrix
increases, (i.e. when the solubility is low) and as the solute-solute bond strength
decreases (Porter & Easterling, 1992). For example, solid solubility of Ca in Au is 1.8
at% (0.36 wt %) at ~800°C while Pt is completely miscible in Au (Massalski, 1986). As
for the second criterion, Ca-Ca has low bond strength of 46 kJ/ mol while Pt-Pt has
strong bond strength of 357 kJ/ mol. The bond strength values taken are the bond
enthalpy between gaseous diatomic species (Winter, 1993). Therefore Ca should have a
high tendency for GB segregation than Pt. The E, for known segregating element is
~100 kJ/ mol. For example, sulphur which tends to segregate in nickel, has E,, of 96
kJ/mol (Yin, 2005). Therefore Ca has very high chance to segregate to GB and SF.
Second, it can be deduced that the chances of segregating to GB is higher than to SF,

however this comparison is valid on a high angle GB only.
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6.3 Dopants Criteria for Enhancing Grain Boundary

Cohesion

Segregation of dopants can be beneficial or detrimental to the mechanical
properties of the base materials, depending on their impact on GB cohesion (Geop). For
example, several studies have classified the effect of dopants on the fracture strength of
alloy steels using simulation method (Fen, 2001). To our knowledge, no similar study has
been conducted on Au bonding wire before. However, it is known that inappropriate
dopant segregation can potentially cause intergranular fracture in Au wires (Kulicke,
2005), as shown in Fig. 6-2. It is also known that doping can increase the GB cohesion to
bring up ductility, as in the well-known case of boron doping in ordered intermetallic
compounds such as Ni3Si (Subramanian, 1997). Therefore in this section, we will
consider the impact of dopants on the GB cohesion of Au wires, after they segregate to
the GB. Again, because this parameter is not available on the open literature, simulation
was used as a mean to deduce the parameter. Rice &Wang theory (Rice & Wang, 1989)
has given a simple criterion by which the effect of a dopant on GB cohesion could be

predicted.

Based on Griffith's elastic fracture theory (Griffith, 1920), a classical theory in
this field, Rice and Wang (Rice & Wang, 1989) described a distinction between brittle
separation and crack tip blunting by dislocation emission, and this mechanism is widely

thought to relate to whether a fracture will occur. If the ideal work, 2yiy. of interfacial
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separation is less than the work of dislocation nucleation, Gyjg, the interface is
intrinsically cleavable; otherwise, the crack tip will become blunt and ductile crack

propagation will occur.

Figure 6-2 Intergranular fracture on experimental wires.

In their thermodynamic model, Rice & Wang have given a clear description of the
effects of solute segregation on 2yiy, in spite of the uncertainty of Ggig caused by the
dislocation complexities such as different slip orientations, local heterogeneity of plastic
flow, etc. It was concluded that 2y, has a nearly linear relation with the difference (Agy-

Ag,) which results from decohesion of the GB:

zyml = (.2yml )[} - (Agh - Ag& )r (6'2)
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The term (2yint)o 1s the separation work of a clean interface, I is the solute
coverage of the GB, Agy and Ag; are the Gibbs free energy changes of the GB and the FS
due to the presence of dopant. Using this equation, one can associate the brittle/ ductile
effect of doping with the change of 2y;y by the free energy difference. The vibrational
and configurational entropy parts of the free energies are neglected and Agy, and Ag; are
defined as the energies of segregation of the dopant to the GB and FS, AE, and AE;,

respectively, which are defined as:

AE, = E(GB)— E(D/GB) + E(D,) (6-3)

AE, =1/2[E(FS)- E(D/FS)]+ E(D,) (6-4)

The terms E (GB), E (D/GB), E (FS) and E (D/FS) are the binding energies of the
GB with and without the dopant and the binding energies of the free surface (FS) with
and without the dopant, respectively. Terms E (D;) and E (D;) are the binding energies of
a monolayer of dopant at GB and FS respectively. The factor of one half in Eq. 6-4 is to
account for the two dopants added in the FS system. The relative tendency for a dopant to
strengthen or embrittle GBs can be predicted by a key quantity called the strengthening

energy, AE, which is defined as:

(6-5)

170



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 6 Dopant Selection Criterions for Dual Improvement in UFG Au wires

A negative value for AE denotes enhancement of GB cohesion and a positive
value denotes embrittlement of the GB (Wu, 1996). Conceptually this can be understood
as follows: a dopant which prefers to go to a FS of a crack (a crack is a FS within the
material) can block material from flowing in to blunt the crack, and is therefore

embrittling.

A long-standing question to be answered is how GB segregant induces either
strengthening or embrittlement effects on the GB, i.e. if the GB cohesion is reduced, the
material will become more brittle. Some studies have concluded that the
embrittlement/strengthening tendency of segregant depends solely on the relative atomic
radius of host and dopant and that the effect has a purely mechanical origin. For example,
Schweinfest et al. has refuted an electronic hypothesis by showing that bismuth
embrittles Cu by pushing the Cu atoms apart at the interface. The study compared the
effects of bismuth and lead (which have similar atomic radius but different
electronegativity), and the effects induced on the GB were indistinguishable
(Schweinfest, 2004). On the other hand, some studies supported the view that the
electronic interaction among the host and dopant is the main mechanism. The GB de-
cohesion caused by sulfur (S) in nickel (Ni) was shown to be the result of a short-range
repulsive interaction among S atoms in the GB region, which led to large GB expansion
(Yamaguchi, 2005). Parameters that could be relevant are electronegativity, number of
electrons and resulting spatial anisotropy of bonding (Wu, 1996). In most cases, it is
believed that both electronic and geometry effects are crucial (Fen, 2001). In general, it is

widely accepted that large segregants are detrimental as they tend to push the GB apart
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and cause decohesion. Also, more electro-negative segregants can withdraw electrons,
resulting in anisotropic bonding that weaken the bonds in planes perpendicular to the GB
to act as a GB cohesion enhancer (Cahn, 1996). In this study, besides determining the
effects of dopants on the cohesion of Au GB, the effects are also correlated to the size

and electronegativity for the understanding of mechanism.

One additional structure, i.e. the FS of Au was built. The Au (110) FS was
obtained by removing the upper half of the GB configuration, resulting in an 11-layer
slab. Going into the stage of ab initio optimization, the FS clusters possess ~50 atoms.
For the FS system, the dopant was placed pseudomorphically on the next Au sites on both
sides of the slab. The rest of the computational details were kept the same as in the
previous calculation for fair comparison. We have considered multiple dopants in this

section, and the result is summarized in Table 6-2.

Following Ferro’s work, we have classified the dopants based on their position on
the periodic table (Ferro, 2003). The dopants considered in this study are: 1) Group 10
and 11 which are expected to have extensive solid solubility in Au; 2) Group 2 which is
expected to have very limited solid solubility in Au; 3) Group 1 with low
electronegativity and 4) Group 15 and 16 which are the typical impurities. These dopants
are chosen because they are more commonly used or found in the manufacturing process

of Au wires.
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Table 6-2 Strengthening energy of various dopants with their atomic radius and

electronegativity
Group Elements strengthening Metallic Electronegativity
energy, AE radius (A)
Gold (Au) - 1.46 2.54
Group 10,11 Palladium (Pd) -0.71 1.37 2.2
Silver (Ag) -0.74 1.44 1.93
Platinum (Pt) 1.25 1.39 2.28
Group 2 Beryllium (Be) -1.61 1.12 1.57
Calcium (Ca) -0.11 1.97 1
Strontium (Sr) 1.41 2.15 0.95
Barium (Ba) 2.68 2.22 0.89
Group 1 Lithium (Li) 0.05 1.55 0.98
Potassium (K) 2.06 2.35 0.82
* Group 15,16  Nitrogen (N) -1.19 0.75 3.04
Oxygen (O) 0.27 0.73 3.44
Phosphorus (P) -0.07 1.06 2.19
Sulfur (S) 0.69 1.02 2.58

* For group 15 and 16, covalent radius were considered

The dopants that fall under Group 10 and 11 includes: palladium (Pd), platinum

(Pt) and silver (Ag). These elements are very similar to Au in terms of their atomic radius

and electronegativity. Also, all of them have FCC structure like Au. Therefore, this group

of elements is believed to dissolve completely into Au matrix (Massalski, 1986),

especially in the typical ppm range of doping in Au wire. They have the opportunities to
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segregate to the GB, because there is abundant GB in the UFG Au wires. From Table 6-2,
it can be observed that two out of three elements are GB enhancer, with Pd being the
strongest (AE= -0.71). However, it is surprising that Pt is a GB embrittler. Based on the
simulation results, it was predicted that the majority of Gp. 10 and 11 dopant would have

a beneficial effect on the ductility of Au wires.

The second group of interest is Group 2 that includes: barium (Ba), strontium
(Sr), calcium (Ca) and beryllium (Be). Among them, Be and Ca are very commonly
applied in the doping of Au bonding wires, and are predicted to enhance GB cohesion. Be
being 23% smaller than Au has a AE of —1.61, which is the highest among all the
simulated elements. This value is also slightly higher, compared to AE values obtained in
other studies. While Be and Ca are good for the GB, Sr and Ba seem to be very harmful
to Au GB. This could be attributed to the size difference alone: Ba and Sr are 52% and
47% larger than Au atom. In these cases, the low electronegativities of Ba and Sr are not

beneficial.

Group 1 is not so commonly used for doping Au wires, but their low
electronegativity could have been beneficial. Only two elements, lithium (Li) and
potassium (K) were used in simulated tests. Table 6-2 shows that both elements are GB
embrittlers. The large size of K is probably responsible for the embrittlement effect, but
the radius of Li is only ~6% different from Au. It is observed that all elements having

electronegativity lower than 1 are GB embrittlers in Au, which includes Li, K, Ba and Sr.
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Among them, the atomic radius of K, Ba and Sr are more than 45% bigger than Au. It is
not conclusive whether the low electronegativity or the big atomic radius of the elements

are responsible for the effects.

The last studied group including impurities from group 15 and 16, like
phosphorus (P), sulfur (S), nitrogen (N) and oxygen (O). These impurities could be
unintentionally introduced, especially during the manufacturing process. For this group of
elements, covalent radius was considered. The impurities were added at the interstitial
site in the simulation, instead of a substitution site as in other groups of elements. The
radius of the octahedral and tetrahedral interstitial site of FCC Au structure is ~0.579 A
and 0.3 A, respectively. The impurity elements considered here have slightly larger
atomic radius than the interstitial site. However, these impurities are commonly assumed
to occupy an interstitial site as reported in similar simulation studies, especially since
more space is expected in the GB. Table 6-2 shows that N and P are predicted to have a
ductilization effect on Au GB, while S and O are predicted to be embrittlers. It can be
observed that N has a strong enhancing effect, with AE of -1.19. There was no similar
study on Au which we can reference to. In Fe and tungsten (W), N has been predicted to
be an enhancer (Fen, 2001) and an embrittler (Kim, 2004) by different groups. While P is
a common embrittler in other systems (Fen, 2001), it is predicted to be an enhancer (AE =
-0.07) in Au. Besides P, S is another common embrittler, which agrees with our results.
Finally, O is simulated to be a neutral impurity, which does not influence GB cohesion in
W (Grujicic, 1997), but it is predicted to be harmful in this study. In their work, the effect

of solute segregation on dislocation evolution near the crack tip was considered, on top of
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2¥int. Instead of using ab initio simulation, the method employed was molecular

dynamics.
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Figure 6-3 Strengthening energy as a function of radius difference between Au and
various dopants. (Tgopant-Teold). Those with a negative radius difference are dopants
that are smaller than Au.

In Fig. 6-3, the strengthening energy is plotted as a function of radius difference
between the dopant and Au (Ar). Those with a negative Ar are dopants with a smaller
atomic radius than Au. The graph indicates that dopants that are smaller than Au are, in
general, beneficial to Au (five dopants: P, Pd, Ag. Be and N) and only three elements (O,
S, Pt) are predicted to be detrimental. Among them, the result of Pt is most surprising. It
is clear that big-sized dopants are detrimental, as seen from those elements that are sitting
in the second quadrant (Ba, K and Sr). This shows that, in general, the prediction is

consistent with the view that big-sized dopants can reduce GB cohesion.
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Figure 6-4 Strengthening energy as a function of electronegativity difference
between Au and various dopants (ngopant-Ngold). Those with a negative
electronegativity difference are dopants with lower electronegativity than Au.

Fig. 6-4 compares the strengthening energy with the difference in
electronegativity with Au (An). The more negative that An is, the less electronegative is
the element than Au. Consistent with our expectation, elements with low
electronegativity exert good effect on GB cohesion (Ca, P, Ag, Pd and Be). This is
evident from the many points that fall into the fourth quadrant (negative AN, negative
AE). However, quite a number of elements also seem to behave differently, even though
they also posses low electronegativity (Ba, K, Sr, Pt and Li). Among them, it is highly
possible that Ba, K and Sr gather the effect from their large misfit size. Therefore, it
seems that the size effect dominates over the electronic effects in this case. This

conclusion contradicts with what was reported by Shang et al. (Shang, 2001). They found
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that the electronic and geometry effect have opposite roles in determining whether a
dopant is embrittling or not, and that the chemical effect is dominant. Their study is also
based on a first-principles DMol3 method like our study. Only three tested elements have
electronegativity higher than Au. One is calculated to be enhancer (N) and two are
embrittlers (O and S). However, electronegativity may not be the only parameter in

dictating the chemical effects between the dopant and the matrix.

In summary, dopants having a smaller atomic radius and lower electronegativity
than Au are more beneficial for Au GB cohesion. Therefore, these three parameters

should be considered when establishing the criteria.

6.4 Establishment and Verification of Dopant Criteria on

Dual Improvement in Au Wires

The above mentioned criteria are listed in Table 6-3. Besides Ca, platinum (Pt)
and beryllium (Be) are also included for comparison (Pt and Be are also common dopants
used in the wire bonding industry). Those properties that are highlighted in purple refer to
the properties that have fulfilled the criteria. Out of the nine suggested criteria, Ca has
satisfied seven of them. On the other hand, Pt which is known to have negligible impact
on Au wire properties (at low concentration) does not fulfill any of the criteria (Kulicke,
2005). Therefore it has been demonstrated that the proposed criteria work well in these
two examples. It can be seen from the SFE portion that the criteria converge to a

requirement of dopant with low solid solubility. The applicability range of the suggested
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criteria has the restriction of dopant concentration, i.e. the concentration must be below

their solid solubility, above which precipitation should occur.

Table 6-3 Summary of properties with respect to the proposed criteria for dual
improvement in Au wires

Criteria Pt Au
complete
Solid solubility | The lower solid
(at %) the better solubility | N.A.
A radius (%) > 15% -6% N.A.
A
electronegativity > (0.4 -0.34 N.A.
Crystal structure | Different Same N.A.
The
higher the
SFE Valence better 1 1
The
GB Segregation higher the
segregation energy better 61 N.A.
The more
Strengthening negative
energy the better 1.25 N.A.
The
smaller
Radius (A) the better 1.39 1.46
GB- The lower
cohesion | Electronegativity | the better 2.28 2.54

Also, Be is noticed to fulfill all the criteria well. To examine the applicability of
the model, Au wires were doped with Be to determine if the predicted concurrent

strengthening and ductilization effect will be realized. Stress-strain curves of the two
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wires with different levels of Be is shown in Fig. 6-5. As in the notation for Ca-doped Au

wires, AulOBe and Aul5Be refer to Au wires with 10 ppm Be and 15 ppm Be

respectively. It is seen that with additional 5 ppm of Be, both ductility and strength of Au

wires gets higher. This result is in agreement with a previous report, in which Brenner et

al. have reported the beneficial effect of Be on both strength and ductility of Au wires in

the 60°s (Brenner, 1966).

Stress (MPa)

Aul0Be Aul5Be

L] 0.5 1
Strain (%)

Figure 6-5 Engineering stress-strain curves of Be-doped Au wires.

Based on the results from the three tested dopants, the effectiveness of the

proposed criteria has been demonstrated. Further work is in progress to verify the effect

of other dopants on the mechanical properties of Au wires.
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6.5

Chapter Summary

In this chapter, criteria on dopant selection for the realization of concurrent

strength and ductility (dual) improvement in Au wires are proposed. The summary is as

follows:

1.

The more efficient is a dopant in reducing the stacking fault energy of Au wires,
the more likely it could lead to dual improvement. The relevant parameters are
solid solubility, the differences of radius and electronegativity with solvent,
crystal structure and valency.

The more likely is a dopant in leaving the matrix and be segregated to areas like
stacking faults and grain boundaries, the more likely it is for dual improvement to
take place. Segregation energy gives an indication of the segregation tendency of
the elements. As segregation energy is not available in the literature, the values
are deduced using an ab initio simulation within the framework of density
functional theory.

Upon segregation to the grain boundaries, it is important that the dopant induce
desirable effect to the grain boundaries, instead of embrittling them. The impact
of dopant on grain boundary cohesion is again investigated using ab initio
calculation, based on thermodynamic model of Rice and Wang. The derived
parameters of concern are the strengthening energy, and the absolute value of the
radius and electronegativity of dopant.

The proposed criteria have been experimentally verified in three systems: gold-

calcium, gold-beryllium and gold-platinum. Both calcium and beryllium have
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fulfilled the criteria and were demonstrated to bring about the unique effect of

simultaneously increasing the strength and ductility of Au wires.
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Chapter 7

Conclusions and Suggested Future Work

7.1 Conclusions

The objective of this project, which is to establish dopant selection criteria for
strength and ductility enhancement in Au wires at low dopant level, has been achieved.
This is accomplished via the assessment on the effects and mechanisms of Ca in Au
wires. The conclusions and original contributions from this thesis are summarized as

below:

1. The addition of Ca progressively and consistently increases both strength and
ductility of Au wires, by as high as 60% and 96% respectively. This intriguing
effect has been demonstrated in as-drawn and annealed wires, and at five different
strain rates.

2. Cais also shown to retard high temperature creep rates of Au wires by ~4 to 6
times. The stress exponent (1-2), activation energy (~ 06-0.9 eV) and grain size
(GS) exponent (3-4) obtained all point to a grain boundary (GB) diffusion
mediated GB sliding creep mechanism. It is postulated that Ca could have

segregated to the GB to impede the creep process.
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3. Hall-Petch coefficient is increased by Ca addition, from 0.02 MPae m'? for
Au20Ca to 0.06 MPae m'”? for Au90Ca. As the coefficient reflects boundary
properties, this implies that Ca could have segregated to the GB to encourage
dislocation generation and strengthen the GB more effectively.

4. The postulation that SFE of Au wires has been reduced by Ca is proven directly
by statistical measurement of stacking fault (SF) width and density. The partial
dislocations enclosing SF are identified to be Shockley partial and Frank partial.
Microstructure observations on slip mode, dislocation density/ distribution and
texture have further supported this conclusion.

5. Based on the results obtained, potential mechanisms, such as plastic instability
suppression, twinning-induced plasticity and GB sliding are ruled out. Strength
improvement by Ca comes from abundant GB, twin boundaries, SF and solid
solution. The ductility mainly originates from a favorable texture, which has
higher average Schmid factor and is more conducive to deformation. Both of
these microstructures are related to the common source of a lowered SFE. The
magnitude of improvement predicted by these mechanisms also agrees reasonably
well with the experimental results.

6. When texture engineering is invoked, yield strength is usually sacrificed at the
expense of ductility. This work is the first demonstration that by tailoring two
simple parameters- grain size and orientation, simultaneous improvement in
strength and ductility can be achieved.

7. The results on creep and Hall-Petch coefficient are very strong evidence to show

that GB segregation of Ca has occurred, to explain for the obvious impact
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10.

observed from low level dopant. Also, the results agree with the high segregation
tendency of Ca, as predicted by ab initio simulation. The segregation energy
obtained is comparable to the segregation energy of known segregating systems.
However, Ca is not identifiable with either EDX or EELS in current work due to
the extremely low dopant concentration, as expected from the scarcity of direct
evidence in the field.

It is observed that partial dislocation mediated process (PDMP) has taken place,
even though the GS range of 100-500 nm in this work is higher than the reported
boundary for PDMP, which is between 10 to 50 nm. Also, there are localized,
abundant partial dislocations and twins, some originating from GB ledges. Based
on this observation, it is proposed that on top of dopant segregation to SF (as in
the case of coarse-grained (CG) metals), segregation to GB in UFG and NC
metals could also enhance the effectiveness of SFE reduction. This double effect
will lead to efficient SFE reduction with segregating dopants in UFG/ NC metals.
As segregating elements affect SFE more prominently at finer GS, and the effect
of SFE is more pronounced in UFG/ NC metals than in CG, the result is that Ca
has a disproportionately larger effect on the mechanical properties of Au wires at
low concentration. It is seen that the effect of doping on strength is ~ 20 times
more in UFG Au wires, compared to Au rod. The results imply that the
effectiveness of segregating dopant in reducing SFE can be used as a strategy for
the accomplishment of dual improvement in UFG/ NC materials.

Based on this learning, three relevant areas for the formulation of criteria are the

impact of dopants on SFE, segregation tendency and GB cohesion. The more
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11.

12.

13.

efficient is a dopant in reducing the SFE of Au wires, the more likely it can lead
to dual improvement. The relevant parameters are solid solubility, the differences
of radius and electronegativity with solvent, crystal structure and valency.
Second, the more likely is a dopant in leaving the matrix and be segregated to
areas like SF and GB, the more likely it is for dual improvement to take place.
Segregation energy gives an indication on the segregation tendency of the
elements. As segregation energy is not available in the literature, the values are
deduced using ab initio simulation within the framework of density functional
theory.

Lastly, upon segregation to the grain boundaries, it is important that the dopant
induces desirable effect to the GB, instead of embrittling them. The impact of
dopant on GB cohesion is again investigated using ab initio calculation, based on
the thermodynamic model of Rice and Wang. The parameters of concerned are
the strengthening energy, and the absolute value of the radius and
electronegativity of dopant.

The proposed criteria have been experimentally verified in two additional
systems: gold-beryllium and gold-platinum. Both calcium and beryllium have
fulfilled the criteria and were demonstrated to bring about the unique effect of
simultaneously increasing the strength and ductility of Au wires, in agreement
with published patents. Platinum on the other hand, does not conform to the
guidelines, and it shows insignificant impact on wire properties at the ppm level.
These criteria are limited to dopant concentration below the solid solubility limit,

and shall be especially applicable for UFG/ NC system.
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In summary, the initial objective of this project, i.e. to propose dopant selection
criteria for dual improvement in Au wires, has been successfully achieved and verified.
This is a significant first step to bring wire manufacturer a step closer to the successful
implementation of ultrafine pitch bonding, by overcoming the first hurdle- the stringent
requirement on both high strength and ductility for manufacturability. The established
criteria also serve as a basis for the categorization of dopants and for the set up of a
‘dopant library’ for Au wire. On the other hand, this work has also demonstrated the
effectiveness of segregating dopant on inducing dual improvement in UFG and NC
metals, compared to their CG counterpart. This suggests that the potential impact of
dilute alloying on the properties of UFG/ NC metals, much overlooked in modern

metallurgy, could well be an effective development strategy for continual improvement.

7.2 Suggested Future Work

The findings in this work have established several promising directions for further
work to be built upon. The work can be geared towards engineering consideration, i.e.
from the perspective of wire manufacturer. Or, some ideas stemming from this work can
be applicable in the study of UFG and NC metals. It is recommended that future work

can be performed as summarized here:

1. The suggested criteria is targeted on the impact of dopant on
mechanical properties of Au wires, which as discussed, is the first

problem faced in the making of wires. To build a more
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comprehensive ‘dopant library’, other factors, such as the effect of
dopants on device reliability, bondability, looping performance etc

have to be considered as well.

2 Similar approaches can also be extended to other wire types, such as
copper wires and aluminum wires. This is especially true for copper
wires, which is gaining popularity due to its much lower cost
compared to Au wires. One of the major problems with copper
wires is with its high hardness which translates into poor
bondability, that the problem could be addressed by alloying.

3: The locations of Ca have not been directly identified in this work. It
is suggested to ascertain the highest dopant concentration that can
be dissolved in Au. And EELS and EDX should be conducted on
this sample, at the areas with abundant stacking faults, twins and
GB, especially the GB which twins are observed to be nucleated
from.

4. Systematic comparison of effect of segregating dopant between
UFG/ NC and CG metals shall be interesting, that the SFE and
mechanical properties can be studied.

14 Current system focuses on binary systems only. The interaction
effect of multi component doping can be studies, which positive

impact might be derived from these systems.
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6. The effect of nano-twin in Au wires and Cu wires may be pursued,
especially this is currently a very hot topic in the study of

mechanical properties of nano crystalline materials.
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