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Abstract

Stress migration of point and open-volume defects in materials is an important
problem in a wide variety of applications, such as degradation of metallic
interconnects in semiconductor devices, metal fatigue, and radiation damage
profiles in ion implantation and surface modification. From a fundamental
research view point, this study aims to contribute to a better understanding of the
basic processes underlying the effect of stress assisted diffusion on point defect
distributions in metals. The main focus is the study of diffusion of foreign
interstitial atoms under stress fields, using Rutherford backscattering to obtain
depth profiles, and synchrotron radiation diffraction for the determination of stress
fields. This has been achieved by creating a well designed model system of
krypton implanted polycrystalline titanium. The particular advantages of this
model system are 2-fold: firstly the implantation has been performed at low dose
to avoid clustering and larger defect formation, and secondly the choice of inert
insoluble species implantation does not bring about any phase change or

substitution of the implanted ions into the structure.

The results obtained indicate that both stress induced point defect diffusion and
stress relaxation take place during krypton implantation of polycrystalline
titanium. This was found to be comparable to other insoluble species in metals.
Stress induced point defect diffusion was observed at low fluence, whereas
stress relaxation takes place at high fluence. The change in krypton range was
found to correlate with the stress gradient, allowing its mobility to be estimated.
At low fluence, implantation also introduces a new source of tensile stress,
whose origin might be the presence of point and open volume defects. At high

fluences, stress relaxation is observed.
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1 INTRODUCTION

lon implantation, as a major method of altering the near-surface composition and
properties of materials for technological applications, gained its momentum with
the development of semiconductor technology. The driving force within the
semiconductor research stimulated research into ion implantation in metals,
polymers and insulators. Whereas applications of ion implantation into
semiconductors most often requires dopant concentrations less than one atomic
percent, the near surface modification of metals normally necessitates implant
concentrations of several atomic percent to observe changes in materials
properties [1.1]. Early surface modification studies of metals were focused on
nitrogen implanted-nitriding steels for wear and hardness improvement [1.2-1.4].
Nitrogen implanted hard materials such as Cobalt-cemented tungsten carbide
[1.5] and Ti-6Al-4V [1.6] led also to significant wear reduction. lons other than
nitrogen were also used to improve mechanical properties. In copper alloys, high
fluence implantation of boron gave better improvements in friction and wear
behaviour of phosphor bronze alloys than did nitrogen or carbon implantation
[1.7].

Nowadays, ion implantation is a well-established technique, which extends from
research laboratory studies of metastable phase formation to production line
fabrication of integrated circuits. This widespread application of ion implantation
stems from several advantages of this technique: it allows precise control of the
total number of injected ions, it permits independent control of the penetration
depth, it can use essentially all combinations of ions and target materials, it may
achieve concentrations above the equilibrium solid solubility, and above all, it

may be used at low or elevated temperatures [1.8].

lon implantation is intrinsically a nonequilibrium process. One consequence of

this fact is that species, which are quite insoluble in metallic matrices, can be



introduced. Once implanted, insoluble species tend to occupy interstitial as well
as substitutional sites. Even at low fluence they may form clusters [1.9], contrary
to soluble ions, which locate at substitutional sites where they take part in the
formation of new phases. The most insoluble species that can be introduced into
metals are inert gases, for which the driving force for precipitation is immense
[1.10]. When nanoprecipitates are formed, they are under correspondingly large
pressure, sufficient to cause them to solidify. Several studies have shown that
heavy rare-gases (Ne, Ar, Kr, Xe) condense within high-pressure cavities as a
liquid or as a crystalline solid aligned with the lattice of crystalline host material at

room temperature [1.11 - 1.16].

The behaviour of inert gases after implantation has been investigated in
connection with the development of nuclear technology [1.17]. Helium, produced
in fusion reactors, has been the noble gas most investigated in relation with its
interaction with defects in materials [1.18-1.20]. As they may be residues of
fission reactions, the heavier rare gases Kr and Xe received attention in
connection with their containment as fission products. A combined implantation
and sputtering technique was developed at the Atomic Energy Research
Establishment (AERE), Harwell, in order to store the radioactive 85Kr in metallic

matrices [1.21].

Notwithstanding the extensive work done in connection with the high pressure
generated by inert gas implantation in solids, there are still open questions on the
mechanisms of point defect dynamics and stress evolution after ion implantation
in general and inert gas implantation in particular in solid materials. In general the
effect of ion implantation on the residual stress has a complicated dependence
on fluence, flux, ion implantation energy, implanted species, target material,
temperature, and pre-existing stress. For low dose implantation, the effect is
generally to relax the existing stress [1.22 - 1.25]. For instance, in argon

implanted polycrystalline titanium low dose implantation has shown to reduce



both a pre-existing tensile stress [1.22], and a pre-existing compressive stress
[1.23]. In thin films grown by thermal evaporation, ion implantation during thin film
growth was used to decrease the amount of pre-existing stress [1.26]. In krypton
implanted AgsoCoso films, a pre-existing tensile stress reduction was also
observed [1.27]. Various mechanisms have been proposed for stress relaxation,
including plastic flow [1.25, 1.29], local melting and concurrent viscous flow in the
vicinity of the ion track [1.30], and defect annealing mechanisms [1.24]. At higher
doses an additional stress is generated in the material which is also associated
with radiation hardening effects and in increase in stiffness [1.31, 1.32].
Generally, the introduced stress is compressive [1.33, 1.34, 1.25], although an
increase in tensile stress has been observed in plasma irradiated stainless steel
[1.35]. The increase in compressive stress is generally thought to occur because
of atomic peening effects [1.25], but changes in the defect and microstructure as

well as phase transitions at high doses [1.36] also play an important role.

Whereas the experimental studies carried out to identify the nature and the
evolution of the irradiation-induced defects have focused mainly on fcc and bcc
metals [1.37], the information on radiation damage effects in hcp materials
remains sparse, probably because of the difficulties associated with the

anisotropy of the hcp structure [1.38, 1.39].

From a fundamental research view point, this thesis seeks to contribute to a
better understanding of the basic processes underlying the effect of stress
assisted diffusion on point defect dynamics in a hcp metal by inert gas
implantation. Of interest is the mutual influence of strain fields and point defect
distributions in krypton-implanted polycrystalline titanium. Both the pre-existing
stress and subsequent changes by the implantation constitute the main focus of
this work. Two sets of samples were selected to carry out this investigation. The
first batch consisted of five samples in their as-received condition, whereas the

second batch consisted of five samples polished in order to obtain samples with



a different stress distribution near the surface. Pairs of samples, one from each
batch, were implanted at the same fluence. The experimental studies rely mainly
on ion beam analysis, using Rutherford backscattering spectrometry, to obtain
depth profiles of the implanted ions, and diffraction techniques for the
determination of the strain and stress fields. The Brazilian National Synchrotron
Light Source (LNLS), located in Campinas, was used to carry out the strain

measurements to determine the full stress tensor.

This thesis is divided into eight chapters, including this introduction. Chapter 2
gives the fundamental aspects of ion-solid interactions in solids. This includes a
discussion of the ion stopping processes, the ion range parameters, and
radiation damage. Chapter 3 deals with residual stresses in solids. In this chapter
the concepts of strain and stress are discussed on the basis of elasticity theory
for a better understanding of residual stresses. Defect dynamics in solids is
covered in Chapter 4. Diffusion and drift processes, strain fields due to point
defects, defects and ion implantation are the main foci in this chapter. Chapter 5
is dedicated to the experimental techniques used in this investigation. In this
chapter the sample description and preparation is given. Furthermore, the
characterization techniques are described and the experimental procedure
presented. Chapter 6 is devoted to the results. Chapter 7 is a comprehensive
discussion of the results, and Chapter 8 summarizes the conclusions of this

work.



2 ION - SOLID INTERACTIONS

The advantage of using ion beams is due to their ability to penetrate inside a
sample where the knowledge of the interactions between the accelerated ions
and target material is used in many different ways in modern research and
technology [2.1 - 2.3]. lon beam modification of materials is generally a complex,
non-equilibrium thermodynamic process involving both changes of the strain,
microstructure and composition in the near surface region [2.4]. Depending on
the ion fluence, implantation energy, implanted species, target material and
temperature, material properties can be altered. lon beams are not only used for
materials modification, but also, are broadly utilized to probe the elemental
composition, to determine the thickness of deposited thin films as well as the
structural disorders in materials. The main techniques that are involved in ion
beam analysis (IBA) are Rutherford backscattering spectrometry (RBS), elastic
recoil detection analysis (ERDA), particle induced X-ray emission (PIXE), and

nuclear reaction analysis (NRA).

Typically, implantation starts at energies as low as around 10 eV and may
exceed MeV energies. The implanted ions have an approximately Gaussian
distribution that is peaked at the mean range beneath the surface that scales with
implantation energy, the exact distribution being a function of the fluence and the
stopping power of the target [2.5, 2.6]. With this shallow penetration near-surface
properties can be controlled independently of bulk phenomena. Practical
applications of ion implantation have been used over years in the semiconductor
industry [2.7], where only small implanted concentrations (1011-10'4 cm-2) are
needed to produce the desired changes in electronic properties. Significantly
larger doses (1015-10'8 cm-2) are required to alter most properties of interest in
metals [2.8]. In the latter area, ion implantation is used as powerful tool for

fundamental research and as a technique for changing metallic surface



properties of materials to improve corrosion resistance, wear, friction and
hardness [2.9].

A proper understanding of the interactions between energetic ions and materials,
especially the forces that slow down the ions is therefore important, not only in
controlling the depth profile but also in determining the nature of the lattice

disorder produced during ion implantation.
2.1 lon stopping processes

Once a beam of energetic charged particles is directed onto the surface of a
solid, the fast projectiles interact with the stationary near-surface atoms of the
solid. In contrast to the interaction of lighter particles, e.g. electrons, or photons
with matter, the main peculiarity of energetic ion impact is the extremely high

localized density of the energy transferred to the target by the particles [2.10].

As an ion penetrates a solid, it undergoes a succession of binary collisions with
target atoms and surrounding electrons, losing energy at each encounter. The
energy deposition is commonly described by the stopping power, also referred to
as the stopping force by some authors [2.11], gives the energy transfer per path
length of a particle along its trajectory. The stopping power is the sum of two

independent processes, namely nuclear collisions and electronic collisions [2.12].

This can be expressed by

(2.1)

dE [ dE ] [ dE
—= +
dX nuclear

dX dX ]e/ectron/c

Fig. 2.1 illustrates the types of emission process which can result from both
nuclear and electronic collisions. During nuclear collisions, either the incident
ions may be elastically scattered back out of the surface or target atoms may be

ejected from the surface via kinetic energy transfer to the lattice atoms. Incident
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ions may also undergo nuclear reactions giving rise to the emission of reaction
products [2.13]. During electronic collisions, ionisation and excitation processes
can lead to the emission of radiation in the form of characteristic X-rays [2.14],

optical photons [2.15, 2.16], and Auger or secondary electrons [2.17].

ION BEAM

ionisation X-rays
sputtered atoms

_ . electrons _71 Optical photons
elastic backscattering
phonons
nuclear reaction products
\ v

—1—» recoil ions
Electronic ol» vacancies

ly  interstitials

Nuclear

Figure 2.1: Schematic representation of ion-solid interactions.

2.1.1 Nuclear stopping

Nuclear stopping is due to collisions between the incident ion and lattice atoms,
where conservation of energy and momentum apply, unless nuclear reactions or
nuclear resonances occur as a result of the encounter [2.12]. The nuclear
interactions lead to transfer of kinetic energy to the knock-on target atoms which
might be displaced from their original positions (if the transferred energy exceeds
the displacement energy), and thus might initiate the formation of structural
defects, e.g. vacancies and interstitials, in crystalline materials. The probability of
an incident ion with energy £ undergoing a scattering event or a collision with a

target nucleus, while traversing a thickness dx , is defined as
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P(E)= No(E)dx . (2.2)
This probability represents the total fraction of the target surface area which acts
as an effective scattering center to the incident energetic particles. N is the
number of target atoms per unit volume. The differential energy-transfer cross-
section do(E)/dT is obtained by differentiating Eq. (2.2),

do(E) 1 do(E)

P(E.T)dT = dTdx =
o(E) dT

dT =N ar,  (2.3)

dP(E)
d

where P(E,T) is the probability that an ion with energy £ will have, during a
collision, producing an energy transfer in the range 7 and d7 while traversing a
distance dx . In other words, it is simply the ratio of the differential cross-section

to the total energy cross-section.

The average energy loss on the ion moving at a distance dx is obtained by
multiplying Eq. (2.3) by the transfer energy 7 and integrating by over all possible

values of 7 :

T,
(dE):fT@dT:Nf 799E) 7 (2.4)
dr o ar

For an infinitesimal distance dx and omitting the averaging symbol ondE , we

obtain

/3
ax

T _do(E)
= Nf Tt (2.5)

Tmin

where (Z;—E is the nuclear stopping power. The lower limit in the integration 7_
X n

is the minimum energy transfer required to displace an atom from its lattice site,

which is approximately 20-30 eV. The upper limit, 7,,, is the maximum transfer

12



energy given by 7,, = 4MM, (M, + M,)?, where M, and M, are the masses of

the incident ion and the target atom, respectively.
2.1.2 Electronic stopping

The energy transferred by the ion to the crystal electrons is called electronic
stopping or inelastic loss. The large density of electrons and the high frequency
of the collisions will contribute to a continuous energy loss during the slowing
down of the incident ion. At ion velocities v significantly lower than the Bohr
velocity v, (v, =71/ m,a,)of the atomic electrons, the ion carries its electrons and
tends to be neutralized by electron capture. At these velocities, nuclear stopping
is dominant [2.8]. As the ion velocity is increased, the nuclear energy loss
diminishes as1/E,, where E, is the incident energy of the ion. At higher
velocities, the charge state of the ion increases and the maximum stopping
power is achieved at aroundv >v,Z7"°, but the ions are not yet fully stripped.
According to Bohr criterion the ions are to more than 50 % fully stripped when
v >v,Z,. At this point, the ion can be viewed as a positive point charge Z,,
moving with a velocity greater than the mean orbital velocity of the electrons in

the shells or subshells of the target atom.
As for the nuclear stopping power, the electronic stopping, has the form

_dE
ax

Tm
:nengdda(E) T, (2.6)
o yoodr
where n, is the number of electrons per unit volume.

2.1.3 lon range parameters

One of the most important considerations in any study of ion — solid interactions

is the depth (range) distribution of the implanted ions. As mentioned above, the
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rate at which the projectile loses energy with penetration depth x is due to both

nuclear and electronic energy-loss terms, as shown in Eq. (2.1).

The total length R of the penetration of a projectile into a solid can be found by
integrating Eq. (2.1) to give

Ey

o dE
) (dE Iax), +(dE | dx),

(2.7)

where E;is the incident energy. It is common to express the energy-loss

components as stopping cross sectione(£), where e(E):%ZI—E, N being the
X

number of target atoms per unit volume. The dimensions of ¢(£) are therefore
energy times area, and the conversion to a rate of energy with depth must take
into account the target density. As for the total stopping power, ¢(£) is the sum

of the nuclear and electronic components.

In Fig. 2.2, a more general three-dimensional presentation of the penetration of a
projectile into a solid is shown. An energetic ion impinges on the sample surface
at the point (0,0,0), at an angle « to the surface normal that points in the x-
direction. The ions come to rest at a position described by the
coordinates(x,,y.,Zz,). R is called the range, and is the actual integrated
distance traveled by the ion. The ion’s net penetration into the material,
measured along the vector of its incident trajectory, is called the projected
range R,. At high fluence, the sputtering phenomenon should be taken into
account when determining the projected range. The main consequence of the
sputtering is to decrease the calculated projected range with respect to the
measured R,,. As indicated in Fig. 2.2, the ion may not be incident normal to the
surface. Therefore the depth of penetrationx,, which is defined as the
perpendicular distance below the surface that the projectile comes to rest, is not

equal to the projected range. The two quantities are equal only if « is zero. The
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radial range R, is the distance from the surface to the point where the projectile

comes to rest. It is given by

R =(xZ+y2+2z2)". (2.8)

Incident lon : . & R

= s
R g
Spread
2 e 2 -
R, Radial Range |, '
Ty Depli‘
/ YN v, i {Penetration)
/ Surface Plane : . "“.*‘::\“u.“ -
—— F =) e L
Fd R, Range ™. o o
z (Path Length) ™ ¢ R
by Transverse
=
y v Projected
Projected Y St
Range ge

Figure 2.2: Schematic representation for the definition of depth, spread,
radial range, longitudinal projected range, transverse projected

range, and path length of the ions [2. 18].

The spreading range R.is the distance between the point where the projectile
enters the surface and the projection of the projectile’s final resting place onto the

surface normal. It is given as
R, =(y: + ). (2.9)

The transverse projected range R/’, is the vector connecting the radial range and

the projected range. It is defined by
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1/2

R} =[(x,sina— y,cosa) + 2z2]"%. (2.10)

In case of normally incident projectiles, the spreading range is equal to the

transverse projected range.
Finally, the longitudinal projected range (or projected range) R, is given by

R, =IR.Y —(R,T". (2.11)
Since the energy of the projectile is lost to the target atoms and electrons in a
series of discrete collisions, the energy loss per collision, and hence the total
path length will have a statistical spread of their values. This leads to a near
Gaussian distribution of stopping distances, which can be comprehensibly
evaluated using a model which is based on the Thomas Fermi statistical model,
developed by Lindhard ef a/ [2.19], known as LSS theory.
Stopping of an ion is a stochastic process, and distributions of arbitrary

parameters can be characterized by their moments. The first moment gives the

mean p of a distribution, and for a continuous distribution is defined as

= jxf(x)dx , (2.12)

where f(x) is the probability function for the random variable of interest.

The second moment is the variance of the distribution, and is defined as
o® = [ (x—puyf(x)ax. (2.13)
The probability function for a Gaussian distribution, is given by

16



exp|— (2.14)

1
FX)=—
=™

The depth distribution n7(x) of implanted ions, normalized for an ion implantation

dose, or fluence ¢, is given by comparison with Eq. (2.14) as

—¢ e
1/2
AR, (27)

/7(X) — , (215)

where R, and AR, are the projected range, and straggling respectively, as
defined in Fig. 2.3.

The dose or fluence is related to the ion depth distribution by
¢:fnUML (2.16)

By setting x = R, in Eq. (2.15), the expression for the peak atomic density 7, is

obtained as

& 0.4¢
n = ~ . (2.17)
* T AR (27) T AR,

At low doses implantation profiles can be described by a Gaussian distribution
with characteristic parameters R, and AR,. Higher moments are often
necessary to describe the non-Gaussian depth distributions, which occur at
higher doses. These moments are usually taken about the projected range and

have the general expression [2.8]
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m, :%I@(X—Rp)’n(x)dx, (2.18)

where / represents the order of the moment. Higher moments have also specific
meanings in defining the ion distribution. The second moment is related to the

range straggling
1/2
AR :[—] , (2.19)

whereas the third moment is related to the skewness v, , expressed as

m,
(ARp)3 '

v, = (2.20)

The skewness of the projected range distribution gives a measure of the
asymmetry of the distribution, where a positive value locates the peak closer to

the surface than Rp. In a normal distribution, the skewness is zero.

The fourth moment is related to the kurtosis 3, by the expression

8, = . (2.21)

The kurtosis provides a measure of flatness of the distribution. For example, for a

Gaussian distribution the value of the kurtosis 3,= 3. In higher dose regimes,

many processes, such as sputtering, radiation enhanced diffusion, compound

formation have effects on the final concentration profile [2.20].
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2.1.4 Simulation of ion profiles.

Simulation of ion profiles is performed using the SRIM Monte-Carlo program
[2.21], which stands for the stopping and range of ions in matter. This program
calculates the stopping and range of ions in matter using a quantum mechanical
treatment of individual ion-atom collisions, assuming the projectile to be an ion,
and all target species to atoms. During the collisions, the ion and atom have a
screened Coulomb collision, including exchange and correlation interactions
between the overlapping electron shells. The charge state of the ion within the
target is described using the concept of effective charge, which includes a
velocity dependent charge state and long range screening due to the collective
electron sea of the target. Most aspects of the energy loss of ions in matter are
calculated in SRIM. Range and straggling distributions for any of ion over a very
broad range of energies in any elemental target can be calculated by following
the individual trajectories for a set of ions with the same initial conditions. Figure
2.3 shows the variation of range, neglecting sputtering, with the implantation

energy, in the case of Kr implantation in titanium.

[ ——Range vs Energy (SRIM 2008) |

-

o

o

o
1

1

Projected range (A°)

T T T AL T L
10’ 10° 10° 10* 10° 10°
Energy (eV)

Figure 2.2: Range-enerqy plot for Kr implantation in titanium.
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2.2 Radiation damage

The ion implantation process is generally accompanied by radiation damage, that
is disorder in the lattice, consecutive to the introduction of energetic ions, ranging
from keV to MeV, in the near surface region. In this process, sufficient energy
may be transferred from the ion to displace an atom from its equilibrium position.
As a result, the recoiling lattice atom can itself displace many other lattice atoms
giving rise to a so-called displacement cascade, originating from a single primary
collision between the implanted projectile and target atom. This process leads to
a distribution of vacancies, interstitial atoms, and other types of lattice disorder in
the region around the ion track [2.22 - 2.24]. The total amount of damage and its
distribution in depth, depend on ion species, ion fluence, ion flux, temperature,

energy, and channelling effects.

The thickness of the damaged region is expected to be comparable to the
projected ion range according to simple theoretical considerations. While this
relationship holds for implantation in semiconductors and insulators, in most
metals the observed damage region of the crystal lattice extends significantly
deeper into the bulk [2.25, 2.26].

Exceptionally large damage depths were reported in copper [2.27, 2.28] and
platinum [2.29]. It was proposed that these deviations are the result of migration
of interstitial atoms, which are, even at low temperatures, highly mobile and could
therefore substantially modify the original primary defect profile. The damage can
be observed by techniques sensitive to lattice structures. For example, X-ray
diffraction [2.30] and electron microscopy [2.31] can be used to probe local strain
fields, whereas positron annihilation [2.32] and RBS [2.33] are sensitive to point

defects.
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2.2.1 Collision induced defects

A minimum amount of energy, typically 25 eV [2.18], is needed to displace an
atom from its lattice position. This energy represents the displacement threshold
and is called the displacement energy, £, . If in the collision process the energy
transfer 7 is less thanE,, the struck atom undergoes vibrations with large
amplitudes without leaving its lattice site. If, however,7 > E,, the struck atom is
able to overcome the potential well that represents its stable position. In the
simplest situation, the displaced atom leaves a vacancy and occupies an
interstitial site in the lattice. This vacancy-interstitial defect is referred to as a
Frenkel-defect [2.34].

The displacement barrier for a lattice atom is not uniform in all directions [2.18].
Depending on the crystallographic structure, the displacement can be higher or
lower than the average. For instance, if the struck atom recoils in a direction
where it transfers its kinetic energy to its nearest neighbours, then the
displacement barrier will be high, and consequently, the displacement energy to
form a Frenkel-defect will be also high. Conversely, in relatively open directions,
such as <111> directions, or the <110> directions of a crystal with a fcc lattice,

the displacement barrier will be low.

2.2.2 Thermally induced defects

As mentioned above, during the slowing down process of energetic ions in a
solid, the kinetic energy of a moving ion is partially transferred to host atoms by
elastic collisions. The recoiling atoms, in turn, transfer part of their energy to
other atoms. All the atomic collisions initiated by a single ion are called a collision
cascade. A collision cascade can be divided into three phases [2.35, 2.36]. The
initial stage, during which atoms collide strongly, is called the collisional phase,

and typically lasts about 0.1-1 ps. As a result of the collisions, a highly disrupted,
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very hot (typically 1500 K) region inside the solid is created. The resulting high
temperature will spread and be reduced in the solid by heat conduction. This
phase is called the thermal spike, and lasts roughly 1 ns. When the heat in the
thermal spike has dissipated, there will usually be left a large quantity of defects
in the solid material. The defects can be of different forms, ranging from point
defects to complex interstitial-dislocation loops and volume defects [2.37,2.38].
Very low dose implantation results in a number of isolated defects, whose

concentration can be estimated from the Kinchin-Pease equation [2.39],

n (2.22)

where F,, is the energy deposited into the sample by atomic collisions, and E, is
the displacement threshold energy. If the local equilibrium lattice temperature
during implantation is high enough, many of these defects will relax by thermally
activated migration [2.40]. This phase is referred to as relaxation phase of the

collision cascade.
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3 STRAIN-STRESS AND RESIDUAL STRESS

This chapter gives a short survey on the theory of elasticity, which is
indispensable for a proper understanding of the concepts of strain and stress.
These two concepts form the basis of all types of stress analysis, and will be
utilized, not only in this chapter, but also in subsequent chapters to relate

deformations and residual stresses that occur in solid materials.

3.1 Theory of Strain and Stress

In the following, the fundamental concepts of strain and stress are discussed. It
should be recalled that the formalistic description of stress and strain is based on
the theory of elasticity, by nature a continuum theory, comprising geometric
analysis of deformation or strain and the mathematical analysis of stress in
solids. A comprehensive review can be found in the textbooks of Nye [3.1],
Noyan and Cohen [3.2], and Landau and Lifschitz [3.3].

3.1.1 Deformation and Strain

An elastic body under an applied load deforms. Deformation leading to shape
change is termed distortion, whereas dimensional change without a change in
shape is termed dilatation [3.1]. The theory of linear elasticity provides a
mathematical description for the displacement which a body undergoes when it is
squeezed, stretched, or sheared. To understand this concept, consider the one-
dimensional example of an extensible thin rubber band as shown in Fig. 3.1. Two
arbitrary points P and @ are marked with the origin O. Let OP = x and
PQ = Ax . Atfter stretching, Pmoves to P' and Q to Q'. Let OP'=x+u and
P'Q'= Ax+ Au.The strain of the section PQis defined as

increase in length  P'Q'-PQ _Au

— (3.1)
original length PQ Ax
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The strain at the point P is the displacement gradient, which in one dimension is

defined as
c— fim 2Y _9u, (3.2)
Ax—=0 Ax  dx
(@) | £ | . X
0 P 0Q
b ! !,-'l-.x+,-'l-.u| -
(b) 5 = - ¥

Figure 3.1.  An extensible thin rubber band before (a) and after (b) deformation.

For a two-dimensional strain analysis, consider the rectangular element ABCD in
Fig. 3.2 withAB=Ax,,BC =Ax, undergoing translation, distortion and
dilatation. After deformation, the point B for instance, moves to B’ in both
direction X4 and X2. By defining a local coordinate system Xi, X2, one can

eliminate the translational displacement and obtain,

Au, = g? Ax, + g)‘(’ﬂ Ax,, (3.3)
1 2
and
Au, = ?912 Ax, + giz Ax, - (3.4)

1 2
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Figure 3.2:  Displacement and deformation of a solid body in two dimensions.

The derivatives in Eq. (3.1) and (3.2) describe the variations of the displacement

along the axes X1, X2". In matrix notation, the following expression is obtained

ou, ou,
Au, \ 8_)(1 ox, |[Ax, ‘ (3.5)
Au, ou, 0ou, [|Ax,

ox, 0x,

It can be seen that the derivatives form a 2-dimensional second rank tensor.

Defining the quantities e; = % Eq. (3.3) becomes
X.
J

Au,
Au,

e‘l‘l e12 AX‘]

Ax,

: (3.6)

821 e22

As the translational and the rotational parts of the displacement are of no interest
with regard to material behaviour, we only consider the strain that alters the

distances and the relative positions between the points within the body.
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Therefore, the strain tensor £ is defined as the symmetric part of the tensor &

[3.2], ie.,

1 1| 0u, 8‘-//'
o =5le+e) =3 ox,  ox, (3.7
In matrix notation,
€ —(6’12 + 921)
6Ij:[éfﬂ 512]: 1 ) (38)
1> 1>
21 2 —(6’12 + 5'21) €y

The strain in three dimensions is obtained by a similar procedure and yields a

similar second rank tensor:

1 1
€y E(em +921) E(em —1—6’31)
€11 &2 &3 1 1
€1 €22 Ep3 E(em + 6’21) € E(ezs +932) : (3.9)
€31 &3 £33 1 1
E(ew + 931) E(ezs + 932) €33

The diagonal elements ¢, of the strain tensor represent the dilatation/contraction,
i.e. change of length per unit length, and the cross terms, or the off-diagonal, are
related to the shear strains. Shear strains represent the change of angle between

the perpendicular directions.

3.1.2 Forces and Stresses
Strain is the result of the application of force to a solid material. This force is

expressed as stress, /.e. as force per area. The surface force at a point is

described by a stress tensor [3.4]. To illustrate and define the stress
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components, a small cube with face area A, within a homogeneously stressed
body, is considered, as shown in Fig. 3.3. There are six independent stress
components. The normal stresses, s, act normal to the cube faces, and the shear
stresses, o, fori= j, act parallel to the cube faces. The indices iand jvary from
110 3, and equilibrium requireso; = o, fori = j. Otherwise, there would be a net

rotational moment on the volume element.

Figure 3.3.  The unit cube with the nine components of stress. Due to the
symmeltry, ie.o,=o,, for i=j, only three of the shear
components are independent. All components are shown in their
positive directions. Note that o, means that the stress is acting on

the face perpendicular to X,, and in the X, direction [3.5].

Like strain, stress is also a second rank tensor with nine components in three

dimensions. In matrix notation, it is written as

0, =|0y Og Ol (3.10)

27



where o,,,0,,,0,, are known as normal stresses, and o,,,0,,, and o,, as shear
stresses. If the sum of diagonal elements of the stress tensor is zero, then the
stress state is termed pure shear.

Because of the symmetry, i.e.,o;=0,, only 6 of the 9 components are

ji?
independent and are sufficient to describe the stress and the strain at any point
in the material. A tensile stress o,, will cause a tensile strain ¢,, along the X,
axis and compressive strains ¢,,,c,; along the transverse directions X,, X;.
When seen microscopically, the transverse strains occur in part because of the

cross-bonds between atoms, as shown in Fig. 3.4 [3.2].

Figure 3.4. Schematic depiction of fransverse contraction in a solid loaded in
uniaxial ftension. Assuming that the atomic bonds can be
represented by coil springs, AB elongates if the stress o,, is applied
along AB. However, the bonds AC, BC pull on atom C, resulfing in
a net contraction, and thus a compressive strain along the direction
CC’ [3.2].

3.1.3 Hooke’s law and elastic constants

Under the assumption of small deformations, or the so called elasticity domain,

the strain tensor components of a deformed body, depend linearly on the
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component of the stress tensor, as expressed by the generalized form of Hooke’s
law [3.2]

€ = Z S0 - (3.11)

k=1

The proportionality constants S, are known as compliances, and are
represented in a 4t rank tensor. The inverse of the compliance tensor, the tensor
of the elasticity constants or stiffness constants,C,, which is also a 4t rank

tensor, represents the stress as a function of strain

o; = Z CaCu- (3.12)

k=1

It should be mentioned here, that the Hooke’s law not only shows the relationship
between stress and strain, but also introduces specific properties into the
framework of the theory of elasticity. The concept of stress, as well as the
concept of strain is purely theoretical. For their explanation no information of the
real material is used. In contrast, both elastic constants and compliances
describe the mechanical properties of the material. Because the strain and the
stress tensors are symmetric, the maximum number of independent elastic
constants is reduced from 81 to 36. However, due to elastic energy
considerations the number of these independent constants is further reduced to
21 [3.4]. This is true for a material crystallising in the triclinic crystal structure, but
because of the increasing symmetry of the crystal systems, the number of
independent components reduces. Table 3.1 gives an overview of the number of

independent elastic constants for different Bravais lattices.
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Bravais lattice Number of independent elastic constants
triclinic 21

monoclinic 13

orthorhombic 9

tetragonal 6or7

trigonal 6or7

hexagonal 5

cubic 3

Table 3.1: Independent elastic constants for different Bravais lattices [3. 1]

For materials with a hexagonal structure, such as titanium, only five independent
elastic constants are sufficient to describe the elastic properties. For a cubic
structure with the highest symmetry, only three independent elastic constants are
sufficient to describe the elastic properties. For an elastically isotropic body, e.g.
in the form of a polycrystalline solid without texture, the material can be
described by only two mechanical quantities, usually given as Young’s modulus
E , and Poisson’s ratio v. In an elastically isotropic body, Hooke’s law relates

the strain to the stress by

E (3.13)

For a unit cube subjected to three normal stresses, the strain along any direction
X, is the sum of the strain caused by the stress in that direction and the strains

caused by the stresses acting in the transverse directions, ie.,
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1 v

€1 = EUH _E(Uzz +033)’
1 v

€9 :Eazz_E<U11+033)’ (3.14)
1 v

€33 = Easa _E(U‘I‘I +022>'

Compactly, Eq. (3.14 ) can be expressed as

1+v v
5,-/-: E O-I]'_(SI]'EUKK’ (315)
where 5,/. is the Kronecker delta defined as
1/i=/
5 = . 3.16
/ {0, i=J ( )

3.2 Residual Stress

Residual, or internal, stresses play an important role in material and component
failure. Of particular significance are stresses in the near surface region which
influence mainly the mechanical properties of a particular component. Therefore
residual stresses are of special interest in view of the improvement of material
properties and of the increase of the lifetime of components. In the following,
residual stress is discussed and the different categories of residual stresses are

described.

3.2.1 What is Residual Stress?
Residual stresses (RS) are the self-equilibrating internal stresses existing in a

free body that has no external forces or constraints acting on its boundary [3.6,

3.7]. Although such stresses tend to exist unnoticed, they are as real as any
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stress arising from applied loads or service conditions. The effect of these
internal stresses is only observed after acting on the body of the material. For
instance, if an internally stressed wire or an aluminium foil is cut, the separated
ends will bend. In the same manner, a plate in which a hole is drilled may deform
due to internal stresses present before the drilling. A way of interpreting this
behaviour is to consider an arbitrary small volume element of the material. Such
an element is bounded by its neighbours, and is not necessarily free to assume
its unstressed size, shape or orientation. If this element is removed from the
material, or at least the material is cut so that it is at the free surface, some or all
of the constraints on the element are removed and it will be able to relax through
deformation. However, because it will never be possible for all elements to relax,
internal stresses will result. Therefore residual stresses are always present in

materials independently of external applied forces, and they are in equilibrium.

3.2.2 Classification of Residual Stress

The physical conditions responsible for nearly all residual stresses arise from the
interaction between the thermal, chemical and mechanical properties of the
material in a specific state [3.8]. Hence, each manufacturing process (e.g. rolling
or drawing), treatment (e.g. annealing or shot-peening), or radiation damage may
modify the distribution and the magnitude of the residual stress state in the
material, and the final behaviour of the component depends strongly on its
history. A summary of the origins of residual stresses is given in Fig. 3.5. As an
example, consider a sample which has undergone a heat treatment and
afterwards is rapidly quenched. As a result, the surface and the interior will cool
at different rates because of the presence of a temperature gradient. The
subsequent thermal stresses may easily exceed the plastic limit and plastic flow
will result. As the surface contracts more quickly than the volume of the material,
on equalisation of the temperatures, a compressive residual stress will be

present in the surface region, becoming tensile deeper in the sample. After
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cooling, on equalisation of the temperatures, the bulk of the sample therefore
ends in net compression with a tensile residual stress at the surface [3.2]. If the
same sample is subjected to a forming operation, such as rolling to relieve
residual stresses, here again a stress gradient through the sample consisting of
elastic and plastic stresses will result. During this manufacturing process, the
surface can be extended more than the interior due to friction at the rollers,
resulting in compression on the surface. In this operation, the magnitude of the
stress is a function of the thickness of the sample, the roller diameter and the
degree of reduction [3.2]. The final stress state of the sample depends on all the

stages involved in the processing from the production to the finishing.

Formation of Residual Stresses

Material Material processing Material load
e.g. multiphase material, Casting Mecha”r_lical
inclusions (thermal residual stresses) €.9. rofling
L Reshaping Thermal
(inhomogenous plastic deformation 'I;_erlgperature
ields
| Cutting
(working residual stresses: Chemical
Grinding, honing) H-diffusion

—— Joining (brazing, welding)

I Coating

Material properties
(e.g. case hardening)

Figure 3.5:  Origin of residual-stress formation, after [3.4].

Residual stresses affect the properties of materials and can have a marked
influence on the behaviour of components in service. For instance the stress-
corrosion sensitivity [3.9 - 3.11], fatigue [3.12], crack growth [3.13], fracture
toughness [3.14], creep [3.15], and diffusion [3.16 - 3.18] properties can all be
influenced by the magnitude and direction of the residual stress. Therefore

residual stress can have both detrimental and favourable consequences for the
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behaviour of materials, components and structures in service under certain
conditions. Under load, the residual stress will superimpose onto the applied

stress, and hence can either act to reduce or increase its effect.

Depending on the scale at which a material is analysed, residual stress can be
classified into two categories: macrostresses, and microstresses. The scale of

these stresses are illustrated in Fig. 3.6 [3.19].

Macrostresses also known as type 1 (¢') residual stresses are stresses which
vary within a body of a component over a range much larger than the grain size.
They represent an average value of the local stresses in a volume that comprises
many grains but are still small compared to the overall dimensions of the body.
The typical sources of residual macrostresses are heat treatment, welding, and
surface processing such as grinding, shot-peening, coating deposition, and ion

implantation.

Microstresses are stresses which occur within a body over distances comparable
to the grain size. They are classified into 2 categories: Intergranular, and
intragranular stresses. Intergranular stresses or type |l stresses (¢'") vary on the
scale of an individual grain. Intergranular stresses may be expected to exist in
single-phase materials because of anisotropy in the behaviour of each grain.
They may also develop in multi-phase and composite materials that have
differential elastic, plastic, and/or thermal properties. Intragranular stresses or
type lll residual stresses (c'") exist within a grain at the atomic level. Intragranular
stresses develop around lattice defects such as point defects and dislocations
due to strain fields [3.20].
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Figure 3.6: Types of residual stresses. ¢"°' varies over a range much larger than

RS,

the grain size. o™°" Is comparable to grain dimensions while o /s less than

the grain diameter [3.19].
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4 DEFECT DYNAMICS UNDER INFLUENCE OF STRESS

The presence of defects profoundly influences many physical solid properties
such as optical absorption, electrical conductivity, and mechanical strength. The
phenomenon of diffusion, which depends on the presence and dynamics of
defects, plays a great role in solid state reactions. In this chapter, the diffusion
mechanisms of point defects under strain fields will be discussed. Of interest is
the interaction of point defect strain fields in a metal with defect strain fields

generated by ion implantation.

4.1 Point defects in a crystal structure

It is well known that crystal lattice imperfections have a large effect on most of
the physical properties of a solid material. These properties depend crucially on
the type and concentration of defects that perturb the original structure [4.1]. Of
these, the simplest are point defects, /7 e. interstitials and vacancies. A vacancy is
a lattice position that is vacant because an atom is missing and an interstitial is
an atom that occupies a place outside the normal lattice position. It may be a
self-interstitial or an impurity atom. Point defects in solid materials inevitably
distort the surrounding lattice as illustrated in Fig. 4.1 to accommodate the
mechanical misfit or an introduced charge distribution. These two types of misfit
are interdependent and can be related to microscopic electric and strain fields
[4.2].
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Figure 4.1.  Two dimensional representation of (a) a perfect crystal structure
(b) a distorted crystal structure caused by a vacancy created by
atom removal from its lattice site. (c) distortion of a crystal structure

by an interstitial.

Since the formation energies of point defects are of the order of electron volts,
which is high compared to thermal energies, their equilibrium concentrations tend
to be low. However, in a radiation environment, they form in abundance because
of the multitude of the irradiating species, such as electrons, heavy ions or
neutrons, interacting with the atoms of the host material [4.3]. The ensuing
evolution of the point defect distributions due to diffusion leads to significant
changes in microstructure and causes a number of radiation-induced property

changes.
4.2 Diffusion and drift processes

Defect dynamics in solids can be described by two superimposing mechanisms:
drift and diffusion. Diffusion in solids is the random motion of matter, similar to
Brownian motion caused by molecular collisions in a gas. Atomic diffusion
proceeds via lattice defects, in particular point defects. A number of possible
diffusion mechanisms, such as exchange, ring, interstitial, interstitialcy, crowdion,
vacancy, divacancy, relaxion, dislocation pipe diffusion, grain boundary diffusion,

and surface diffusion mechanisms are described in [4.4].
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In polycrystalline materials the mechanism of diffusion is very complex, since the
transport of material is not only limited to the migration of point defects, but also
takes place along grain boundaries, internal surfaces, and dislocations, efc [4.5].
In the presence of a concentration gradient the random motion of the individual
particles results in a net flux away from the region of high concentration. This is
simply because there are more particles moving away from the region of high
concentration than there are particles moving away from region of low

concentration.

Drift occurs when a driving force causes atoms or vacancies to move in a
direction determined by the direction of the force. This process is similar to
charge transport due to an electric field [4.6]. The driving force of the drift results
from the interaction of the defect’'s own strain fields with a surrounding stress
field. The external stress field can be due to the local strain field of other defects
in the material, or strain fields due to an applied load acting on the whole
material, or more generally, strain caused by any structural and inhomogeneous
thermal change of the solid. The forced diffusion of point defects under the
influence of a stress can find applications in ion beam modification irradiation, in
semiconductor technology [4.7], and is discussed for other systems in many
areas of classical physics, plasma physics, and charge transport in
semiconductors [4.3]. Much attention is given to study the defect dynamics and
stress evolution during semiconductor processing because defect and stress
engineering can significantly improve the device performance [4.8 - 4.10]. The
focus in semiconductor technology is mainly directed to the study of the stress
assisted diffusion of impurity atoms and point defects [4.11, 4.12] including the
influence of strain fields on the drift of point defects near the surface or at the

interfaces [4.13], and near inhomogeneities of semiconductor materials [4.14].

In metals, stress induced diffusion or macroscopic deformations of diffusion

couples during interdiffusion have been studied empirically. The transport of
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interstitial hydrogen in metals, also known as the Gorsky effect [4.15], is a classic
example of diffusion. The deformation field due to an applied field causes
interstitial hydrogen to move towards expanded areas, setting up a concentration
gradient that causes an additional time-dependent strain. The transport process
depends on the applied field, the mobility, and on the chemical potential of the
hydrogen. In precipitation coarsening [4.16] and radiation damage induced defect
clustering [4.17], diffusion is usually treated thermodynamically through a
minimization of energy. There are two main reasons for studying diffusion in
metals [4.18]. The first reason is to understand the changes that occur in solids
at high temperatures for diffusion processes such as precipitation, oxidation,
radiation damage, creep, and annealing, efc. The second reason for studying

diffusion is to learn about point defects and their movement under strain fields.

To fully understand the influences of pressure and stress on diffusion processes
it is important to consider both the effects on the point defect concentrations
[4.14, 4.19, 4.20] and on the point defect mobilities [4.14, 4.21, 4.22].

As mentioned above, for a concentration distribution of defects ¢(r) under the
influence of a driving force F(r), there are two contributions to the defect
(particle) dynamics. The first contribution is the defect flux due to diffusion under
the thermal motion:

J,=-DVc, 4.1)

where D is the diffusivity or diffusion coefficient. The diffusion coefficient is

generally described by the empirical equation
i

D= D(,e{7 , (4.2)

where D,is a temperature independent factor, His the activation energy or

enthalpy, kis Boltzman’s constant and 7'is the absolute temperature.
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The second contribution to the defect dynamics is caused by drift, /.e. a directed

motion under an applied force F:
J- =ncF, (4.3)

where 7 is the mobility. The mobility is a measure of how fast a defect can be
moved, on average, under the influence of an applied force. Its product with the
force gives the drift velocity, which is familiar from elementary hydrodynamics
[4.23], and electric conduction [4.24]. The mobility and the diffusivity are related

through the Nernst-Einstein relation
D = nkT . 4.4)

The rate of change of concentration at any position rin the distribution is derived

from the total flux using Fick’s law

%: Sy + o)+ S(nE), (4.5)

where the source term S represents the rate at which defects are created at any

point.

By substituting the expressions of J, and J. into Eq. (4.5), the general form of

the drift-diffusion equation is obtained

D|Vic —%(F.VC‘ FCOVF) |+ S(r.t) = %. (4.6)
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The dominant mechanism for atomic diffusion is vacancy diffusion. In all crystals
there are vacancies, /.e. lattice sites that are unoccupied. When an atom from an
adjacent site jumps into the vacant site, the atom is said to have diffused by a
hopping mechanism. From the theory of specific heat, atoms in a crystal oscillate
around their equilibrium positions, and occasionally these oscillations become
violent enough to allow an atom to change sites. It is the jumping of atoms from
one site another which gives rise to diffusion in solids. For an atom to escape its
bond, and diffuse into an adjacent site, it has to acquire enough thermal energy.
With an increase in temperature the natural vibrational energy of the atoms is
increased so that an atom is more likely to have enough energy to jump into a

vacancy, leaving of course a vacant site behind as it does so.

4.3 Force on a defect

The three main driving forces for the drift of any point like particle in condensed
matter, described by Wipf [4.15] for the interstitial hydrogen atom, also hold for
vacancies and substitutional defects. The causes of these three forces are
thermal gradients, electric fields, and elastic strains. Electromigration of
vacancies, for instance, requires force terms resulting from both the lattice strain

and the electric field acting on the effective charge, Z*of the defects [4.25].
F=ZeE. 4.7)

Similarly, a temperature gradient, will result in a force
H
F=——2kVT, (4.8)

kT

where H,, is the migration enthalpy of the defect.
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The third force is the elastic force on a defect, which depends strongly on the
symmetry of the defect itself. This arises because the force results from the
interaction of the applied strain field with that produced by the defect itself. This is
comparable to the magnetic force on a current element arising from the

superposition of the external magnetic field onto that produced by the current.

The force on a general inhomogeneity in an elastic medium was derived by
Eshelby, by treating the defect as a Somigliana dislocation [4.26]. If the applied
stress is o and the displacement field of the defect in the surrounding medium

isu, the force is given by the surface integral,

F=¢(u-Vo—o-Vu)ds. (4.9)

The surface of integration ¥ is any surface which encloses the surface
singularity corresponding to the defect without cutting it. For a point-like defect, »
is a closed surface, which has the symmetry of the displacement field. For a true
point defect in an isotropic medium, the surface is a sphere. Both point and
extended volume defects can be thought of as elastic inclusions with a different
volume Vv, to that of the region of the surrounding matrix 1/, which they replace
[4.27,4.28]. The relative difference in volume can be expressed in terms of a

mismatch parameter o as

V=V(1-a). (4.10)

In this situation, an interstitial atom will generally constitute a centre of dilatation,
with a positive o, and a vacancy a centre of contraction, with a negative «. The

force of such inclusion is given by Eshelby as

F :a%m;fv 7r(0), (4.11)
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where r, is the radius of the defect core and the trace of the stress tensor

Tr(c) = 0,,+ 0, + 04, is the normal stress.
4.4 Strain field due to point defects

To investigate the influence of defects on each other it is necessary to consider
the strain field which is intrinsic to the individual defects. The displacement
around a point defect can be expressed as the derivative of the Lamé strain
potential [4.29],

u(ry=-vVu(r), (4.12)

1

where u(r) :ﬁzA(q2 +r7 +r2) 2 with r being the displacement, and A is an
r

arbitrary constant.

Differentiating the components of the displacement leads to

3
u,-(f):%A(’?z bR 2n =20, (4.13)

r

The strain is given by the derivative of the displacement:

ou. 0 32 A r?
=y S A |HE R R) = 50-80), (414
and
1(0u, Ou, A(3rr, 310, ALK
=& T A2 S ST 4.15
i 2\0r; o, 2[2/5 25 273 r? ( )
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If the medium is isotropic the normal stress is directly proportional to the normal
strain, which is given by its trace. Summing the three components in Eq. (4.14),

leads to

2 2 2 2 2 2
Tre = A l(1-35) + (1-32) + (1-3%) :ﬁ3[3—3—f1 s
r r r r r

]:0(4.16)

From Eq. (4.14) and Eq. (4.15), the radial and tangential strains [4.30] can be
obtained if one of the coordinate axes parallel to the position vector is for

example set tor = (,,0,0),
Er =TT = o :A. (4.17)

Eq. (4.16) and Eq.(4.17) show that the strain field due to a spherically symmetric
defect in an infinite isotropic medium is a pure shear, which causes no dilatation
of the surrounding medium. It can be concluded that spherically symmetric point-
like defects cannot influence the dynamics of other point defects. This might not
be the case for a real anisotropic material. Therefore experimental studies are

needed to enlighten this theoretical observation.

4.5 Defects and ion implantation

Due to the fact that energetic ions can deposit energy at high densities over very
short times, ion implantation can be used to create highly non-equilibrium alloyed
surface layers. The introduction of defects and their subsequent migration during
ion bombardment leads to changes in both microstructure and the distribution of
defects in the near surface region [4.31]. Despite the shallow (about 10 um or
less) surface layers that are produced, long-lasting improvements may occur
when ion species, ion energy, and ion doses are carefully selected [4.32, 4.33].

At low dose implantation, the majority of defects introduced are point defects. At
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higher doses it can be assumed that extended defects produced in the ion
cascade [4.17] act as sources of internal stress, which may drive the drift of point
defects. The mathematical description is simplified to a one dimensional problem,

because all distributions are averaged laterally.
The forced diffusion equation in one dimension is

]]]+5(z)=%. (4.18)

d?c 1 dc oF, 0F, OF,
————=|FR—+cC + +
az kT az 0z 0z 0z

where F,, F,, F, are the components of the force exerted by a point defect.

Substituting the components of the force from Eq. (4.11), Eq. (4.18) becomes

d’c  Arnary I\|dc do, 0%o,
- 99 4 cC% |4 5(z
dz?  3kT ; dz 0z > 0z? +52)
d’c o 4nry d [ 0o,
=D—-———"9 "~ |¢ U S(z , 4.19
dz* kT 3 dz ,_1az]+ (2) (4.19)
@
at

where r;is the radius of the defect core.

Eq.(4.19) expresses the total stress from all sources including applied stress and
all types of defects, either initially present or introduced during implantation. The
distribution ¢(z) corresponds to the actual depth distribution of vacancies or
implanted ions, in the absence of clustering. The source term S(z) corresponds

to the rate of implantation or vacancy production due to implantation damage.
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5 EXPERIMENTAL

This chapter focuses on the description of the samples and their preparation as
well as on the characterization techniques used to evaluate the influence of
stress fields on the ion implanted species and the influence of ion implantation on
the pre-existing stress. Special emphasis is put on the description of the
Rutherford Backscattering experiment to determine the ion profile, and on the
synchrotron experiments for stress determination. In addition optical microscopy

is used for preliminary studies of the sample condition.

5.1 Sample preparation and characterization

The material used in this study is commercially pure o-titanium. Titanium discs,
of 25 mm diameter and 0.33 mm thickness, cut from rolled sheet in half-hard
condition were obtained from Goodfellow Ltd. As specified by the supplier, the
impurities consist of 1200 ppm oxygen, 700 ppm iron, 130 ppm carbon, 50 ppm
nitrogen, and 19 ppm hydrogen. The yield strength, the tensile strength, and the
elongation of titanium samples, as measured by the manufacturer, are 406 MPa,
498 MPa, and 4 % respectively.

One set of samples was polished in order to prepare samples with smooth
surfaces, free of damage introduced during the processing, as well as to obtain
samples with a different stress distribution in the near surface region. The
samples were mounted on a specially manufactured sample holder consisting of
a mild steel cylinder (outer part), and an adjustable brass cylinder (inner part),
with an accurately machined indentation of 25 mm (inner radius), and 45 mm
(outer radius), as shown in Fig. 5.1. The polishing procedure consisted of several
steps. In the first step a surface layer was removed by 600, 800, 1000, and 1200
grit silicon carbide papers. The samples were then roughly polished using
Struers paste containing diamond particles of 6 um diameter. Further polishing

steps were performed using pastes containing 3um, and 1um diameter

46



diamond particles for approximately 15 min for each polishing step. Finally an
alumina suspension, containing alumina particles of approximately 0.04 xm, was
employed for approximately 10 min. Rough, intermediate and final polishing were
performed on a Struers DP 9 universal polisher wheel, with a speed of 250 rpm.
At every stage the surface condition was checked using a Reichert Me3A optical

microscope at 100X magnification.

Figure 5.1:  Photograph showing the fop view of the sample holder

As can be seen in Fig. 5.2, the as-received sample is characterised by asperities
and the surface becomes smoother with polishing. Metallographic studies on
previous samples from the same supplier with the same specifications show the
microstructure to consist of equiaxed a-grains with slip bands resulting from the

rolling process [5.1].
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Figure 5.2: Polishing stages. (a) unpolished sample (b) Rough polishing
(6 um diamond paste). (c) and (d) Intermediate polishing (3um and
1um diamond paste). (e) Final polishing, 0.04 um alumina (Al2O3)
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Implantation was performed using the EATON™ NV 3206 implanter [5.2] by Marc
Marteau at the Laboratoire de Physique des Materiaux UMR6630-CNRS. The ion
energy can be varied between 20 and 400 keV, with a typical current less than
650 um, a dose uniformity of 0.75 %, and a reproducibility of + 1%. The vacuum
system is maintained by a diffusion pump at the ion source. The pressure in the
beamline and at the end station attains 3x10-7 Torr. The sample temperature is
maintained by a water cooling system. Before the implantation process, the
samples were divided into two batches. The first batch consisted of five samples
in their as-received condition, whereas the second batch consisted of five
polished samples. Pairs of samples, one from each batch, were implanted at the
same fluence with 180 keV Kr, and a beam current of 11 uA was used. The
fluences were regulated by implantation at different times. Table 1 provides the
sample names adopted throughout this work, their status with respect to surface

and implantation states.

As-received samples

Polished samples

Fluence (Krt*/cm?2)

Implantation time (s)

N5

P5

N1 P1 1x1014 10
N2 P2 5x1014 50
N3 P3 1x1015 100
N4 P4 5x1015 500

Table 5.1: Sample names and implantation fluence

5.2  Rutherford Backscattering Spectrometry

5.2.1 Principles of Rutherford Backscattering Spectrometry

Rutherford Backscattering Spectrometry (RBS) is an important technique

commonly applied in the analysis of materials [5.3]. It is used to determine the
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elements present in a given sample, their stoichiometry, and their depth
distribution. RBS in simple terms is based on the measurement of the recoil
energy of ions backscattered from atoms in a target material. This method is
based on four fundamental physical concepts that contribute to qualitative and
quantitative analysis of projectile-target atom interactions. The energy transfer
from the projectile to a target nucleus in an elastic two-body collision leads to the
concept of the kinematic factor and to the capability of mass determination. The
atomic composition is analysed by taking advantage of the concept of Rutherford
scattering cross section for an energetic ion beam, interacting with atoms in a
solid, under pure electrical repulsion between the ion and atomic nuclei [5.3]. As
a projectile pushes its way through the target, it slows down and its kinetic
energy decreases. This process leads to the concept of stopping cross section
and to the capability of depth profiling. The last concept is related to the energy
straggling associated with the spread of the beam energy due to statistical
fluctuations of the energy transfer while the beam is penetrating the target
material. All these processes occur in backscattering experiments and determine

the resulting backscattering spectrum.

RBS finds its strength in investigating the near surface of solid materials where
the elemental depth distributions can be analysed with good sensitivity for high
mass elements and good mass separation for low mass elements [5.4]. The
weaknesses of the technique are, of course, its low sensitivity in detecting light
elements and low mass separation of heavy elements. As discussed later this
can be overcome by making use of resonance scattering. In the following the four
fundamental concepts, /.e., kinematics, scattering cross section, energy loss, and

energy loss straggling will be discussed in a more quantitative manner.
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a) Kinematics

When a sample is bombarded with a beam of high energy particles, the vast
majority of the particles are absorbed and a small fraction of the incident particles
are backscattered and detected by a detector located at an angled. The
interaction between the particle and the target atom can be described as an
elastic collision, using classical physics, if two conditions apply: (1) the projectile
energy must be larger than the binding energy of the atoms in the target; and (2)
nuclear reactions and resonances must be absent. Nuclear processes depend on
the specific choice of projectile and target atom, therefore the upper limit of the
projectile energy varies with the atoms involved in the collision process. For
instance, with a H* beam, nuclear effects can appear even below 1MeV, whereas
they start to appear above 2 MeV with a He* beam [5.3]. Fig. 5.4 gives the
notation and the geometry of the scattering process. Since the initial ion energy,
is much higher than the lattice binding energies, the ion scattering process can
be simulated on the basis of elastic collisions between pairs of nuclei while,
ignoring the relatively weak lattice forces. By applying the principles of
conservation of energy and conservation of momentum, parallel and

perpendicular to the direction of incidence, the following equations are obtained

Ey =S Myi =~ My +- My = E,+E,, (5.1)
My, =My,cosd+My,cos¢, (5.2)
0=My,sinf—M,,sing, (56.3)

where M,, v,, E,and M,, v,,E, are the masses, the velocities, and the
energies of the incident particle and the target atom, respectively. The angle 6 is
the scattering angle of the incident particle, and the angle ¢ is the recoil angle of

the target atom.
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Target M- Projectile (M7, vo,Eo)

Vo, E2
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Projectile (M1,v1,E9)

Figure 5.4.  Schematic of a classic collision and backscattering process of a
lighter projectile (mass M;) with a heavier target afom (mass M>)
which was initially at rest. The process is seen in the laboratory

frame of reference.

The arrangement of the above equations leads to the kinematic factor K defined
as the ratio of the projectile energy after collision to the projectile energy before

collision,

2
M2 = M2?sin?6)"" + M. cosd
k= Er_|Ma—Misin’6) +M (5.4)
E, M, + M,

Eq. (5.4) contains the essence of how backscattering spectroscopy acquires the
ability to sense the mass of a target atom. The value of M, can be determined by

measuring £, after the collision if £;, M,, and 6 are known.

b) Scattering cross section

The identity of target atoms is established by the energy of the scattered particle
after an elastic collision. The number of target atoms per unit area is determined

by the probability of a collision between the incident particles and target atoms.

The relative number of backscattered particles from a target atom into a given
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solid angle for a given number of incident particles is related to the differential

scattering cross section defined as [5.3]

gr _11d0) 5.5
an N, dQ Q

where N is the number of target atoms per unit area, dQ is the number of
particles backscattered into a differential solid angle @2, and Q@ is the total
number of incident particles. For a thin target of thickness f with N atoms/per

unit volume, N, = Nt.

To calculate the differential cross section for an elastic collision, the principles of
conservation of energy and momentum are applied. The force that acts during
the collision between the projectile and the target masses is assumed to be a
repulsive Coulomb force. The distance of closest approach is large compared

with nuclear dimensions, but small compared with the Bohr radius

a, = =0.53A. These assumptions being made, the differential scattering
m.e

cross section is given by Rutherford formula [5.3]

2

2
[ﬂ] L , (5.6)
dQ), |(16me,Ey ., sin“(0,/2)

where the subscript ¢ indicates that the values are given with respect to the
centre of mass coordinates. Z, is the atomic number of the projectile with mass
M,, Z, is the atomic number of the target atom with mass M, ¢ is the scattering
angle, e is the electronic charge, and £, is the energy of the projectile
immediately before scattering. The Rutherford scattering cross section is
expressed in barn/steradian, 1barn being 10**cm?. For the general case, the
transformation of Eq. (5.6) from the centre of mass to the laboratory frame of

reference yields
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" 172 2
) M1—M;sin9] + cosf
— ) (5.7)

do ( Z22,€
dQ) | 8me,E,sin’ 0

2
’I—[Msine
M.

2

The order of magnitude of the differential cross section is mainly dependent on
the atomic numbers Z,, and Z, of the incident particle and the target atom

respectively, the incident particle energy £,and the scattering angled .

c) Energy loss
As described in section 2.1, the projectile ion loses energy on entering and
leaving the target material. The amount of energy AElost per distance x
traversed depends on the identity and the velocity of the projectile, and on the
density and composition of the target material. The signal detected due to an
atom located at the sample surface will appear in the energy spectrum at a
position £, =KE,, where Kis the kinematic factor. The signal from a collision
with atoms of the same mass below the sample surface will be shifted by an
amount equal to the energy lost while the projectiles pass through the sample,
both before AE, and after a collision AE

out *

The sequence of energy loss, as

illustrated in Fig. 5.5, goes through 3 steps:

Target

e

KE

T

E4

Figure 5.5:  Schematic showing enerqy loss before and after scattering at
depth x .
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(1) Energy lost via electronic stopping on the inward path of the projectile,
AE,

n

nE, =X [fj (5.8)
cosb, | dx ),

where 0, is the angle between the sample normal and the direction of the
incident particle.

(2) Energy lost in the scattering process,

AE,=(1-K)E,, (5.9)
where £, = E, — X f] .
cosd, |\ dx ),

(3) Energy lost due to electronic stopping on the outward path of the projectile

after collision,

AE,, =—> [E] , (5.10)
cosf, ( dx ),

where 6, is the angle between the sample normal and the direction of the

scattered particle.
The energy of the particle detected is therefore given by

E,=E,—rE, —NE,—LE

out?

(5.11)

or

E,=KE, — (5.12)

K [o’E] n 1
cosf,\dx ), cosb,

dE ]
X
dX out

The energy width of the signal from a thin layer is given by
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ANE =

x=[S|x, (5.13)

K [dE] 1 [dE]
cosf,\ dx ), cosb,\adx ),,

where [S] is referred to as the backscattering energy loss factor or S factor [5.3].
The path of the incident particle, the path of the scattered particle and the normal
of the sample lay all in one plane, so that the scattering angle in the laboratory

frame of reference is given by 9 =180°—6, — 6, .

An equivalent set of equations [5.3] can be given in terms of the stopping cross

sections rather thanﬁ,
ax

AE =[] N, (5.14)

K 1

€+ £
cosf, " cosf,

where [¢]= is called the stopping cross section factor or

¢ factor.

For the near surface region, the thickness x is small, and the relative change in

energy along the incident path also becomes small. A surface energy

dE dE

approximation is therefore used, and[— , and —] are evaluated at £,
out

in

ax ax

and KE,, respectively. In the same manner, the stopping cross sections ¢(E,)
and ¢(KE,) are evaluated at £, and KE,. The expressions for energy loss and

stopping cross section are then written as

5=« [dE] N [dE]
°* |cosd, ldx J;,  cosf, | aX e,

: (5.15)

and

e(E,
cos /), cosd,

5(KE0)l . (5.16)
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d) Energy loss straggling

Due to the different mechanism of energy transfer involved, and the dispersion in
the number of interactions, the energy loss of charged particles penetrating a
material is a statistical process which leads to energy broadening. This
phenomenon is called energy straggling. Energy transfer processes leading to
straggling are mainly collisions between nuclei and double and multiple
scattering. At lower energies only the valence electrons of the target material
participate in the energy loss and straggling, whereas at higher energy the

atomic core electrons also contribute [5.5, 5.6].

5.2.2 Resonance RBS for oxygen detection

Oxygen is frequently present in processing, sometimes as an unwanted
contaminant, and at other times as a necessary element to achieve desired
material properties. The precise non-destructive determination of the oxygen
content in materials is of great practical importance, in e.g. optoelectronic
applications [5.7], semiconductor technology [5.8], the study of corrosion
processes [5.9], and more recently in the development of high-Tc
superconducting materials [5.10]. There are a number of techniques known to be
useful in oxygen detection, such as secondary ion mass spectroscopy (SIMS)
[5.11, 5.12], or Auger electron spectroscopy (AES) [5.12, 5.13], but most of these
methods are limited when the absolute measurement of low oxygen
concentration is required. Furthermore, they induce major damage to the
material, and the necessity of using standards with compositions as close as
possible to the material under investigation to obtain quantitative results

constitutes a major disadvantage.

Rutherford Backscattering Spectrometry (RBS) provides a quantitative depth

profiling of an atomic species in a host material without inducing major damage

57



to the material [5.3]. However, due to the low kinematic factor and the low
scattering cross section of oxygen relative to other elements, RBS is not suitable
for adequate oxygen analysis. The oxygen signal is often submerged in the
background signal caused by the heavier elements. An alternative to RBS is the
elastic nuclear resonance measurement also known as resonance elastic
backscattering [5.14 - 5.15], to enhance the oxygen sensitivity. This technique is
based on the concept that when the energy of the probing 4He ions of the
incident beam exceeds a certain threshold, the cross section of the target
species increases by 1-2 orders of magnitude in comparison to the
corresponding RBS cross section [5.16 - 5.18]. This leads to a relatively lower
background from heavy elements, and a better counting statistics for oxygen
[5.19 - 5.20].

5.2.3 Experimental details

a) The Van de Graaff Accelerator

The accelerator, as the source of the ion beam for sample characterization, is the
most important part of the RBS experiment. The 6 MV Van de Graaff Accelerator
used for the RBS experiments is described fully in [5.21]. The Van de Graaff
facility, located at iThemba LABS, Faure, South Africa, is a high precision
variable energy machine, capable of accelerating light and heavy ions to
energies between 0.5 and 20 MeV with an energy spread of less than one part in
1000.

In a single ended Van de Graaf accelerator, such as iThemba LABS accelerator,
an ion source (helium in our case) is positioned at the high voltage terminal, and
the other end is at ground, where the ion beam emerges from the Pelletron with

energy roughly equivalent to the terminal voltage. The ion accelerator is
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connected to several beam lines and uses switching magnets to steer the beam

from one beamline to another.

b) RBS beamline

After being deflected into the beamline by the switching magnet, the ion beam is
collimated and focused by a series of electrostatic lenses, magnetic lenses and
apertures. A Faraday cup is mounted in the middle of the beamline to monitor the
beam quality and provide feedback for beam focusing and adjustments. At the
end station, the beam is collimated through apertures which can be adjusted to 1
mm or 2 mm diameter. To achieve a base pressure of about 10-° Torr in the RBS
chamber, roughing and turbo pumps are used. Fig. 5.6 shows the different

components of the RBS beam path from the Faraday cup to the end station.
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Figure 5.6:  Photograph of the RBS beamline located at iThemba LABS
(Cape Town).

c) The RBS chamber

The sample chamber located at the end of the beamline is an enclosure which
contains a stage for holding the sample holder, the beam entrance, a detector,
and the vacuum system. The sample chamber is aligned with the beam by a
series of positioning screws and bolts. The alignment is done so that the beam
coming in through the final aperture hits a crosshair on the beam window on the
far side of the chamber. This assures that the beam is focused in the centre of
the chamber where the sample is mounted. The layout of the RBS chamber, the

sample, and the detector positions are shown in Fig. 5.7. The radius of the
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chamber is 175 mm. The sample holder is a metal ladder which can
accommodate ten samples. To avoid channeling effects when measuring the
single crystal calibration standard samples, the sample holder is tilted to an angle
¢ equal to 80° with respect to the incident beam. The surface barrier detector is
mounted at a fixed scattering angle 0 equal to 15° with respect the incident beam

direction. The sample-detector distance is equal to 145 mm.

Beam
In

Detecfor

RBS

145

All in milimeter

\
\\
\
SAMPL%\\[/ 175

Figure 5.7: Layout of the RBS chamber indicating sample and detector

position.

d) RBS experiment

Conventional backscattering measurements were performed with 2.00 MeV “4He*
ions. The samples were mounted individually along the ladder and then loaded
into the sample chamber. The standard samples used to calibrate the channel
number in terms of backscattered ion energy were platinum (Pt), palladium (Pd),
titanium (Ti), and silicon oxide (SiO2). An average current of 78 nA and total
charge of 20 uC were chosen. The vacuum base pressure was better than 1x10-4
Torr. The energy spectrum of the scattered radiation was recorded using a

surface barrier detector at a constant scattering angle 15°, with respect to the
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incident beam direction, as shown in Fig 5.7. The detector energy resolution was
20 keV.

The resonance scattering was performed in a standard RBS geometry. The
beam energy was varied between 3.0 and 3.3 MeV, with a step of 0.02 MeV, to
observe the oxygen resonance, at different depths. To analyse the oxygen
profile, sequential spectra were taken as the energy was increased stepwise. For
all measurements, the multichannel analyser calibration was 5.8 keV/channel as

determined by the calibration standards.

By means of RUMP software [5.22], conventional RBS as well resonance
scattering data were analysed. Inputs to the RUMP program include beam
energy, ion species, integrated incident charge, detector solid angle, energy-
channel conversion factor, energy resolution, angle between the sample normal
and the incoming beam, and the angle between the beam direction and the

detector.

For a spectrum synthesis the sample is considered to consist of a stack of
sublayers, each with uniform composition and therefore a fixed energy loss. Each
simulated spectrum is made up of the superimposed contributions from each
element of each sublayer in the sample. Any such contribution is referred to as
brick. To determine the location in energy of a brick, the energy loss is computed
along the inward and outward path of the beam through all overlying sublayers.
In case of impurity or implanted ion analysis within a given layer, the SPECIES
command in conjunction with the EQUATION command is used to define the
distribution. The EQUATION command defines a Gaussian profile with range and
straggling as parameters. The refinement procedure consists in first varying the
projected range value while the straggling value is fixed and vice versa until the
agreement is found. Analysis details are shown in Appendix C. To analyse the

oxygen profile, sequential spectra were taken stepwise, as shown in Appendix D,
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and E. The scattering cross section data for He on oxygen, of Gurbich [5.23],
calculated for a scattering angle of 165°, were used. With the RUMP program,
the calculated spectrum is compared with the experimental spectrum and various

features are matched to obtain the scaling and normalisation parameters.

5.3  Stress Determination using Synchrotron Diffraction

Among a number of methods available for stress analysis, the diffraction
technique, employing either conventional X-ray or synchrotron radiation, is very
suitable for the non-destructive residual stress analysis of the near surface region
of polycrystalline materials, or even thin films [5.24, 5.25]. X-ray stress analysis is
based on the experimental determination of elastic strains, which are converted
to stresses by means of the theory of elasticity [5.26]. In the following the concept
of diffraction stress analysis and the experimental procedures to determine stress

in the ion implanted samples will be discussed.

5.3.1 Concept of diffraction stress analysis

Residual stresses can be classified as macrostresses, and microstresses
depending on the scale at which a material is analysed, as discussed in section
3.2. In a crystal structure, residual stresses can be characterised in terms of their
effect on the X-ray diffraction pattern. The basic feature of diffraction stress
determination is the use of interplanar spacings as atomic level strain gauges.

Bragg’s law

A =2d" sing™, (5.17)

determines the peak position by relating the lattice spacing d” of a family of

planes, identified by the Miller indices (A4/), to the diffraction angle #™ to a

63



given wavelength A. Concentrating firstly on the determination of macroresidual
stresses in a polycrystalline material, it is important to underline here that the
lattice spacings are measured in the direction of the scattering vector. Therefore,
the direction-dependent measurement of lattice strains associated with the
macroresidual stresses is possible. The interplanar spacings of a specific set of
planes (hk/) are obtained from diffraction of differently orientated grains. This is
achieved by measuring the same diffraction peak under different tilts and
rotations of the sample with respect to the incident beam. Due to the presence of
stress, there will be a shift in the measured peak position corresponding to the
change in average lattice spacing in the direction measured, as illustrated in Fig.
5.8.

Usually the diffraction angle #™, and hence d” is obtained from the position of
the maximum or centroid of the (hk/) peak. It is then possible to calculate the

elastic strain ¢ from

hki

(dhk/ _dohk/>
e L

hki
d,

where d;” is the strain-free lattice spacing of the (h47) lattice planes.

: (5.18)

In the case of microstresses, the strain may vary considerably over short
distances, but with no net effect over the illuminated volume. In this situation, the
effect of microstresses leads to an angular broadening of the diffraction peak, but

without any change in its position [5.27].
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(b)
Figure 5.8: Schematic of diffraction stress determination.
(a) certain atomic planes satisfy Bragg's law and diffract X-rays at a
26 value which depends on the spacing of the (hkl) planes. (b) After
the sample is tilted, diffraction occurs from other grains, but from
the same set of planes. Since in a stressed sample the inferplanar
spacing is different, there will be a change in diffraction angle as
indicated by the peak shift [5.27].

a) Diffraction geometry and strain measurement procedure

The direction of the strain measurement, is usually denoted by the angles

and ¢, where v is the angle of inclination of the sample surface normal to the
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diffraction vector, and ¢ denotes the rotation of the sample around the sample

surface normal.

A typical diffraction geometry, as well as the definition of the sample reference
system S, and the laboratory reference system/,, is shown in Fig. 5.9. In the
sample coordinate systemS,, S, and S, are in the surface of the sample,
whereas S, is orientated along the surface normal to the sample. In the
laboratory reference system/,, L,points in the direction of the normal of the
family of planes (hk/) whose lattice spacings are being measured. If the sample
is tilted, both axes S,and L,are separated by . L, is in the sample surface
plane making an angle of ¢ with the S, axis. In this setup, the tilt angle ¢ and
azimuth angle ¢, are used to determine the sample orientation in every step of
the measurement. At a fixed Bragg angled”™ , different measurement directions
bring different grains into diffraction condition. The linear lattice strain measured
for a particular (+,¢) direction is the normal component of the tensor strain

along the diffracting plane at the measurement point.

Full determination of the strain tensor, and hence the determination of stress, at
a point requires at least six independent measurements. Theoretically, in the
absence of statistical and experimental uncertainty this can be achieved by
measuring the six strain components in different (v),¢ ) directions at the same

point.
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Figure 5.9:  Definition of the angles v and ¢ with respect to both, the laboratory

coordinate system L; and the coordinate system S, .
b) Fundamental equation of X-ray stress determination

Using Eq. (5.18), strain measured in the above defined coordinate systems along

L, is given by

£y =’ (5.19)

where d,, is the lattice spacing from grains oriented so that the chosen Bragg
reflection leads to diffraction. The strain measured in the laboratory reference
system can be expressed by the lattice strains ¢, in the sample coordinate

system by tensor transformation, as described in [5.28]

where a,, anda,, are the direction cosines between L, and S,, and S,

respectively. The indices Aand /can take the values 1, 2, and 3.
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For this operation the sample coordinate is rotated around the S,axis by the
azimuthal angle ¢ and tilted around S, by the inclination anglew). The

transformation matrix a, is given by

cos¢costy singcosy —siny
ay, =| —sing cos ¢ 0o | (5.21)

cos¢siny  singsiny  cosy
Substitution of a,, and a,, in Eq. (5.20) yields

€, = €11C0S% @SN 1 + £, SIN2¢ SIN* Y + €,, SiN® Ppsin® ¥ + &, cos® 1 (5.22)

+ €45 COS hSIN 21 + €, SINGSIN 27D, '
Equation (5.22) is the fundamental equation of X-ray strain measurement
[5.24,5.29,5.30]. It can be also be written in the form

€, = (£,,C0S% ¢ + £, SIN2¢) + £,, SIN* § — £53) siN” 1) (5.23)
+(£,3 COS P+ £,5 SINP)SIN29) + £4,.
Eq. (5.23) connects the measured strains with the components of the strain
tensor in the reference system of the sample. Finally Hooke’s law links the
measured strain tensor ¢; to the stress tensoro;:
£ = S0, (5.24)

where /and j can take values 1,2 and 3, and S, is the tensor of the elastic
compliances. Eq. (5.24) cannot directly be substituted in Eq. (5.20), because the
elastic compliances are usually given in the reference system of the crystal’s unit

cell rather, than the sample reference system. Therefore, it is necessary to
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perform a fourth rank tensor transformation, for which the &, component is
shown as an example:

&1 = b0, 060pS mnop O (5.25)

o~ mnop

The tensor of the elastic constants S, is given in the coordinate system of the
unit cell of the crystal, and the b, are the direction cosines between the basis
vectors of the unit cell and the sample reference system. Substituting Eq. (5.25)
into Eq. (5.24) makes this equation unwieldy, but, if the material under

consideration is isotropic, then Hooke’s law becomes much simpler:
1
& = Esz(hk/)a,]. +0;S,(hkl)o . (5.26)

The subscript kis a dummy index, and implies summation over all A, and é‘,].is

Kronecker delta.

The quantities s,(h4/) and %sz(hk/)are the X-ray elastic constants. These are

averaged single crystal elastic constants, which take into account the elastic
response of the grains which contribute to the actual diffraction [5.28]. For an
elastically isotropic material, these are directionally independent and related to

the macroscopic elastic constants by

31/7/(/ _ _%

5.27
_82 — ,
2 E

where v and £ are Poisson’s ratio and Young’s modulus, respectively.

Substitution of Eq. (5.26) into Eq. (5.23), and taking into account Eq. (5.27),
yields
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_14v

» T(U” cos® ¢ + 0., SiN2¢ + 0,, SIN® ¢ — 74,) SIN* 1)
1+ - (5.28)
14 . . 14 14
+?(U13 COS ¢ + 03 SINP) SIN27) +?033 _E(UH + 0 +03),
or, in terms of the X-ray elastic constants as
Esp = %‘92”"’(011 cos® ¢ + a,, SiN2¢ + 0,, SiN° ¢ — 74, ) SIN" ¥
(5.29)

hki

+1s
22

hki hki

. ) 1
(013C0S @ + 0,4 S|n¢)3|n2¢+552 Og3 + 81 (O4y + 0 + 033).

Eq. (5.29) expresses the measured strain in terms of the stress tensor

components in the sample frame of reference.
c¢) The sin2y method

In a diffraction experiment as described above, only the near surface region of a
sample can be probed, leading to the assumption that the stress in this region is
biaxial, /e. all components o, of the stress tensor are zero [5.31]. Thus Eq.
(5.29) reduces to

hkl hkl

1 .
Cos =55 o, sin*+ 8" (0, +0,), (5.30)

where 0, = 0,,C0S’ ¢ +0,,SIN2¢ + 7,, SIN’ . (56.31)

Measuring the strain ¢,, at a chosen angle ¢ and at different tilt angles ', and
plotting the strain against sin? v, leads to a straight line with the slope %sé”"’)o;w
and intercept s/(o,, +0,,), provided that %sé’k’and o, are constant. It should be

mentioned that the stress o, obtained in this approach, known as the sin®y -
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method, and introduced by Macherauch and Miiller in 1961, is a scalar quantity
[5.32]. If several stress values o, are acquired from the slopes of siny plots

measured in different azimuthal directions¢, say o,, o the stress

$+45° 7 U@‘+90° ’

components o,,, 0,,, and o,,can be calculated from Eq. (5.31).

It is important to note that in certain cases, the application of this method does
not lead necessarily to the expected linear behaviour [5.33,5.34]. In textured
materials for example, where the grains are preferentially oriented, the X-ray
elastic constants can vary with y andg¢. As a result the sin®y plot shows an
oscillatory behaviour (Fig. 5.10a). Another situation is where the shear stresses
are non-zero. This case introduces a y -splitting in the plot of the lattice spacing

(or strain) versus sin’y (Fig. 5.10b).

(a)

0.5 0 0.5

.2
Sin L\ S|n2\p

Figure 5.10: sin’w responses for (a) materials exhibiting texture, (b) a triaxial
stress state [5.30].

Non-linearity of a siny plot is also observed in the case of steep stress
gradients. Since a fair amount of the radiation is not scattered at the surface of
the sample, but in the region below, the diffracted X-rays always carry some

information from a region where the stress is not necessarily biaxial. Therefore
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due to different strains in the surface and in the bulk, a change in slope should be
expected. One approach which takes the stress gradients into account is to

describe the stress components as averages over the depth z probed:

fa,].(z) exp(—z/7)dz
o, = : (5.32)

f exp(—z/7)dz

where Tis the penetration depth, given by

sindcos
T= —1/)

T (5.33)

where p is the linear absorption coefficient. The change of notation of depth from
x to z is motivated for compatibility with normal usage in the field of stress
analysis. The penetration depth 7 given by Eq. (5.33) is for measurements made
in the side-inclination geometry [5.23], as discussed later. The penetration depth
7 is defined by the condition that the intensity / of the X-rays passing through a
material of this thickness is 1/ of the primary intensity /,. The penetration of the
X-ray beam depends, due to the linear coefficient;,, on the material under
investigation, the Bragg anglef, and the tilt angle+ . The observed stress value
is therefore the weighted sum of all the underlying stresses in the depth

penetrated by the X-ray, as expressed in Eq. (5.32).
d) Determination of the stress depth profile

As mentioned above, residual strain and stress profiles determined by X-ray
diffraction in the near surface region of polycrystalline materials are always
averaged quantities. A convenient measure of the irradiated depth is the 1/e
penetration depth 7 in the Eq. (5.31). Thus, all measured quantities are in fact

functions of 7, rather than a function of the depth zbeneath the surface. The -
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profile of strain and stress can be determined by varying the incident beam angle
[5.35 - 5.37], or by varying the wavelength and reflection used [5.31, 5.38, 5.39].

For a quantity g determined by a diffraction experiment, e.g. a stress or strain
component, the relation between the average quantity (g(r)) measured as a

function of 7, and z-profiles of that quantity is

["a(z)aP
(7)) =—7F—, (5.34)

fo aP'

where

dP'—ce dz, (5.35)

where cis a constant, D is the sample thickness in the z direction, and

D
arP'/ f dP'is a weighting factor expressing the normalized diffracting power from

the element dVat depth z.

Eq. (5.34) can be written as

D

f q(z sz
0 .

fefdz

(q(7)) = (5.36)

By integrating the denominator in Eq. (5.36), the following expression is obtained

b _z _b
je fdz:r[1—e ] (5.37)
0
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If Dis much larger than rvalue, then Eq. (5.37) is approximately equal to 7. D
can also be assumed to be infinity without significantly affecting the value of the

integral in the numerator. With these assumptions, Eq. (5.36) becomes

«q(e) = [a(2)e “dz =L[q(2)]. (5.38)

The right hand side of Eq. (5.38) is the Laplace transform of g(z). Therefore the
zprofile is the inverse Laplace transform of the left hand side of Equation (5.38),

Le.
q(2) = L'[2(q(c)). (5.39)

To obtain the z-profile, the normal procedure is to assume a function for the z-
profile, calculate the r-profile from Equation (5.36), compare it with the
measured 7 -profile data and repeat the process until a satisfactory fit is obtained
to the = data. A number of model functions, e.g. exponential functions [5.40],
Jacobi polynomials [5.41], trigopnometric functions [5.42], and Taylor polynomials
[5.43] have been used, with least squares minimization to obtain the depth-

resolved residual stresses.
Using the power series, the depth resolved stress can be modelled as

O'I].(Z)ZG;+ZQ;ZH , (5.40)

where 0',;’ are the stress tensor components on the surface, the a; constants are
the power series coefficients and n are the exponents of the series terms. Since

we are dealing with the averaged stresses, one can write

(o;(z)) =0 + K1) (5.41)

jtyer
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where 0',;? and K; are constants, and 7, is the measurement dependent

penetration depth.

The functional dependence determined in [5.31] for near surface stress states, is
adopted in this work. According this model, the depth dependence of the stress

tensor components is given by
oi(2) =040 +8;2+b,2° +u,Z2°, (5.42)

and the corresponding averaged stress tensor components integrated over the

depth, using

f z'e "dz=nlr", (5.43)
0

are
<oij> = 0,0+ &;Tp+ Zb”.T(ZM) + 6U/]-T(3w,9) ) (5.44)

To obtain the average stress dependence with depth, a fitting of the integrated
stress components to the different diffraction peaks is done. The strain ¢,,
obtained from each diffraction peak is considered as a data point, which is used
to parametrize a tri-axial model stress function expressed in Eq. (5.29). The
outcome of the parametrization is a set of six scalar functions, each one
corresponding to one stress tensor component, as given in Eq. (5.44). To reduce
the number of unknown coefficients in Eq. (5.44), the surface boundary
conditions and the equations of equilibrium of the linear elasticity theory are

used, /e,

Vo, =0, ij=123, (5.45)
and

;0,0 =0. (5.46)

U
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Eq. (5.45) imposes certain restrictions on the stress distribution possible within
the material, so that all forces in the body must be in equilibrium. Eq. (5.46)
reflects that, directly on the surface, all the components of the stress tensor

perpendicular to the surface marked with the index 3 must vanish.

Taking the above considerations into account, the number of unknown

coefficients in Eq. (5.44) is reduced to 20:

(011) =0yq0 + a1 Tyt 2b11T(21//,9) + 6U11T(3y/,9)
(Oy) =0pp + ayTyat 2b227(2y/,9) + 6U227(3.//,9)
(Os5) = 23570, ) + 68U T, 0 (5.47)
(012) = Oyp0 + @170, )+ 2b127(2y/,9) + 6U127:(3¢//,9) . .
(O13) = 13Ty, )+ 2D15T0, ) +OULT, o)

_ 2 3
(0y) = 8T 0t 2b23r(,/,,9) + 61./232'((/,,9)

The unknown coefficients are obtained through a non linear fit procedure using
Mathematica™ software [5.44]. This program fits the parameters of the
mathematical model to the measured strain values with a weighted non-linear
Levenberg-Marquardt fit procedure [5.45]. Details of the nonlinear fit procedure

are found in Appendix A.

The elastic constants used in this stress determination process take the X-ray

. . 1 . . .
elastic constants, /e. 31”"’ , and 552”’" into account. The reason for this approach is

that the material under investigation, polycrystalline titanium, has a hexagonal
close packed structure, and therefore, as other hcp materials, it presents
anisotropic elastic and plastic properties. The X-ray elastic constants based on

the Kroner model [5.46, 5.47] were used in this investigation.
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5.3.2 Experimental details

5.3.2.1 Radiation source and beamline

a) Synchrotron radiation source

The principle of every synchrotron radiation source is that, for a bunch of
electrons accelerated in a ring to speeds close to the speed of light, the
centripetal acceleration due to the curvature of the path causes the electrons to
emit electromagnetic radiation [5.48]. Using the example of the Brazilian
synchrotron source, Laboratorio Nacional de Luz Sincrotron (LNLS), Campinas,
used in this study, the main components of a synchrotron radiation facility are
shown in Fig. 5.11. A linear accelerator (LINAC), not shown in Fig. 5.11,
accelerates electrons to 120 MeV before feeding them into a booster
synchrotron. The booster raises the beam energy to a starting energy of 500
MeV. The accelerated electron beam is then injected into the storage ring,
where it is accelerated to, and maintained at the operating energy of 1.37 GeV.
The photons produced at the bending magnets are available for users through

the individual beamlines.

77



Storage ring booster

(a)

D10A-XRD2

beamline

D10B-XPD% 51 0a-xRD2

(b) D11A-SAXS1 2 * DO9B-XRF
AN

D12A-XRD1

DO3BMXT R0y, € D0SATGM
DO4A-SXS "§o4p-xAS
Figure 5.11. Synchrotron radiation source at Laboratorio Nacional de Luz
Sincrotfron (LNLS) Campinas, Brazil. (a) Photograph showing the
booster, the storage ring, and the beamline used. (b) Schematic
representation of the facility indicating beamlines using VUV and
soft X-rays (red) and beamlines using hard X-rays (blue).
beamlines indicated in green are under construction, D10A-XRD2

/s beamline used for the experiment described in this work [5.49].

78



According to general principles of classical electrodynamics, accelerated charged
particles always radiate electromagnetic waves. The power radiated by non-

relativistic electrons is given by

e’ dpY
S=————|=|, (5.48)
6me,myc” \ dt

where e is the charge and m, the mass of an electron, ¢ is the velocity of light,
g is the dielectric constant of the vacuum, and p=my is the particle
momentum. In case of relativistic particles, a Lorentz invariant form of Eq. (5.48)

is applied, where the time transforms according to

ot —dr—_at, y—-E ! 5=

- - , 5.49
v moc2 \/1 ~ 62 ( )

o<

With these transformations, the radiation power of a charged relativistic particle

becomes

e’c 1

- 67, (m002 )2

%]2 _i[d’-: ]2 _ (5.50)

ar c? E

The radiation depends strongly on the angle between the direction of particle
velocity and the direction of acceleration. From the two extreme cases, linear
acceleration, where(dv/dr)| v, and circular acceleration where(av/dr) Lv,
the latter provides the basic concept for quantifying the synchrotron radiation
output. If the accelerating force F acts on a charged particle perpendicular to the
direction of motion, the emitted radiation power is significantly higher than in the
case of linear acceleration. Since electrons in a synchrotron are moving through

a magnetic field B, the accelerating force Fis given by

F=evxB, F_lv. (5.51)
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Because of the direction of the accelerating force the resulting trajectory is a
circle. Therefore, the energy of the particle is not changed. The term dE /dtin

Eq. (5.50) vanishes and the radiation power can be written as

S_ e’c [@]Q _ écy?
at

2
_ | e @] . (5.52)
6me, (moc®) \IT)  6mey(myc?)

The trajectory being a circle, the derivative of the momentum with respect to the

time becomes

ap 1%

* — pw=p—, 5.53

g PY=P5 (5.53)
where R /s the bending radius of the trajectory. For ultra-relativistic particles with
v>1,i.e. y>1000, the energy is £ = pc. Therefore Eq. (5.57) can be written

as

e’c E*

- ¢ E_
67e, (m002)4 R?

(5.54)

Eq. (5.54) shows the strong energy dependence of the radiation emitted by
charged particles traveling along a circular trajectory. It also shows a strong
dependence of the radiation on the particle mass m,. This explains the choice of

electrons to generate such radiation, instead of using protons.

Eq. (5.54) gives the total power of radiation emitted for all photon energies or
wavelengths. For practical purposes three properties, the brilliance, the
brightness, and the flux, characterize a synchrotron light source [5.50]. The
brilliance is defined as the number of photons per unit time area, solid and
bandwidth (AE / E). The normal units applied for solid angle and area are mrad2
and mmZ2, and a bandwidth of 1% is used. Integrating over the area yields the

brightness, which is the number of photons per unit time, solid angle, and
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bandwidth. Further integrating over the vertical divergence over the beam gives
the quantity normally quoted for any experiment, the flux which is the number of
photons per unit time, bandwidth and angle in the horizontal plane. When
normalized to the energy of the beam current the brilliance has a universal form
[5.50] as seen in Fig.5.12.

% 10'3

/Current

2

Cea

0.1% BW/E

“f

>

% I 2 3 4

Lh

Photons/sec/mrad

Photon Energy/Characteristic Energy (J

Figure 5.12: The brilliance spectrum from a bending magnet , normalized by the
square of the electron energy and the beam current as a function of

the ratio of the photon energy to the electron beam energy [5.57].
b) D10A-XRD2 beamline
As seen in Fig. 5.11b all the beamlines are located at the 12 dipole bending
magnets. The photon flux for any of the dipole magnets is shown in Fig 5.13. The

selection of the spectral region used in an experiment depends on the

characteristics of the particular beamline. The D10A-XRD2 beamline used in this
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work covers the spectral range of X-rays,with a flux ranging from 5x107 t01072
photons/mrad/sec/0.1%bw, as seen in Fig. 5.13. The main application areas for
this equipment are high-resolution X-ray diffraction, resonant X-ray magnetic
diffraction and grazing incidence diffraction but it is also adapted for
measurements of diffraction-enhanced tomography and phase-contrast

radiography [5.52].
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Figure 5.13. Spectral flux of the bending magnets at the LNLS, indicating
regions used by the individual beamlines [5.49].

In the framework of this study, preliminary work [5.53] showed that CuKa
radiation produced by a conventional X-ray tube, allows, in principle, probing of
the change in stress due to implantation. However, the unacceptably long
measuring time using conventional X-rays suggested employing synchrotron
radiation, and the combination of the available photon energy, and the flexibility
of the goniometer, as described below, made it possible to use this particular

beamline.

¢) Synchrotron beamline optics

There are two main optical elements in the D10A-XRD2 beamline. The first is a
vertically focusing, cylindrically bent Rh-coated ultra-low-expansion X-ray mirror
shown, as part (ii) in Fig. 5.14. The role of the mirror is to reflect all energies

below 15 keV, through the beamline.
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The second element, indicated as (iii) in overall layout of the beamline in Fig.
5.14, is the double-bounce monochromator consisting of a flat water-cooled first
crystal and a dynamically bent sagittal crystal. The monochromator is located in a
one-to—one configuration regarding the source-to-monochromator and
monochromator-to-sample distances, allowing an optimized configuration of the
beam size at the sample and the horizontal angular acceptance. Other beamline
elements, such as motorized slits, X-ray beam position monitors, adjustable
filters, vacuum flight paths, a detector to monitor the intensity of the primary
beam, primary beam counter are connected in the end station (iv). The energy
range covered by the beamline optics is between 3 keV and 15 keV. The lower
limit is imposed by the absorption losses in the Be windows, and the upper limit
is fixed by the source and cut-off energy of the X-ray mirror. The highly parallel
beam has, at the sample position at the centre of the six-circle goniometer,

segment (v) a size of the order of 0.5 x1 mm2.

17.4576

Figure 5.14. (a) Side and top views of the main components of the XRDZ2
beamline at LNLS: (i) bending-magnet source, (ii) X-ray mirror, (Jii)
double-crystal monochromator, (iv) end-station, (v) six-circle
diffractometer [5.52]
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From a user point of view the primary component of the beamline is the Huber
six-circle diffractometer, in vertical scattering geometry, on which the sample to
be investigated is mounted. The second part of the diffractometer is the
scintillation counter which records the diffracted radiation from the material under
investigation. Fig. 5.15 shows a photograph of the diffractometer used to carry
out our experiment, as well as schematic representation of the goniometer
indicating the degrees of freedom for moving sample and detector during the
experiment. The axes in the figure are labeled according to the generic names
used for all goniometers. In the side inclination geometry used here, the  -tilt

corresponds to the movement of the chi goniometer.

The goniometer is operated using SPEC software [5.54] in a PC-based Linux
environment using separate computers for control and data storage. For

alignment of the goniometer axis in the beam, an additional detector is positioned

in the beam axis behind the diffractometer.

Figure 5.15: (a) Schematic of the goniometer showing the four degrees of
freedom of movement used in the experiment. theta, chi, phi, and
two-theta. (b) Photograph of the diffractometer at LNLS.
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5.3.2.2 Sample alignment

It is important to underline here that, not only at the start of the experiment, but
whenever the beam has been off, an alignment of the beam must done. This is
achieved by monitoring the direct beam with a CCD camera and adjusting until it
has a defined profile and position on a TV monitor. The sample surface must
then be accurately positioned in the centre of the goniometer axis, and
simultaneously in the centre of the beam. This is achieved by ensuring that the
sample surface is parallel to the beam and bisects it at theta equal to zero.
Before mounting any sample, the following alignment to make sure that the

goniometer axis is in the beam is required:

1. Mount a pin in the position of the sample on the goniometer head.

2. Observe visually that the point does not move on rotation using a
telescope. If so, then the pin point is on the goniometer axis.

3. Use the x and z movements of the goniometer table to bring the pin into

the beam so that it cuts half of the beam.

Once alignment of the goniometer axis and beam is achieved, the pin is removed
and the sample mounted. For each new sample mounted, the important steps for

the alignment are as follows:

1. Line up the z movement on the goniometer so that the sample cuts half of
the beam.

Line up the theta circle to bring the sample surface parallel to the beam.
Move chi to 180° and repeat the line up theta procedure.

Repeat steps (1) to (3) until the sample surface is parallel to the beam.
Turn to the phi circle to 90° and repeat steps (1) to (4).

Repeat steps (1) to (5) until the alignment is achieved.

N o o M D

Define the zero position of the 26 circle.
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To realign during a measurement, after the beam has been switched off, the
above steps are repeated using the sample, except that the z-motion of the

goniometer table is used instead of the sample.

5.3.2.3 Measurement procedure and data collection

The diffraction experiment was carried out on the unimplanted and implanted
polycrystalline titanium samples, described in section 5.1 of this work. The beam
energy used during the measurements was 11 keV, which corresponds to a
wavelength of 1.125 A. From a 6—20 scan between 26 angles of 24.8° and
81°, four reflection peaks were chosen for stress determination. Three low index
peaks: (100) at §=12.78°, (002) at #=13.98°, and (101) atd=14.60° were chosen
for low penetration depth. These three peaks were measured within a ¢ range of
12.0° - 15.5° in sted sizes of 0.01°. The fourth peak (105) at 6=39.80° was
chosen for high penetration depth and was measured, with the same step size as
the previous peaks, in a range between 39.4° and 40.25°. The 16 v -tilts were
provided by tilting the sample in side inclination mode, perpendicular to the
scattering plane, at 10° intervals from 0° to 70°, and then 75°, 78°,80°, 82°, 84°,
86°, 88°, and 89°. The samples were measured at ¢ angles of 0°, 45°, 90°, 135°,
180°, 225°, 270°, and 315°.

The measurement for one sample took approximately 7 hours. The actual data
recording time was relatively short in comparison to the time the goniometer
requires to read the settings. To optimize the measuring time a new strategy for
the goniometer movement was introduced to the operation of the diffractometer.
In a normal approach, after measuring the diffraction pattern at the different
1 tilts the orientation of the sample was set back to its initial position, defined as
the ¢ = 0 setting, and the phi circle of the goniometer was moved to a new angle
and the measurement continued by measuring the diffraction peaks at different

1 angles starting from 0 to the highest. For the improved approach a macro
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script was written to control the different stepping motors to control the
goniometer in a way that after the sequence of the 1) dependent measurements,
a new ¢ angle was set and iy measurements were performed in reverse order.
This led to a significant reduction in the measurement time for each sample. The
measurements were stored on the data computer as ascii file, which can

imported to any other program, such as Origin.

5.3.2.3 Quality check of the stress determination

To confirm the adjustment of the diffractometer, a stress free tungsten powder
sample was measured under the same conditions. The peak positions for the
sin24) curve, shown in Fig. 5.16, were determined by fitting a gaussian to the
diffraction pattern. The curve shows no stress dependence, even for high
1y tilting, indicating the high quality of the alignment and the high quality of the

measurement in general.

0.002 |- B

or }H t

0.000
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Figure 5.16. strain versus siné+) curve of a stress free tungsten powder sample
for the (100) reflection peak (260=29°). This reflection is very close

to the (101) reflection chosen for the measurement (28.9°).
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Figure 5.17: Raw diffraction peaks for (101) reflection for unpolished sample
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5.3.3 Peak position determination

The accuracy of stress determination using the X-ray diffraction method relies on
both, the accuracy of the determination of the peak position and the goodness-of-
fit of the assumed linear model that relates the peak shift to the sample
orientation [5.55]. In the absence of systematic errors, it is the uncertainty in peak
location due to random counting statistics that provides the major source of
errors. The most frequently used methods for the determination of the angular
position of X-ray diffraction intensity profiles are: the parabola method [5.56],
least square fitting of a mathematical function [5.56, 5.57] the cross correlation
method [5.56, 5.58], and the centroid (or the centre of gravity) method
[6.59 - 5.61]. In the fitting process, common functions that are used include

Gaussian, Lorentzian or pseudo-Voigt functions [5.62].

In this work, however, the centroid method was chosen to determine the peak
position of the diffraction peaks. The use of cross-correlation or centroid has the
advantage of being independent of the shape of the diffraction peak, but requires
integration of the diffracted intensity over the entire peak profile [5.63]. This
choice was informed by two observations. Firstly, the background is very low in
the synchrotron diffraction patterns, leading to fewer inaccuracies in performing
the integration. Fig. 5.17 and Fig. 5.18 show raw diffraction peaks (101) recorded
for low Bragg and high Bragg angles (105), respectively (both for #= 0°, and
= 0° 20° 30° 60° 70° 89°). More importantly, however, was the fact that
most of the peaks recorded present complex shapes. As seen from Fig. 5.19
most of the diffraction patterns show besides an asymmetry in the tails, multiple
peaks which change with the measurement direction. This peak shape
complexity in polycrystalline titanium was also reported in [5.64]. The difficulties
with the peak shape make titanium a much more challenging material than other

metals to perform residual stress determination.
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Figure 5.18. Complexity of the peak shapes. Asymmetry and multi-peaks in the

peaks recorded are shown.
The centroid is defined [5.65] by

, f 20/(260)d(20)

— (5.61)
f 1(20)d (26)

where /(20) is the intensity corresponding to the peak location at26.

A special difficulty encountered in the experimental determination of the centroids

of peak profiles comes from the slow asymptotic approach of the tails of the
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profiles to the underlying background. Without incurring significant error, it has
been found practicable to solve this problem by truncation of the profile at some

arbitrary level above the background [5.65-5.68].

The variance, or squared standard deviation is directly associated with the

centroid (268) as a measure of peak location, and is defined by

f (26 —(26))’ 1(26)d (26)

o? =((20—(20))) = [ 120)a(20)

(5.62)

The accuracy of the centroid method is dependent upon the precision with which
the intensity in the tails of the diffraction peak can be determined and upon the
range of integration. Therefore it is very important to measure the diffracted
intensity at small angular increments to provide a precise definition of the entire

diffraction peak profile.
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6 RESULTS

6.1 Krypton profile

Fig. 6.1 shows on a linear scale the experimental and simulated RBS spectra
used to determine the krypton profile, in both unpolished (Fig. 6.1(a)-(e)) and
polished (Fig. 6.1(f)-(i)) titanium samples. The same spectra are shown in Fig.
6.2 on a logarithmic scale. RUMP software [6.1] has been used for the
simulations. The refinement procedure followed is based on modelling a
multilayer structure with a Gaussian implantation profile, through a series of
adjustments of layer thicknesses, compositions, projected range and full width at
half maximum (FWHM), until the best agreement is found between the simulated
spectrum and the experimental data. Details of the analysis method are given in
Appendix C. For ease of comparison, the spectra for unpolished and polished

samples, with the same fluence, are shown side by side in the figure.

The basic form of all spectra is, as expected for a bulk sample, a step function
centered at energy of around 1.5 MeV corresponding to back-scattering from
titanium. In the spectra, there are three particular features of interest. The first is
the krypton signal, which is observable as a peak to the right of the titanium
edge, at around 1.6 MeV, which increases with the fluence. The second is a
shoulder, between channel 350 and 380, which can only be observed in all
unpolished samples. This shoulder is associated with the presence of iron
impurities in the titanium samples, as specified by the producer. The polishing
process removes the iron impurities, as can be seen in the spectra of all the
polished samples. The third feature, which is associated with the presence of
oxygen in the samples, is a small step arising from the superposition of titanium
signal and oxygen, observable at around channel 320 for the unpolished
samples. This step is hardly visible in polished samples. Another indication of
oxygen in the RBS spectrum is the sloping background, which suggests a

gradient in the titanium concentration, or the presence of a light element which is

93



not titanium. The Kr peak is shown on an expanded scale in Fig. 6.3 (linear
scale) and in Fig. 6.4 (semi-logarithmic scale). To investigate this further it was
necessary to make use of resonant scattering from oxygen, at 3.045 MeV, as

discussed in section 6.2 below.
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Figure 6.1.  (a) fo (e) Experimental and simulated spectra for unpolished
samples. (f) to (i) Experimental and simulated spectra for polished

samples (confinued overleal).
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Figure 6.1.  (a) to (e) Experimental and simulated spectra for unpolished
samples. (f) to (i) Experimental and simulated spectra for polished

samples (continued from previous page).
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Modelling an isolated krypton peak on a small scale, using the RUMP package
as described previously, allowed the determination of the krypton ion projected
range, and the associated range straggling, for both the unpolished and polished
samples. The procedure consists in first varying the projected range value in the
simulation around the peak position while the straggling value is fixed, and then
vice versa. This was repeated until the agreement was found. The results are
shown in Fig. 6.3, for both unpolished (Fig. 6.3(a)-(d)) and polished (Fig. 6.3(e)-
(h)) side by side with their corresponding residuals showing the accuracy and
agreement of the model with the experimental data. The values for the estimated
projected range and straggling, with associated errors, are summarized in Table
6.1. For convenience, and comparison with other techniques, all depths have
been scaled to the mass density of elemental titanium. Although titanium is well-
known to getter oxygen and other atmospheric gases, these are incorporated into
the structure with the change in density being compensated by lattice expansion.
It is obvious from these results that, as expected, as the fluence decreases the
krypton concentration also decrease, leading to the increase in error of the
projected range and the straggling. It can be observed, on the other hand, that
for the same fluence the projected range is deeper, and the straggling higher in

the unpolished samples than in polished samples.

For comparison, the SRIM Monte-Carlo code [6.2], version 2008 was used to
calculate the projected range and straggling of krypton ions in titanium. From the
calculations, a projected range of 698 A and a straggling of 271 A were obtained.
The calculated projected range is about 18% higher than the value of the
unpolished sample implanted the highest dose but the straggling value correlates
with the measured value. At this dose, the difference between the calculated and
measured projected range is reduced to about 15% corresponding to a value of

about 673 A if the sputtering process is taken into account, as seen in Table 6.1.
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Figure 6.3: (a)-(d) Krypton peak on an expanded scale for unpolished samples.

(e)-(h) Krypton peak on expanded scale for unpolished samples.

The residuals for both samples are also shown on each graph at

the bottom (continued overleaf).
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Samples Fluence Calculated | Krypton Krypton
ions/cm? range (A) | range (A) | straggling (A)
Unpolished
N4 5x1015 673 570 £10 |274+6
N3 1x1015 693 580 £20 |[262+15
N2 5x1014 695 510 £30 |[234+21
N1 1x1014 698 450 +50 |213+34
polished
P4 5x1015 673 540 +1 234 +4
P3 1x1015 693 505 £15 |226+9
P2 5x1014 695 475 +£2 221 +£13
P1 1x1014 698 410 £40 |212+26

Table 6.1:  Krypton projected range and associated straggling for unpolished
and polished samples. The calculated range includes correction for

sputtering of the surface.

6.2 Oxygen profiling

The results presented in Fig. 6.4 illustrate the backscattering spectra using
elastic resonance for oxygen detection. The spectra for both unpolished (Fig.
6.4(a)-(e)) and polished (Fig. 6.4(f)-(j)) samples have been simulated using
Gaussian and multilayer modelling at the oxygen resonance energy of 3.045
MeV. The analysis method used is shown in Appendix D(a) for unpolished and
Appendix D(b) for polished samples with higher dose implantation. The scattering
cross section data for He on oxygen, are those calculated by Gurbich [6.3] with a
scattering angle of 165°, corresponding to the setup for the detector. The most
noticeable feature in these results is the oxygen resonance peak arising from

scattering off near surface oxygen.
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(a)-(e) RBS and resonance spectra for unpolished samples. ()-(j)

RBS and resonance spectra for polished samples (continued from

previous page).

Scanning the projectile energy to higher energies allowed a profiling of the

oxygen. Results are shown in Fig. 6.5, for the as-received and polished samples

implanted with 5x1015 Krt*/cm2. It can be seen that the oxygen peak remains

clearly visible in the data for the unpolished sample for incident beam energies
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220 keV above resonance, indicating a deep distribution of oxygen. In contrast,
in the polished sample the oxygen resonance peak ceases to be present for
incident beam energies less than 100 keV above resonance, indicating that

oxygen is present only at the surface.
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Figure 6.5: The effect of the projectile energy increase on the oxygen
resonance peak. (a) Deep oxygen distribution and straggling effect
leading to a broadening of the resonance peak for the as-received
sample implanted with 5x10° Kr/cm?. (b) Shallow oxygen
distribution for the polished sample implanted with 5x10> Kr/cm?.

Fig. 6.6 shows the calculated oxygen profile for unpolished and polished samples
implanted with the same doses to illustrate the effect of polishing on the oxygen
profile. As-received samples have a thick oxygen rich layer with a concentration
gradient, and a half width of about 500 nm. This gradient indicates that this
oxygen rich layer is not an oxide. The oxygen incorporated near the surface
could be a source of micro-residual stress as discussed later. The polishing

process has removed the oxygen rich layer, leaving a thin sub-stoichiometric
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surface oxide layer of less than 30 nm thickness, corresponding to the resolution

limit of the analysis.

T T T T T 45 T T T T T
30 B 1 1
Unpolished unimplanted i 40 Unpolished implanted with 1x10"“Kr+/cm®) ,
g — Polished unimplanted 3 35 ) Polished implanted with 1x10"*Kr+/cm?) )
T 254 E < 7] 7]
c c 1
K] 1 9o -
g £ ]
£ 204 - £ ]
i) Q
o o
c 1 c 1
8 8 .
o 154 b Pt J
[ [}
o 4 (=] -
> >
x x 4
O 104 4 © I— ]
5 — —\—\ g ]
T T T T T T T T T T
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Depth (nm) Depth (nm)
60 T T T T T 55 T T T T T
55 Unpolished implanted with 5x10'*Kr+/cm® ‘ B 50 = Unpolished implanted with 1x10'® Kr+/cm® B
- - . 154, 2 1
50 Polished implanted with 5x10"**Kr-+/cm h 5] Polished implanted with 1x10' Kr+/cm® ]
S 1 S
eg 45 4 b 9; 40 ]
S 40 4 o B
© ) ® 354 ]
£ 35 4 =
3 ] & 30 4
S a0 1 £
<} 1 g 254 4
o o
c 251 7] c
g 1§ 209 .
2 201 7] >
x 1 x 15 - .
O 154 E o
10 4 ] 10 N
5] |_I \—' ] 5 ]
0 T T T T T 0 T T T T T
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Depth (nm) Depth (nm)
45 T T T T T
40 ‘ Unpolished implanted with 5x10"° Kr+/cm?

= Polished implanted with 5x10'° Kr+/cm®

35 -
30 o g

S
=
S
8
S 254 -
o
=4
8 204 B
c
S
o 154 -
3
10 g
5 -
0 T T T T T
0 200 400 600 800 1000 1200

Depth (nm)

Figure 6.6.  Oxygen depth profile for unpolished and polished samples.
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6.3 Stress determination

In the following, the results for stress determination from two different analysis
methods are presented. In the first case, biaxial stress states in the near surface
are assumed, and the principal stresses are obtained from sin2y plots. In the
second, the whole fundamental equation of stress is taken into account for the
determination of the depth of the triaxial stress tensor, as discussed in 5.3.5. In
addition, a method of analysis to determine the projected strain as a function of
penetration depth is presented. The analysis here focuses only on two
reflections, /.e. the (101) and (100) lattice planes. The reason the (002) and (105)
reflections were not considered in this analysis is the lack of sufficient statistics
for the peak position determination, mainly at high w -tilts where very low

scattered intensities are exhibited.
6.3.1 sin2y curves

This approach uses Eq. (5.30) which relates the strain to stress, and Eq. (5.31),

which gives the stress o, in any direction defined byg and w. This analysis

serves as rough guide, in terms of stress magnitudes and length scales in the
correct order of magnitude. As a first approximation, the X-ray elastic constants

(XEC) were approximated by the macroscopic Lamé elastic constants, in which

case %s2 is replaced by H?V and s, by —%. In this particular case the values

of 120 GPa for Young’s modulus £ and 0.36 for Poison’s ratio were used [6.4].
As seen in Table 6.2, this will lead to a small overestimate of 6 to 8 % in ¢,
compared to using the accurate XEC. This is small compared to other sources of
error. In this analysis, the unstressed lattice spacing d,for each reflection peak

was obtained from the powder diffraction pattern in the ICDD database [6.5].
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Table 6.2:  X-ray elastic constants calculated according to the Kréner model
[6.6, 6.7] for the two sets of laffice planes studied, and the

corresponding macroscopic elastic constants.

Elastic constants | (100) (101) macroscopic
1s, (GPar) 0.01203 [0.01232  |0.01133
s, (GPa) -0.00297 |-0.00303 |-0.00300

a) unpolished samples
The results that are presented below are for the (101) reflection. One ¢ rotation

for unimplanted and implanted samples is shown in the plots in Figure 6.1.

Similar plots for different azimuth angles can be found in Appendix E.
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(a) as-received and unimplanted sample, (b)-(e) samples implanted
at fluences of 1x10Krt/cm?, 5x10™Kr/cn?, 1x10"5Kr*/cnmé, and

5x10"Kr'/cn¥ respectively.

All the sin2y plots for implanted samples have the same form as for the
unimplanted sample, /e. a strong curvature atsin®« > 0.8, indicating a stress

gradient between the very near surface region and the deeper region
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Figure 6.1.  sin2y plots for the (101) reflection (p=135°) in unpolished samples.:




corresponding to the penetration of X-rays. There are therefore two distinct
regions in the sin2y plots which can be represented by a weighted superposition
of two linear dependences, which take into account the absorption coefficient
factor governing the depth of X-ray penetration. Generally the deeper region,
corresponding to low ¥ angles, exhibits a low tensile stress, and the near

surface region, at highy , shows a strong tensile stress.

b) polished samples

In Fig. 6.2 the sin2y plots show the effect of polishing and implantation
compared to unpolished samples. The (101) reflection results for ¢ =135° are
shown. Despite a high scattering, there is indeed a difference between the
unpolished and the polished samples. The form of the sin2y plots for the 2 types
of samples is quite different. While the gradient at high w tilt is positive in the
unpolished samples, it is negative in the polished samples. The polishing
process, therefore, not only removes the region of strong tensile stress, but also

introduces a stress state with opposite sign.
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Figure 6.2:  sin2y plots for the (101) reflection (¢p=135°) in polished samples:
(a) unimplanted sample, (b)-(e) samples implanted at fluences of
Ix1074Krt/cmi?, 5x10"Kr'/cm?, 1x10"5Kr'/cmé, and 5x10"°Kr'/cm?

respectively.
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6.3.2 Depth analysis of sin2y curves

In the following a 2-zone model [6.8] was used for the estimation of the stress,
since the sin2y curves exhibit a gradient near the surface. The first zone is
referred to as the near surface region, and the second as the bulk region. It
should be noted, however, that in this case bulk refers to the region up to only
the maximum penetration depth of the X-rays. A sketch of the model is shown in
Fig. 6.3 below. The sin2y curves are then assumed to be a superposition of two

linear curves weighted with the absorption factor for X-rays.

Os

Ob

Figure 6.3: The 2-zone model of the stress distribution. o is the near surface

stress, and o, is the bulk stress.

The near surface and the bulk stresses are both assumed to result in a linear
dependence of strain on sin2y, as described in Eq. (5.32). Combining these in a

weighted average, yields for the measured strain,

d

(@, +b,sin* )+ "= (a, + b, sin* V), (6.1)

_d
1_e TCOS

Cov =

where 7 is the penetration of X-rays as given in Eq. (56.33), a,andb,, and a,

and b,, are the intercept and the slope of the near surface strain and the bulk
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strain, respectively. Of interest are the limiting values of the stress at the surface
and deep in the bulk, corresponding to a depth around 1 um near the maximum
penetration of X-rays. d is a fitting parameter with limited physical significance
because a sudden change between the two regions is unphysical. A non-linear fit
to Eq. (6.1) is then used to obtain estimates of these parameters, which can then

be used to determine o, independently in both regions.

a) unpolished samples

The results of o, versus ¢ for the (101) reflection are presented in the form of
polar plots for the near surface and bulk regions in Fig. 6.4, and Fig. 6.5

respectively. The results from the (100) reflection are shown in Appendix F.

From Fig. 6.4, it can easily be seen that the surface stress decreases with the
implantation. Initially, the near surface stress is highly tensile and anisotropic,
whereas at the highest doses a roughly isotropic low tensile stress is observed.
In contrast, for the bulk stress there is no clear trend. Overall the stress is slightly
compressive and isotropic, with similar magnitudes in the sample implanted at
the highest dose and in the unimplanted sample. An exception is the sample
implanted at the lowest dose, in which a strongly compressive stress is observed.
This is also seen in thesin®« plots (Fig. 6.1) where there is definite negative

slope at low .
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Figure 6.4:  Polar plot representation of stress o, versus ¢-rotation for (101)
reflection for the near surface region of unpolished samples: (a)
unimplanted sample,(b)-(e) samples implanted at fluences of
1Ix10"Kr/cn?, 5x10Kr/cné,  1x10"Krt/cm?, and 5x10"°Kr/cm?

respectively.
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reflection for the bulk region of unpolished samples: (a)
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respectively.
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b) polished samples

The evolution of the stress o, versus ¢ in the near surface and bulk regions with
implantation is shown in Figs. 6.6 and 6.7 for the (101) reflection. As can be seen
in the polar plots, the stress state is affected by the polishing process. The high
tensile stresses observed in the unpolished samples near the surface are
removed by the polishing process, and are replaced with a low compressive
stress. This stress remains virtually unchanged on implantation. In the bulk, a
compressive stress, which is generally isotropic, is seen. This appears to be
reduced on implantation, until the highest dose, when it increases to the level of

that in the unimplanted sample.
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Polar plot representation of stress o, versus ¢-rotation for (101)
reflection for the surface region: (a) polished sample, (b)-(e)
polished samples implanted at fluences of 1x10"Kr/cn?,
5x10™Kr/cn?, 1x10"5Kr'/cm¥é, and 5x10"°Kr*/cn? respectively.

Figure 6.6:
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Figure 6.7:  Polar plot representation of stress o, versus ¢-rotation for (101)
reflection for the bulk region: (a) polished sample, (b)-(e) polished
samples implanted at fluences of 1x10™Kr*/cm?, 5x10"Kr/cn?,
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117



6.3.3 Principal stresses and asymmetries

The normal stresseso,., o

1,0, and the shear componento,,in Eq. (5.31) can be

obtained by a non-linear fit to o, as a function of ¢. However, because the

orientation of the sample is not known, the components of the stress tensors
cannot be compared directly for different samples. It is therefore convenient to
represent the stress by its principal stresses (Fig. 6.8), which are given by a

principal axis transformation [6.9],

o, :(011+022J+\/(611_022j+0.122 , (6.2)
2 2
o, +0 0,—O
0.2 :( 11 5 22)_\/( 11 5 22j_|_0.122 . (63)

As shown in Fig. 6.8, o,, and o, are the principal axes of the stress ellipse, and

unlike o,,,and o,, are independent of the sample orientation.

G2
O
(o))
G
Fig. 6.8: Diagram showing the normal stresses o, and o,,, and the

principal stresses o, and o, .
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In order to investigate the effect of implantation on stress, the principal
stresses, o,, 0,, the normal stress o, +0,, and the stress asymmetry o, -o, are
plotted as a function of the fluence, for the (101) reflection. The values of

principal stresses for (100) reflection are tabulated.

a) unpolished samples

In the surface region, Fig. 6.9 (a)-(c), the graph shows very interesting features of
the stress change as a function of the fluence: an additional stress at the early
stage of the implantation, and a stress reduction as the implantation dose
increases. For instance, foro, the unimplanted stress value is 0.37 GPa, at the
following fluence it becomes 0.40 GPa, and 0.19 GPa for the highest fluence.
This feature is the same foro,, and hence for o, + o, . In the latter case, there is a
reduction of 20% at the highest fluence, ie. 5x1015 Krt/cm2. For the asymmetry
of o,—0,, there is a general reduction for all fluences, but the reduction rate is

higher for lower fluences than higher fluences.

A closer look at the bulk stress values, in Fig 6.9(b)-(d), leads to the following
observations: there is a change in stress from 0.06 to -0.17 GPa for o,, and
from -0.16 to -0.33 foro, for the lowest fluence. From a fluence of 1x10'5
Krt*/cmZ2, the stress starts to increase and becomes more tensile than the initial

stress value of the unimplanted sample, 0.1GPa foro,, and -0.07 foro, .

For the (100) reflection surface stress shown in Table 6.3(a), similar features are
observed as in the case of the (101) reflection. There is a stress reduction with
increasing fluence but the reduction rate is slower than that observed in the (101)

lattice planes.

For the (100) reflection bulk stress, which are tabulated in Table 6.3(b), there is

generally an increase in the compressive stress and asymmetry with implantation
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dose below 1x10'5 Kr*/cmZ2. Both the stress magnitude and asymmetry relax to

below their initial values at the highest fluence.
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Table 6.3:  Principal stress for the (100) reflection of unpolished samples
(a) surface
Principal stress | Unimplanted | 1x10'4/cm? | 5x1014/cm2 | 1x10'5/cm2 | 5x1015/cm?
(GPa) (1) (2) (3) (4) (5)
61tAGCH 0.1940.02 0.20+0.03 | 0.18+0.02 0.12+0.02 0.16+0.05
G2+AG2 0.04+0.02 0.13+0.03 | 0.09+0.01 0.09+0.01 0.07+0.02
(o1+02) A(o1+62) | 0.23+0.03 0.33+0.04 | 0.27+0.03 | 0.22+0.02 | 0.22+0.02
(01-02) +A(01-02) | 0.14+0.02 0.06+0.02 | 0.08+0.02 | 0.03+0.01 0.0940.01
(b) bulk

Principal stress Unimplanted | 1x10"/cm2 | 5x10'4/cm2 | 1x10'5/cm2 | 5x10'5/cm?
(GPa) (1) 2 3) 4 ®)
61tAGH -0.03+0.02 0.02+0.01 0.04+0.02 -0.07+0.02 | 0.01+0.01
G2tAG2 -0.12+0.01 -0.16+0.01 | -0.19+0.02 | -0.13+£0.01 | -0.08+0.01
(01+62) *A(o1+02) | -0.15+0.02 -0.12+0.02 | -0.15+0.03 | -0.21+£0.02 | -0.07+0.01
(01-02) +A(c1-02) | 0.09+0.01 0.1740.01 0.23+0.01 0.06+0.02 | 0.08+0.01
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b) polished samples

As for the unpolished samples, the principal stresses have been calculated using
Equations (6.2) and (6.3) and graphs of principal stress versus fluence have
been plotted to investigate the effect of implantation on the stress for polished
samples. Fig. 6.10 shows the plots for (101) reflection. The results for the (100)

reflection are tabulated in Table 6.4.

In the near surface, Fig. 6.10 (a)-(c), the low fluence introduces a slight additional
stress and an overall reduction occurs as the fluence increases. This trend is the

same for 0, +0, as well aso, -0, .

In the bulk, Fig. 6.10 (b)-(d), the graph of o, versus fluence shows that stress
becomes less tensile as the fluence increases, whereas for o,, there is rather an
increase of the stress up to a fluence of 5x10'4 Kr*/cm2. This behaviour is
reflected in the curve for the asymmetry o, — o, , which becomes less negative as

the dose is increased.

Table 6.4 gives the stress values for the principal stress versus the implantation
dose for (100) reflection. At low fluences there is an increase in both the
compressive normal stress and the asymmetry with fluence. However, a further

implantation both appear to relax.

In the bulk, the behaviour of g,, 0, , 0, +0,, and o, — o, are similar. As the fluence
increases, a compressive stress is introduced but at higher fluence, ie., 1x1015
Krt/cmz2, stress compensation is observed. The stress values approach the stress

values of the unpolished sample.
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Figure 6.10: Principal stress versus fluence for polished samples:
(a) and (c) surface stress. (b) and (d) bulk stress.
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Table 6.4. Principal stress values for the (100) reflection of polished samples

(a) surface
Principal stress | Unimplanted | 1x10'4/cm2 | 5x10%4/cm2 | 1x1015/cm2 | 5x10'5/cm?
(GPa) (1) ) 3) (4) )
c1FAGY 0.03+0.03 -0.01+£0.45 | 0.76+£0.40 | 0.03+0.16 | 0.16+0.78
62tAG2 -0.3120.30 -0.46+0.34 | -0.21+0.32 | -0.11+.13 -0.03+0.73
(c1+02) tA(o1+02) | -0.2840.20 -0.48+0.46 | 0.55+0.98 | -0.08+0.14 | 0.13+0.19
(01-02) TA(c1-02) | 0.24%0.17 0.57+0.35 | 0.51+0.31 0.20+0.12 1.07+0.56
(b) bulk

Principal stress Unimplanted | 1x10%4/cm2 | 5x10'/cm2 | 1x10'5/cm2 | 5x1015/cm?
(GPa) (1) 2 (3) (4) ®)
G1tAcH 0.05+0.015 -0.04+0.04 | -0.15+0.05 | -0.04+0.29 | -0.02+0.01
62tAG?2 -0.16+0.01 -0.13+0.01 | -0.18+0.04 | -0.55+0.23 | -0.20+0.01
(01+02) £A(o1+02) | -0.11+0.02 -0.17+0.04 | -0.32+0.07 | -0.58+0.37 | -0.22+0.02
(01-62) TA(c1-62) | 0.21£0.01 0.08+0.03 | 0.03+0.03 | 0.50+0.23 | 0.18+0.01
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6.3.4 Uniaxial projected strain

It is recalled that for low index lattice planes, with a low Bragg angle, only the
surface layer is probed. As the Bragg angle increases, the sample is probed
deeper by the X-rays. Therefore the measurement of different reflections leads to
different penetration depths. Moreover, for the same  tilt, the strains in different
crystallographic directions are probed. To compare the same average
penetration depth, we have suggested [6.10] a projected strain representation,

whereby the projection of the uniaxial strain £, on the plane parallel to the

vo
sample surface is plotted as a function of the mean penetration depth given by
Equation (5.31). The use of the projected strain shown in Fig. 6.11, is appropriate
for the reason that ¢,is actually a vector, and not a tensor quantity. The

projected strain ¢, =¢,,siny is the component of ¢, in the plane of the sample,

o vo
and allows the observation of the uniaxial strain in the same direction over the
same penetration depth. In the following, plots of the projected strain as a
function of penetration depth are shown for unimplanted and implanted samples

in (101) and (100) directions for the same azimuthal direction ¢ =135°.

Ss
A
L3
| > L
81 ....................................................... - 82
L1 8¢\|{S|n\|]
oot The geometry definition of the uniaxial strain projection

E,=E,,5INY .
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a) unpolished samples

In the plots shown in Fig. 6.10, one can see clearly how the projected strain is
affected by both the crystallographic direction and the implantation dose. For all
five plots, the common feature is that there is a steep gradient in the region
below around 1 um. In both cases, the projected strain approaches zero at the
deepest penetration depth sampled, due to the lack of sensitivity imposed as
siny approaches zero. However, neglecting the last few data points, the
projected strain for the (100) reflection is systematically lower than that for the
(101) reflection for the unimplanted sample, and a higher slope for the (101) is
observed. The effect of implantation is also observable in both cases. The
general trend is that as the implantation increases, the slope is reduced for both

reflections in the region below 1 um.
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Figure 6.10. Uniaxial projected strain versus mean penetration depth for (1017)

and (100) reflections, for ¢$=135° in unpolished samples implanted
at 1x10"Kr/em? (N1), 5x104Krt/cm? (N2), 1x10"Krt/cm? (N3),

5x10"5Kr/crm? (N4).
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b) polished samples

The uniaxial projected strain versus mean penetration depth graphs in the
polished samples are plotted in Fig. 6.11 to show the effect of both the polishing
process and the implantation. For comparison purpose, the graphs for the (101)
and (100) reflections for $=135° are presented, as in the case of the unpolished
samples. As can be seen, the effect of polishing is manifest if one compares Fig
6.11 to Fig. 6.10. The steep gradient near the surface, which is seen in the
unpolished samples, is not present in the polished samples. Instead, over the
first 0.75 um there is an almost constant compressive strain for the (101)
direction and a decreasing compressive strain for (100). As the implantation dose
is increased the two curves become more similar, with a constant weakly

compressive strain in the near surface region.
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Figure 6.11. Uniaxial projected strain versus mean penetration depth for (1017)
and (100) reflections, for p=135° in polished samples implanted at
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6.3.5 Stress profile

In the analysis of sin®¢ plots, a biaxial stress state is assumed, the information
obtained is only partial since the tensor features of the stress profiles are not
taken into account. In the following analysis, the depth resolution of the complete
stress tensors is determined. From a set of diffraction data, the semi-numerical
method as described in section 5.3.2 is used. This analysis takes into account
the dependence of the stress with crystallographic orientation. The X-ray elastic
constants used are determined according to the Kréner model [6.6, 6.7], and are

given in Table 6.2 for the different peaks investigated.

Mathematica software is used for the non linear fit procedure. Input data
comprises the experimental values of the strain corresponding to the different y
tilts and ¢ rotations of the samples during the experiment. It is to be remembered
that 16 y tilts and 8¢ rotations were performed on each sample. Therefore for
each sample 128 strain values were obtained. For more accuracy both (100) and
(101) reflections have been analysed together to obtain the stress profile. This
implies that for each sample 256 independent strain values were used. For all
samples the shear components are not considered in this analysis, due to the
fact all the coefficients in the expansion were highly correlated, with an absolute
correlation coefficient higher than 0.98, and correspondingly large errors, which
are not reliable enough to say anything about depth, as seen in Appendix A.
Hence, only the normal components will be shown. Furthermore, the discussion
of this analysis concentrates on the first micron because of insufficient

information and divergence of the power series at large depths.

a) Unpolished samples

A closer look at the normal stresses for the unimplanted and implanted samples

(Figs. 6.12 to 6.16) shows a same behaviour for o,, ando,,. The stress profile
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sharply decreases with the penetration depth and changes sign at different
depths with fluence. The magnitudes of the stress at the near surface are nearly
the same for the whole range of implantation but there is a slight decrease as the
fluence increases. The slope of the stress depth profile is affected by the
implantation. For the stress tensor componento,,, there is a slight decrease in
the slope at low fluences but at the highest fluence the slope becomes higher
than that of the unimplanted sample. For the stress tensor o,, there is sharp
decrease in the slope and subsequent implantation increases the slope, but it
remains lower than that of the unimplanted sample. The stress profile of the

stress tensor component o,; is nearly zero in the first micron.
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Principal stress (GPa)

Principal stress versus fluence: comparison of the surface stress with the 2-zone

model

In Fig. 6.17, the principal stresses versus fluence have been plotted for
comparison with the biaxial principal stresses obtained from the sin2¢ analysis
(Fig. 6.9). Here the principal stresses at the surface for the (101) and (100)
reflections combined are used for comparison. As can be seen in both analyses
the behaviour of the principal stresses is similar, although the stress values and
errors for the depth profiling are higher than those calculated in the case of the
biaxial stress analysis. In both cases, the stress value increases in the first stage
of implantation but after fluence of 1x10'4 Krt/cmz?, it decreases. At the highest
fluence, the stress reaches a value below that of the unimplanted sample. In
other words, as the implantation dose increases, the stress is observed to rise to
a maximum at an intermediate fluence. Thereafter, as the fluence is increased

further, the residual stress is found to decrease.
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Figure 6.17: Principal stress versus implantation dose. The unimplanted sample
corresponds fo dose reference 1, 1x10™ Krt/cn¥ to 2, 5x10™ Krt/cn¥ to 3, 1x107°
Krt/cm? to 4, and 5x10"% Krt/cn? to 5.
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b) polished samples

The stress profile of the normal stresses of the polished samples is different from
that of the unpolished samples. The stress profiles do not change sign for either
the unimplanted sample or for the implanted samples, shown in Figs 6.18 to
6.22. They remain compressive even under implantation. The sharpness of the
stress profile observed in the unpolished samples is not reflected in the polished
samples. The increase in the compressive stress is rather smooth except for the

sample implanted at fluence of 1x10'4 Kr*/cm2.
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Principal stress versus fluence: comparison of the surface stress with the 2-zone

model

Although the uncertainties are large compared to the unpolished samples, the

surface stress components, in Fig. 6.23 show a similar trend to that observed for

the surface region in the two-zone model, Fig. 6.10. On implantation there is a

continuous decrease in the compressive stress. Similarly, there is only a slight

anisotropy which decreases with fluence.
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7 DISCUSSION

This thesis focuses on the mutual influence of strain fields and interstitial atom
distributions in krypton implanted polycrystalline titanium. The as-received
samples are pure a-titanium discs, of 25 mm diameter and 0.33 mm thickness,
cut from rolled sheet in half-hard conditions. Before the implantation process, the
samples were divided into two batches. The first batch consisted of five samples
in their as-received condition, whereas the second batch consisted of five
samples polished in order to obtain samples with a different stress distribution in
the near surface region. The unpolished samples also had a higher concentration
of oxygen impurities extending deeper into the sample. The discussion which
follows is divided into three main parts. The first part will discuss the effect of
implantation on the oxygen profile, the second part will discuss the effect of
stress on the implanted ions, and the last part will focus on the effect of

implantation on stress for both sets of samples.
7.1 Effect of implantation on the oxygen profile

The following analysis is based on the oxygen profile results obtained in section
6.2, and plotted in Fig. 6.4. Using these results, the oxygen mean concentration
and the oxygen mean depth are calculated for each sample. The procedure
followed is sketched in Fig. 7.1. The oxygen mean concentration C is calculated
by averaging all areas A in the histogram of the depth profile, /ie. oxygen

concentrationc; times the layer width w, divided by the maximum oxygen
depth/_,,,

cz%. (7.1)

The oxygen mean depth Dis calculated from the centroid of the distribution,

b > (L —w; 12)c, | 7.2)

2.6
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Figure 7.1
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Skelch showing the parameters used fo calculate the oxygen mean

concentration and the oxygen mean depth. A; is the area

corresponding to the oxygen concentration c, fimes the oxygen

depth L. for every layer, and w, is the layer width.

To illustrate the effect of implantation on the oxygen profile, the mean oxygen

concentration and the mean oxygen depth for both unpolished and polished

samples are plotted as a function of fluence in Fig.7.2. The solid and dashed

lines are guides to the eye. Three regimes, /.e. low fluence, intermediate fluence

and high fluence, are apparent in the data.
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At low fluence, there is an increase of the mean concentration of oxygen in both
unpolished and polished samples. However in this regime, the mean depth of the
oxygen decreases compared to the unimplanted samples. At intermediate
fluence, there is a slight recovery in both mean depth and concentration. At
higher fluences the depth of the oxygen distribution decreases slightly for both
polished and unpolished samples. In contrast the average concentration of
oxygen in the unpolished samples increases, whereas it decreases in the
polished samples. The behaviour for low dose implantation suggests a knock-on
implantation of surface oxygen atoms. In the second regime, and also at high
dose for the polished sample, where an overall decrease in the mean
concentration and mean depth of oxygen is observed, the suggestion is that an

out-diffusion of near-surface oxygen atoms takes place.

7.2 Effect of stress on implanted krypton ions

Using SRIM [7.1], the krypton projected range and the straggling were
calculated, and the values of 698 A, and 271 A respectively were obtained.
Taking into account the sputtering process at the highest dose, these values are
reduced to 673 A and 246 A but remain higher than the experimental values
shown in Table 6.1. The projected range values of the samples implanted at
higher fluence are about 15% lower than the calculated projected range. This
indicates that the krypton ions do not implant as deep as expected. From the
experimental results, it was observed that, as the fluence decreases the krypton
concentration also decreases, leading to the increase in error of the projected
range and the straggling. It was observed, on the other hand, that for the same
fluence the projected range is deeper, and the straggling higher in the unpolished
samples than in polished samples. With respect to the calculated projected
range, at higher fluences the deviation from the expected range is less at high
fluences than at lower fluences. The mechanism that leads to the shallower

distribution of krypton ions is unlikely to result from back-scattering in the
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collisions between krypton ions and the host target atoms, simply because the
krypton atomic mass is higher than the titanium atomic mass, as discussed in
section 5.2. There should therefore be other mechanisms involved which lead to
a motion of the krypton ions towards the surface. A drift mechanism under local
strain fields of other defects in titanium might be the cause of the out-diffusion of
krypton ions. As discussed in section 4.3, the force on a defect can be calculated
using Eq. (4.11),

F = a%wl}fv Tr(c)=AVV Tr(o), (7.1)

where AV is the volume relaxation of the interstitial site around a krypton atom

in titanium.

The value of AV used in the following discussion was 31.3(A)3 and was
obtained from ab initio calculations by A.T. Raji in our research group [priv. com].
The trace of the stress was obtained from the coefficients of depth profiling in Eq.
(5.47), and by differentiating the series expansion, 07r(c)/ 0z was obtained at
the experimentally determined projected range. The mobility is a measure of how
fast a defect can be moved, on average, under the influence of an applied force.

Its product with the average force gives the mean drift velocity,
<V>=pu<F>. (7.2)

Multiplying by the time over which the drift occurs yields an estimate for the

change in projected range,

R, =<v>t=p<F>t. (7.3)

In Fig 7.3, the projected range R, versus <F >{ is plotted. The timef was
assumed to be the implantation time for low dose implantation of each sample. In

the figure, a linear dependence of R, on < F > is clearly seen, but it should be
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noted that the approximation made here is only valid for low fluence. At high
fluence, a strong deviation from the linear dependences arises due the higher
stress relaxation and changes in the defect structure taking place in this regime.

From the slope of the graph, the value of the krypton mobility is estimated to be
about 102 cm?/J.s. Using the Nernst-Einstein relation (Eq. (4.4)), the diffusion
coefficient D of krypton in titanium was calculated assuming a temperature of
300K, and a value of about 4x10-°cm?/s was obtained. In comparison with the
calculated diffusion coefficients of elements, such as boron and nickel diffusing in
titanium, it is found that the krypton diffusion coefficient is in the same order of
magnitude as boron diffusion coefficient, which value is about 1-2x10-°cm?/s
[7.2], but higher than of nickel in titanium [7.3], whose value is about 10-'2cm?/s.
From this comparison, it can be seen that krypton may diffuse faster than boron,
which is known to be a fast interstitial diffuser in titanium. Krypton is one of the
noble gases, and is therefore very insoluble in metals. Owing to this property,
fast diffusion should be expected. However, another factor which enhances drift
could be a high local equilibrium temperature during the implantation, associated
with the thermal spikes. It is important to bear in mind that the krypton profiles
were determined long after implantation, so that the measured krypton profile is
“frozen in” at room temperature. The absolute numerical value of the diffusion
coefficient should therefore be treated with caution, as the mobility corresponds
to an unknown temperature above room temperature. Nevertheless Fig. 7.4 is a

clear indication of stress induced diffusion of interstitial krypton in titanium.
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Figure 7.3. Projected range versus Force x time for unpolished and polished
implanted at low fluence. From the slope of the graph, the mobility
of krypton is obtained.

7.3 Effect of implantation on stress.

For unpolished samples, low fluence increases the near surface tensile stress,
but further implantation reduces the tensile stress significantly. This reduction
was observed in a previous study at higher fluences [7.4], whereby a tensile
stress was reduced by about 30 % without any significant change in open-
volume defect structure. This suggested that the main cause of this reduction
was an implantation induced stress relaxation. Similar stress relaxation has been
observed in other materials. For instance, with several hundreds keV energy of
boron and phosphorus implanted tungsten [7.5], stress is reduced to about 10%
of the original value. In argon implanted cubic boron nitride films [7.6], argon
implanted copper foils [7.7], and argon zirconium nitride films [7.8], stress
relaxation has also been observed. Mechanisms contributing to this relaxation
are attributed to defect annealing mechanisms, or localized thermal effects [7.9],
Newtonian viscous flow or creep [7.5, 7.10], deformation induced by the high

energy ion [7.11].
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In the present work, more extensive stress analysis was performed for lower
dose implantation using a two-zone model for the biaxial stress, uniaxial
projected strain representation, and a semi-numerical analysis to determine the
stress profile. All analyses give similar consistent results for both polished and
unpolished samples. The surface stress was found to become more isotropic
with implantation. For low dose implantation, the stress becomes more tensile,
whereas the magnitude of the stress relaxes for high dose. The dose range
where stress becomes more tensile corresponds to the regime where the stress-
induced diffusion relationship AR =< F >t holds. Overall this suggests that at
low dose, implantation introduces a new source of tensile stress, whose origin
might be due to the presence of point or open volume defects. At higher doses,
stress relaxation is observed. The cause of this relaxation is probably annealing
due to thermal spike effects [7.5-7.9], but there may be contributions from plastic
flow, and dislocation movement during clustering [7.5,7.10]. However, to
investigate this more fully a more extended series of experiments, utilizing other
techniques sensitive to extended defects, in the higher dose regime would be
necessary. Techniques which could be applied include positron beam life
spectroscopy for open-volume defects, electron microscopy to investigate
dislocation networks and krypton inclusions, and small angle scattering to study

clustering and the ordering of krypton bubbles.
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8 CONCLUSIONS

The purpose of this work was to enlighten the basic processes of defect
interactions with strain fields using an experimental approach. In the results, both
stress induced point defect diffusion and stress relaxation were observed. This
has been achieved by creating a well designed model system of krypton
implanted polycrystalline titanium. The specific features of this model system
were 2-fold: firstly the implantation has been performed at low dose to avoid
clustering and larger defect formation, and secondly the choice of inert insoluble
species implantation does not bring about any phase change or substitution of
the implanted ions into the structure. The experimental techniques therefore
focused on how foreign interstitial atoms behave with respect to the pre-existing
stress field and other stress fields. To carry out this investigation, two sets of
samples were chosen, one having a high stress gradient and the second a low

stress gradient, in the near surface region.

Two experimental methods were chosen very carefully in this investigation. To
obtain the krypton profile, ion beam analysis using Rutherford backscattering
spectrometry has been used. The study of the oxygen profile has also been
investigated using resonance RBS. To obtain accurate determination of stress
fields, numerical analysis of diffraction data from a 2nd generation synchrotron
radiation facility was used. With this approach, we were able to investigate the
near surface region, in a depth range where other established techniques such
as etching, or modern techniques, such as strain scanning with synchrotron

microbeams, cannot achieve.

The results obtained show clearly that the change in krypton range correlates
with the stress gradient. This has been confirmed from the comparison of the
calculated projected range values and the experimental projected range values

of krypton ions in titanium. It was observed that the experimental values for all
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set of samples are lower than the calculated values. The mechanism that leads
to the shallower distribution of krypton ions is unlikely to result from back-
scattering in the collisions between krypton ions and the host target atoms, for
the simple reason that the krypton atomic mass is higher than the titanium atomic
mass. A mechanism of forced diffusion of was proposed and tested. The linear
dependence of the projected range R, on the average force / on a defect,
which yields the krypton mobility, is a clear indication of stress induced diffusion
of interstitial krypton in titanium. This was observed at low fluence. At high
fluence, a strong deviation from the linear dependence arises due the higher
stress relaxation and changes in the defect structure taking place in this regime.
Calculations based on this model showed that krypton diffusion coefficient was
higher than that of other interstitials, such as boron and nickel diffusing in
titanium. Another factor contributing to the high mobility is the high local

equilibrium temperature during the implantation, associated with thermal spikes.

It was also observed in this work that implantation significantly reduces the
tensile stress in the set of samples with a high pre-existing stress. All analyses,
using both a two-zone model for the biaxial stress, and the stress profile for
triaxial stress, convey similar consistent results for both types of samples. Upon
implantation, the surface stress was found to become more isotropic. For low
dose, the stress becomes more tensile, whereas the magnitude of stress relaxes
for high dose. The dose range where stress becomes more tensile corresponds
to the regime where the stress-induced diffusion relationship AR=<F > ¢
holds. Overall this suggests that at low dose, implantation introduces a new
source of tensile stress, whose origin might be the presence of point and open
volume defects. At higher doses, stress relaxation is observed. The cause of this
relaxation is probably due to a defect annealing mechanism, or localized thermal

effects, or plastic flow [7.1-7.5].
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The investigation carried of the oxygen profile, using oxygen resonance
scattering shows that, at low fluence there is an increase of the mean
concentration of oxygen in both sets of samples. This is attributed to a knock-on
implantation of surface oxygen atoms. In the second regime, and also at high
fluence for the materials with a deeper profile, an overall decrease in the mean
concentration and mean depth of oxygen is observed. This suggests that an out-

diffusion of near-surface oxygen atoms takes place.

For the study of extended defects in the high fluence regime, other techniques
sensitive to such defects would be necessary. Techniques which could be
applied include positron beam life spectroscopy for open-volume defects,
electron microscopy to investigate dislocation networks and krypton inclusions,
and small angle scattering to study clustering and the ordering of krypton
bubbles. These should be combined with the techniques used in this work,
including a more detailed description of the local strain fields around such

defects.
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Appendix A Fitting procedure for depth profiling of stress

NonlinearFit[dafe, model, fit the data to the model with the naroed variables and pararneters,
variables . paramefers) retwrning the model evaluated at the parareter estitoates ackhdeving
the least-scpuares fit
MonlinearRegress [dafe, model, fit the data to the model with the nareed variables and pararneters,
variahles, parameiers ] returning a list of mles expressing the fit parameter estitnates and fit
diagnostics

<< Statistics NonlinearFit'®

u=0.01232;
v=-0.003032;
u= 450+10%;

_ Sin[e] Cos[y]
T= 24 ;

011 =C11+a11 T +2PB11 'C2+ 6u;|_11:3;
022 =Cp2+022 T +2/3221:2+6u221:3;

033 =233 2+ GU331:3;

012=C12+Q12 T +2/3121:2+6u121:3;
013=013 T +2/3331:2+ 6u131:3;

023=023T +223 'E2+ GU231:3;

€33 =u (011 Cos[¢] + 012 Sin[2¢] + 022 Sin[¢]? - 033) Sin[¥]? + u (013 Cos[4] + 023 Sin[¢]) Sin[24]

+U (033) +V (011 + 022 + 033) ;

u(:%sz)andv(=sl)arecarpliances

param= {c11, ai1, Bi1, W11, C22, 022, B22, U2, B33, Us3, Ci2, a12 , B12, W2, 13, P13, W13, 023, B23, U23};
Length[param]
NonlinearRegress|data, €33, {¢, ¥, 6}, param]

data= {{2.356194, 0, 0.253892993, -0.00201}, {2.356194, 0.174532889, 0.25384936, -0.00185},
{2.356194, 0.349065778, 0.25384936, -0.00185}, {2.356194, 0.523598667, 0.253657374, -0.00111},
{2.356194, 0.698131556, 0.253666101, -0.00114}, {2.356194, 0.872664444, 0.253517748, -0.00057},
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C11
a1l
B11
uil
c22
a2
B22
u2
B33
us3
C12
a1
B12
ui2
ai3
B13
ui3
23
B23
uz3

Estimate
0.278701
~176717.
3.60591x10°
71981.1
0.322779
~276991.
2.6474x 1010
279127.
9.86927x10°
51346.2
-0.00747285
6883.7
1.96932x10°
17853.6
~79297.7
1.92157x 100
213612.
127563.

~2.82935x 10%°
~314519.

Asymptotic SE

0.0349383
100259.
2.20276x 10%
226871.
0.0349363
100264.
2.20295x 10%°
226886.
1.89052x 107
13437.5
0.0209707
63204.4
1.6492x 10
149297.
153419.
3.68491 x 10%°

409643.
153430.

3.68556x 10%
409719.

CI
{0.20987, 0.347531}
{-374234., 20800.1}

{-3.97899% 109, 4.70017x 100}

{-374969., 518931.}

{0.253952, 0.391605}
{-474519., -79463.3}

(-1.69257x10%°, 6.98737x 1010}

(-167853., 726107.}

{6.14481x10%, 1.35937x10%0}

{24873.4, 77819.1}

{-0.0487865, 0.0338408}

{-117633., 131401.}

(-3.0521x10%, 3.44597x10'%}

(-276271., 311979.}
(-381543., 222948.}

(-5.33794x10%%, 9.18109x 1019}
(-593412., 1.02064 x 10°%}

{-174704., 429831.}

{-1.00902x 10, 4.43146x 1010}
{-1.12169x10°, 492654.)

Model

EstimatedVariance4>l.OO8O7xlO’Q ANOVATable - Frror

AsymptoticCorrelationMatrix -

. -0.813416
-0.813416 1.
0.601707 -0.869601
0.590333 -0.854037
0.279709 -0.187735
-0.187751 0.206923
0.0823152 -0.123465
0.159228 -0.234731
0.0746003 -0.214278
-0.473346 0.673218

-0.000206051
-0.0000296871
0.0000180326
0.0000952556
-0.0000264052
0.0000546283
0.000245857
0.0000585156
-0.0000354278
0.000176478

0.000309833
0.0000163463
1.52608x10°°
-0.000111229
5.00035x 107
-0.000042059
-0.000323195
-0.000110096
0.000074429
-0.000236169

0.601707
-0.869601
1.
0.991395
0.0822154
-0.123318
0.205361
0.331839
0.589893
-0.773586
-0.000401711
0.0000442447

-0.0000582932
0.0000778091
0.000152093
-0.000140184
0.000189371
0.000173414
-0.000139663
0.000248321

Uncorrected Total
Corrected Total

0.590333 0.279709
-0.854037 -0.187735
0.991395 0.0822154
1. 0.15905
0.15905 1.
-0.234471 -0.813398
0.3317 0.601722
0.452466 0.590315
0.648568 0.0743989
-0.848967 -0.473117

-0.000414153
0.0000663323
-0.0000820839
0.0000605371
0.00016016
-0.000144088
0.000162059
0.000192283
-0.000168647
0.000261645
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0.0000170969
-0.0000688535
0.0000634261
0.000107486
-0.000140602
0.000187605
0.000106819
0.0000598406
-0.0000854505
0.000147918

DF SumOfSqg
20 0.000195884
236 0.000237905
256 0.000433789
255 0.000421204
-0.187751 0.0823152
0.206923 -0.123465
-0.123318 0.205361
-0.234471 0.3317
-0.813398 0.601722
1. -0.86962
-0.86962 1.
-0.854009 0.991375
-0.213931 0.589539
0.672892 -0.773333

-0.0000105449
0.0000726103
-0.000063749
-0.000128859
0.000191614
-0.000255871
-0.00014624
-0.000144265
0.000190781
-0.000150646

-0.000060586
-0.0000157184
0.0000113395
0.0000967076
-0.0000794456
0.000118994
0.000032436
0.000309858
-0.000379028
0.0000418302

MeanSq
9.79421x 107°
1.00807x 1076

0.159228
~0.234731
0.331839
0.452466
0.590315
~0.854009
0.991375
1.
0.648335
-0.848834
~0.000112018
-9.44898 x 1076

3.38453x107°

0.000103902

-0.0000315206

0.0000705256
0.0000312792

0.000315441
-0.000377475
0.0000801603



0.0746003 -0.473346 -0.000206051 -0.0000296871 0.0000180326 0.0000952556 -0.0000264052 0.0000546283

~0.214278 0.673218 0.000309833  0.0000163463 1.52608x10°° -0.000111229 5.00035x10° -0.000042059
0.589893 ~0.773586  -0.000401711 0.0000442447 -0.0000582932 0.0000778091  0.000152093 -0.000140184
0.648568 ~0.848967  -0.000414153 0.0000663323 -0.0000820839 0.0000605371  0.00016016  -0.000144088
0.0743989 ~0.473117  0.0000170969 -0.0000688535 0.0000634261  0.000107486  -0.000140602 0.000187605
-0.213931 0.672892  -0.0000105449 0.0000726103 -0.000063749 -0.000128859  0.000191614 -0.000255871
0.589539 ~0.773333  -0.000060586 -0.0000157184 0.0000113395 0.0000967076 -0.0000794456 0.000118994
0.648335 -0.848834  -0.000112018 -9.44898x10°° 3.38453x10°  0.000103902 -0.0000315206 0.0000705256
1. ~0.700997  -0.000299475  0.000116895  -0.00012379 -0.0000118612 0.000336632 -0.000367013
-0.700997 1. 0.00029785  -0.0000195275 0.0000325739 -0.000109077 -0.000121326 0.0000836774
~0.000299475  0.00029785 1. -0.827812 0.686616 0.686616 0.000137357 -0.000154813
0.000116895 -0.0000195275  -0.827812 1. -0.940002 -0.940002  -0.000236302 0.000260945
~0.00012379  0.0000325739 0.686616 ~0.940002 1. 1. 0.000306611 -0.000332434
~0.0000118612 -0.000109077 0.686616 -0.940002 1. 1. 0.000287689  -0.000313067
0.000336632  -0.000121326  0.000137357  -0.000236302  0.000306611  0.000287689 1. ~0.976963
~0.000367013  0.0000836774 -0.000154813  0.000260945  -0.000332434 -0.000313067  -0.976963 1.
~0.000225747 -0.0000693733 -0.0000928422  0.000175937  -0.000242004 -0.000222601  -0.976963 1.

0.000347872 -0.000280197  0.000334259 -0.000547263 0.000704961 0.000617222 -0.0000186004 0.0000685634
-0.00038094 0.000300463 -0.00039165 0.000638981 -0.000819904 -0.000730096 0.0000685322 -0.000125002
0.0000259081 -0.000217074 -0.0000434871 0.00016214 -0.000312632 -0.000222752 0.0000628033 -0.000119131

0.000245857 0.0000585156 -0.0000354278 0.000176478
-0.000323195 -0.000110096 0.000074429 -0.000236169
0.000189371 0.000173414 -0.000139663 0.000248321
0.000162059 0.000192283 -0.000168647 0.000261645
0.000106819 0.0000598406 -0.0000854505 0.000147918
-0.00014624 -0.000144265 0.000190781 -0.000150646
0.000032436 0.000309858 -0.000379028 0.0000418302
0.0000312792 0.000315441 -0.000377475 0.0000801603
-0.000225747 0.000347872 -0.00038094 0.0000259081
-0.0000693733 -0.000280197  0.000300463 -0.000217074
-0.0000928422 0.000334259 -0.00039165 -0.0000434871
0.000175937 -0.000547263 0.000638981 0.00016214
-0.000242004 0.000704961 -0.000819904 -0.000312632
-0.000222601 0.000617222 -0.000730096 -0.000222752
-0.976963 -0.0000186004 0.0000685322 0.0000628033

1. 0.0000685634 -0.000125002 -0.000119131

1. 0.0000627416 -0.000119029 -0.000113038
0.0000627416 1. -0.976973 -0.976972
-0.000119029 -0.976973 1. 1.
-0.000113038 -0.976972 1. 1.
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Appendix B Macro for diffraction measurement

def Ti_scan'

a2scan tth 24.0 31.0 th 12.0 15.5 350 -50000
def Ti_scan_opp '

a2scan tth 31.0 24.0 th 15.5 12.0 350 -50000
def Ti_scanL '

a2scan tth 24.0 31.0 th 12.0 15.5 350 -150000
def Ti_scanL_opp '

a2scan tth 31.0 24.0 th 15.5 12.0 350 -150000
def Ti_scanVL'

a2scan tth 24.0 31.0 th 12.0 15.5 350 -250000
def Ti_scanVL_opp '

a2scan tth 31.0 24.0 th 15.5 12.0 350 -250000
def psi_scanup '

umv chi 0

Ti_scan

umv chi 10

Ti_scan_opp

umv chi 20

Ti_scan

umv chi 30

Ti_scan_opp

umv chi 40

Ti_scan

umv chi 50

Ti_scan_opp

umv chi 60

Ti_scan

umv chi 70
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Ti_scan_opp
umv chi 75
Ti_scan

umv chi 78
Ti_scan_opp
umv chi 80
Ti_scanL

umv chi 82
Ti_scanL_opp
umv chi 84
Ti_scanL
umv chi 86
Ti_scanL_opp
umv chi 88
Ti_scanVL
umv chi 89
Ti_scanVL_opp
def psi_scandown '
umv chi 89
Ti_scanVL
umv chi 88
Ti_scanL_opp
umv chi 86
Ti_scanL
umv chi 84
Ti_scanL_opp
umv chi 82
Ti_scanL
umv chi 80
Ti_scan_opp
umv chi 78
Ti_scan

umv chi 75
Ti_scan_opp
umv chi 70

Ti_scan
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umv chi 60
Ti_scan_opp
umv chi 50
Ti_scan

umv chi 40
Ti_scan_opp
umv chi 30
Ti_scan

umv chi 20
Ti_scan_opp
umv chi 10
Ti_scan

umv chi 0

Ti_scan_opp

def Ti_azimuth'

umv phi 0
psi_scanup
umv phi 45
psi_scandown
umv phi 90
psi_scanup
umv phi 135
psi_scandown
umv phi 180
psi_scanup
umv phi 225
psi_scandown
umv phi 270
psi_scanup
umv phi 315
psi_scanup
umv phi 0
umv psi 0
an400

'Ti_azimuth
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Appendix C RBS simulation procedure for krypton profile for sample implanted at

a fluence of 5x1015 Kr*/cm?2 fluence.

SIM Command.: sim

SIM Command: la 1 th 1400 a comp & 0.8050 0.18 fe 0.015/
SIM Command: species

Element name (/ to end)? kr 1/

SIM Command: equation gaussian

Integral of Gaussian (dfit units = 1E15 atoms/cm”2): 5 /cm2
Depth of layer (Angstroms): 570 645

SIM Command: Ia 2 th 3000 a comp ti 0.86 0 0.14/

SIM Command: Ia 3 th 20000 a comp i 1/

SIM Command.: pl 1 ov 0

Aufomatic simulation .Created new stopping power table.: 2 4.00 0.080 2.300
MSG:. Increased SIM sublayer limit to 150

Fitting particle 4He for Z =22 ... zsf... max error: 0.61%
Fitting particle 4He forZ = 8... zsf... max error: 1.18%
Fitting particle 4He for Z = 36 ... zsf... max error: 0.48%
Fitting particle 4He forZ =26 ... zsf... max error: 1.35%
fwhm(0.000) . pileup(0.000) . all(0.078) . performed.
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Appendix D Resonance scattering simulation procedure

a) unpolished sample implanted with 5x1015 Kr*/cm?2

SIM Command. read scha0045
File. c:lrumpfilesiresonance050906\|scha0045.rbs
/d:  Unpolished implanted with 5e15 Kr (N4) @3.045 MeV
You called? sim
SIM Command: resread o165sigma(bis). txt
INFO: Overwriting old resonance table from c:lrumpfileslresonance050906\0165s
a(bis). txt
Resonance data: z1=2 mi1=4 z2=8 m2=16 phi= 15.00 npt=206
SIM Command: Ia 1 th 800 a comp & 0.640 0 0.35 fe 0.01/
SIM Command: species
Element name (/ to end)? kr 1/
SIM Command: equation gaussian
Integral of Gaussian(dfit units =1E15 atoms/cm”*2): la 1 th 800 a comp ti 0.5 /cm2
Depth of layer (Angstroms): 570 645
SIM Command: Ia 2 th 1400 a comp i 0.7 0 0.29 fe 0.005 /
SIM Command: la 3 th 3200 a comp ti 0.8 0 0.2/
SIM Command: la 4 th 2000 a comp ti 0.9 0 0.1/
SIM Command: Ia 5 th 2000 a comp & 0.95 0 0.05/
SIM Command: la 6 th 30000 a comp ti 1/
SIM Command.: pl 1 ov 0
Aufomatic simulation .Created new stopping power table. 2 4.00 0. 121 3.487
Fitting particle 4He for Z =22 ... zsf... max error: 0.47%
Fitting particle 4He for Z = 8 ... zsf... max error: 0.29%
Fitting particle 4He forZ =26 ... zsf... max error: 1.25%
Fitting particle 4He for Z = 36 ... zsf... max error: 1.59%
fwhm(0.000) . pileup(0.000) . all(0.125) . performed.

190



b) polished sample implanted with 5x10'5 K*/cm?2

Your wish? read scha0046

File: c:lrumpfilesiresonance050906|scha0046.rbs

/d:  Polished implanted with 5e15 Kr (P4) @3.045 MeV/
Your wish? pl 1

Yes Master? sim

SIM Command: resread 0165sigma(bis). txt

Resonance data: z1=2 mi1=4 z2=8 m2=16 phi= 15.00 npt=206

SIM Command: la 1 th 300 a comp i 0.6 0 0.4/

SIM Command: species

Element name (/ fo end)? kr 1/

SIM Command: equation gaussian

Integral of Gaussian (dfit units = 1E15 atoms/cm?2). 5 /cm?2

Depth of layer (Angstroms): 540 550

SIM Command: la 2 th 2500 a comp ti 0.90 0.1/

SIM Command: species

Element name (/ to end)? kr 1/

SIM Command: equation gaussian

Integral of Gaussian (dfit units = 1E15 atoms/cm”2): 5 /cm2

Depth of layer (Angstroms): 240 550

SIM Command: la 3 th 2000 a comp i 0.95 0 0.05/

SIM Command: Ia 4 th 30000 a comp ti 1/

SIM Command.: pl 1 ov 0

Aufomatic simulation .Created new stopping power table. 2 4.00 0.121 3.487
MSG:. Increased SIM sublayer limit to 150

Fitting particle 4He for Z =22 ... zsf... max error: 0.47%
Fitting particle 4He forZ = 8 ... zsf... max error: 0.29%
Fitting particle 4He for Z = 36 ... zsf... max error: 1.59%
fwhm(0.000) . pileup(0.000) . all(0.032)

191



Appendix E sin2y curves

a) ¢=0°
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b) ¢ =90°
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Lattice strain (g)

c) ¢ =180°
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d) ¢ =225°
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e) ¢ =270°
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f) ¢=315°
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Appendix F Polar plots for the (100) reflection for unpolished samples

a) surface stress

o surface stress N5(100) | o surface stress N1(100) |
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b) bulk stress

o _bulk stress N5(100) | [ o bulk stress N1(100) |

90

©  pulk stress N2(100) | |
90

o bulk stress N3(100) |
90

-2-180

199 270





