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ABSTRACT

Considerable focus has been directed toward investigating the interdiffusion coefficients in binary
systems, primarily due to their pivotal role in metallurgical processes and material performance
assessments. An essential parameter in this context is the isothermal concentration-dependent
interdiffusion coefficient. While interdiffusion coefficients are widely recognized as being
influenced by temperature and concentration, the element of time can exert substantial influence
due to the presence of diffusion-induced stress (DIS) within the system.

The present research experimentally investigates the effect of time on concentration-dependent
interdiffusion and impurity diffusion coefficients in Cu-Ni binary systems and their alloy
compositions. The investigation delves into the effect of solute source concentration and
anomalous behaviors of temperature as the attributable indications of DIS at play.

To implement the research work, a newly devised numerical diffusion model by Olaye and Ojo
[20] is integrated with a forward simulation approach in this study. This model incorporates
different atomic diffusion coefficients and ensures solute conservation. The model also merges
fully explicit finite difference analyses with the Leapfrog/Dufort-Frankel scheme, thus enabling
the determination of concentration-dependent interdiffusion coefficients. This approach
overcomes the limitations associated with traditional techniques like the Boltzmann-Matano, Hall,
Wagner and Sauer-Freise methods. By applying this method, both the interdiffusion and impurity
diffusion coefficients are investigated at various diffusion times. The results reveal that the
interdiffusion and impurity diffusion coefficients show time variations as a result of DIS in the
system. This phenomenon contrasts the widely accepted notion of the interdiffusion coefficient
being solely dependent on concentration and temperature without considering time. Overlooking

this critical aspect could have substantial implications in the analysis of diffusion data and an



accurate understanding of microstructural transformations initiated by diffusion-controlled phase

changes in metallic systems.
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CHAPTER ONE

1.1 Introduction

The phenomenon of atomic diffusion, which is responsible for mass transport, plays an important
role in the study of phase changes in metals and semiconductors. The changes in atomic
arrangements, known as phase transformations, have a profound impact on material properties.
The practical implication is that microstructures can be changed through phase transformations,
thereby enabling customization of material characteristics.

Industries such as the energy, aerospace, biomedical, and automobiles have used the principles of
diffusion in solids to predict engineering material properties. Studying the microstructure of
materials after phase transformation has been done for the past 150 years, with applications across
variety of different sectors. The focus of physical metallurgists revolves around understanding the
correlation between phase changes and changes in metal properties. The materials processing
industries have been incorporating phase transformation techniques like coating, diffusion
bonding, sintering, and heat treatments. These facilitate the processing of engineering material
properties to improve overall performance standards.

Currently, diffusion plays a pivotal role in a number of metallurgical processes. For instance,
carburization is used to enhance the surface hardness of steels. During the process, a carbon source
like graphite powder or a carbon-containing gaseous phase diffuses into the steel components.
Another application is dopant diffusion in semiconductor devices, a technique used to create p-n
junctions to facilitate the controlled diffusion of dopant atoms into precisely defined regions of

silicon wafers. Diffusion also contributes to the electrical conductivity of many conductive



ceramics, thus yielding ionically conductive materials. Such materials are utilized in different
products including oxygen sensors in automobiles, touchscreen displays, fuel cells, and batteries.
Additionally, diffusion is integral to the oxidation of aluminum, where a protective oxide layer
formed prevents the further diffusion of oxygen and subsequent oxidation of the underlying
aluminum. Notably, diffusion is used for thermal barrier coatings in aircraft engines, further
illustrating its indispensable role in contemporary metallurgical practices [1].

The process of heat transfer through conduction, as well as the process of diffusion, both originated
from the random migration of molecules. Adolf Fick recognized an analogy between these two
processes in 1855 [2,3]. He established a quantitative basis for diffusion by using a mathematical
equation for heat conduction that Joseph Fourier formulated in 1822. The mathematical model of
diffusion in isotropic substances is based on the hypothesis that the rate of the transfer of a
substance by diffusion through a unit area of a section is directly proportional to the concentration
gradient measured normal to the section [2]. Fick’s first law of diffusion expresses the relationship
between diffusion the flux (J;) of the species i and the concentration gradient (V(;) and given as:
Ji = =DV(; (1.1)
where D is the diffusion coefficient.

For planar diffusion along the x direction, equation (1.1) is further simplified to:

ac;

Ji=—-D—

(1.2)

At any given point in the system, the diffusion determines the concentration gradient of the species

i and the rate of change of its concentration. Fick’s second law gives this relationship as:

o= w2 (5] a3

When D is independent of the position, Fick’s second law takes the form:



. 2c.

-0 (5) @
In reality, the process of diffusion in materials takes place under non-steady state conditions. As a
result, the concentration gradient and flux at a particular position in the diffusing zone vary with
time. This unsteady behavior can result in either the complete accumulation or total depletion of
the diffusing species.
Moreover, both Fick's first and second laws of diffusion require a pivotal parameter known as the
diffusion coefficient. The diffusion coefficient is a critical element in diffusion equations and
analysis for predicting diffusion-related processes.
Another aspect which has received less attention in the literature, is the impurity diffusion
coefficient, which is defined as the diffusion rate of a solute with an extremely low concentration
in a solvent. This phenomenon has significant relevance in both practical and theoretical contexts.
Conventionally, radioactive isotope tracers have been used to estimate impurity diffusion
coefficients. However, owing to the high cost involved, conducting diffusion experiments with
radioactive isotopes might be less prevalent, especially when dealing with noble metals [4] or
circumstances without suitable radioactive tracer isotopes. As a result, a novel computational
technique known as the forward simulation method (FSM) has emerged, which will be discussed
in this research study. The reliability of this method has been demonstrated to accurately estimate
impurity diffusion coefficients and interdiffusion coefficients.

Consequently, the accuracy of analyses that involve diffusion-controlled processes, which directly
impact the anticipated performance of the materials, hinges on a concentration-dependent diffusion
coefficient (D(C)) [5].

Furthermore, it is widely acknowledged that the diffusion coefficient is dependent on

concentration, which is commonly referred to as D(C) or chemical diffusion coefficient [6],[7]. A



conventional implicit assumption is that the D(C) remains a constant coefficient of the material
and does not change with time under isothermal conditions. Nonetheless, this assumption may not
universally hold true. In interdiffusion, variations in the partial molar volumes and the mobility of
diffusing substances can result in the uneven distribution of the volume transport of the substances.
This phenomenon can be likened to the generation of stress-free strain that is not uniform in which
on one side of the diffusion pair, contractions take place, while expansion occurs on the opposite
side. The stress field associated with this stress-free strain has not been explicitly considered in the
conventional Darken’s analysis of interdiffusion [8]. In other words, it is assumed that stress
relaxation is rapid and complete, with only convective transport (as seen in the Kirkendall effect)
resulting from this relaxation being incorporated into the theory [9-12].

These strains produced during diffusion are referred to as diffusion-induced strain, while the
ensuing atomic stress that arises from this strain is termed diffusion-induced stress (DIS).
Remarkably, strains within crystals influence atomic diffusion coefficients [13-18]. Consequently,
the concentration gradient of a solute within a crystal becomes a determining factor for DIS, which,
in turn, governs the diffusion coefficient [11]. Empirical evidence confirms the existence of DIS
and its impact on diffusion coefficients [9-19]. Given that the concentration gradient during
diffusion changes alongside the solute concentration, and considering the relationship among
solute concentration, concentration gradient, DIS, and the diffusion coefficient, it is theoretically
reasonable for diffusion coefficients to vary with solute concentration which has also been

supported in the literature [6,20].



1.2 Research Motivation

Darken's theory [8], assumes that concentration-dependent interdiffusion coefficients, obtained
through experimental solutions with Fick’s second law of diffusion, remain constant under
isothermal conditions, and do not change over time. However, recent research has unveiled both
theoretical and experimental instances that challenge this assumption. These cases indicate that
not only concentration-dependent interdiffusion coefficients but also impurity diffusion
coefficients can undergo isothermal changes over time. These changes in diffusion behavior have
been attributed to various factors that change the concentration gradient during diffusion.
Consequently, these changes can impact the stress and strain in the diffusion system, thus
influencing the diffusion coefficients.

The presence of DIS has sparked further investigation into the previously accepted notion that
there are no time-dependent effects on isothermally concentration-dependent interdiffusion and
impurity diffusion coefficients.

Moreover, Olaye and Ojo [20] recently developed a numerical diffusion model which takes into
account variable diffusion coefficients while conserving solute. Their model can be integrated with
a forward simulation analysis [20] and has been shown to effectively address the significant
limitations found in conventional approaches like the Boltzmann-Matano (BM), Sauer-Freise (SF),
Hall, and Wagner methods. This integrated approach offers a reliable means of studying the time
effects on impurity diffusion and concentration-dependent interdiffusion coefficients D(C)s, which

are previously underexplored.



1.3 Research Objectives
The objective of this work is to use a recently developed numerical diffusion model in [20]
coupled with a forward simulation analysis to study the effect of time on:
(i) the concentration dependency of interdiffusion coefficients and

(i) the impurity diffusion coefficients in nickel-copper (Ni-Cu) binary systems.

1.4 Summary of key findings
In this study, data are obtained from a number of experiments that involve diffusion treatment on
Cu-Ni systems and Cu-Ni alloys at different temperatures and diffusion holding times. The
concentration profiles are determined by using microanalysis techniques, specifically through X-
ray energy and wavelength dispersive spectroscopies. A minimum of five concentration profiles
are obtained from each sample. The experimental concentration profiles are then analyzed by using
a numerical model newly developed by Olaye and Ojo [20] and FSM to extract the concentration-
dependent interdiffusion and impurity diffusion coefficients.
To evaluate the extent of uncertainty in the experimentally obtained data and, by implication,
determine whether the concentration dependence of the interdiffusion coefficient varies with time,
the following steps are carried out.:

(i) diffusion coefficients are compared with concentration by using standard deviation

error bars and the p-values determined through t-statistics testing,

(i) impurity diffusion coefficients are calculated,

(iti)  the average of the diffusion coefficients for each sample investigated is calculated,

(iv)  the temperature dependence is determined with an Arrhenius equation,

(V) the effect of solute source concentration is determined, and



(vi)  conventional methods reported in the literatures are reviewed.

The analysis is conducted by using D(C) with the standard deviation error bars for the
interdiffusion coefficient and estimating the p-values of the t-statistics for concentration-
dependent interdiffusion and impurity diffusion coefficients.

Notably, contrary to traditional findings, it is observed that, not only does concentration dependent
interdiffusion vary with diffusion time but also the impurity diffusion coefficient changes with
time at constant temperatures. EXisting studies in the literatures attributes this time-related effect
to DIS. When a change in the concentration gradient occurs under a constant temperature and the
diffusion coefficient changes, then DIS is considered to be the responsible factor. This holds true
since, in the absence of DIS, changes in the concentration gradient at a constant temperature would
not lead to changes in the diffusion coefficient; rather, the diffusion coefficient would remain

constant within an experimentally determined statistical range.

1.5 Thesis Organization

This thesis is organized into six chapters, each serving a distinct purpose, as follows.

Chapter One: Introduction

In this opening chapter, an overview of the subject of diffusion and its various applications is
presented. Chapter One outlines the motivation behind the research work and presents its
objectives. Furthermore, this chapter offers a concise summary of the key findings of this study.
Chapter Two: Literature Review

Chapter Two delves into a comprehensive review of the existing literature. This includes
background information on diffusion, an exploration of the diffusion phenomenon, and an

examination of the traditional methods for determining interdiffusion coefficients. The chapter



also introduces the concept of DIS and discusses its significance in the context of diffusion
research.

Chapter Three: Experimental Methods

Chapter Three details the methods used for sample preparation and data acquisition from the
system under investigation. The chapter also discusses the procedures for the numerical method
used to determine the interdiffusion coefficient. This chapter concludes with a discussion of the
statistical tests used to assess the statistical significance of the experimental data.

Chapter Four: Results and Discussion

The focal point of Chapter Four is the presentation and discussion of the results. These include the
validation of the numerical methods used, an exploration of the effect of the variation of time on
the interdiffusion coefficients in binary systems, an analysis of the effects of time on the impurity
diffusion coefficients, a discussion of the underlying contributing factors of DIS, and an evaluation
of the significance of the time effects through a conventional approach.

Chapter Five: Summary and Conclusion

Chapter Five serves as the culmination of this work. The chapter summarizes the findings and
conclusions drawn from the research conducted.

Chapter Six: Recommendations for Future Research

Finally, Chapter Six outlines the recommendations for future investigations that could arise from
this research work. These recommendations aim to further advance understanding of diffusion

processes and related phenomena.



CHAPTER TWO

2 Literature Review

2.1 Background information on diffusion

Diffusion is one of the most fundamental processes that greatly affects the rate of occurrence of
many phase transformations. It is commonly assumed that diffusion occurs along the concentration
gradients [21]. The driving force of diffusion can be expressed in terms of a chemical potential
gradient which can lead to a system attaining equilibrium when the chemical potentials of all of
the atoms everywhere remains constant. The ease of measuring concentration differences as
opposed to chemical potential differences makes it more easier to establish a relationship between
diffusion and concentration gradients.

Materials are often annealed to improve their properties. Atomic diffusion is often involved during
annealing. Usually, increasing the rate of diffusion is required, except in a few cases where
measures are taken to reduce the rate. One can easily predict the heat-treatment temperatures and
times, and / or rates of cooling by adopting the mathematics of diffusion and proper diffusion rate
constants. A typical example is steel gear designed with a hardened case, by diffusing excess
carbon or nitrogen onto the outer surface layer, which will improve the hardness and resistance to
fatigue failure [22].

Moreover, the magnitude of the net flux of any species (ions, atoms, electrons, and molecules),
depends on the temperature and concentration gradient [1]. The diffusion process has contributed
largely to the development of today’s technologies. The effort required to manage the diffusion of
atoms is paramount especially in materials processing industries. Understanding the diffusion of

different atoms into silicon or other semiconductors involves the diffusion of dopants for



semiconductor devices. Dopants with atomic precision such as antimony (sb) and phosphorus (P)
are diffused onto small regions of silicon wafers that are as low as nanometers in sizes to create a
p-n junction. In addition, the diffusion of water vapour, oxygen or other chemicals can be limited
by using coatings and thin films. Some of the other applications and technologies related to
diffusion include the electrical conductivity of conductive ceramics, manufacturing of plastics
beverage bottles, oxidation of aluminum and thermal barrier coatings for turbine blades in aircraft

engines [1].

2.2 Mechanism of diffusion

Materials often have defects, which are defined as vacancies. These vacancies create disorderliness
reduce free energy and increases the stability of the thermodynamic properties of crystalline
material. Usually, the existence of vacancies in materials causes atoms to jump from one lattice
position to another, which is a process called self-diffusion [1]. There are two specific conditions
required for an atom to jump:

(i) the availability of an empty adjacent site and

(i) sufficient vibration energy is required by the atom to break the bonds with the neighboring

atoms thereby causing lattice distortion during displacement.

A certain fraction of the total number of atoms also migrates at specific temperatures due to their
level of vibration. There are two prominent models of atomic motion proposed for metallic

diffusion: vacancy diffusion and interstitial diffusion.
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2.2.1 Vacancy diffusion

Atoms migrates from their lattice position to fill a neighbouring vacancy which creates a new
unoccupied space in the original lattice position. This interchange of an atom with vacant sites
causes vacancy diffusion. At high temperatures, a significant number of vacancies are found on
metals. The migration of atoms during diffusion leads to the exchange of positions with vacancies.
Consequently, atomic diffusion that occurs in one direction, corresponds to the migration of
vacancies in the opposite direction. The number of vacancies increases as temperatures increases
which significantly influence both self-diffusion and the interdiffusion of a large number of atoms;

for interdiffusion, impurity atoms must substitute for the host atoms [22].

2.2.2 Interstitial diffusion

Interstitial diffusion is the migration of atoms from an interstitial space to an empty neighboring
position. The interdiffusion of impurities like hydrogen, carbon, nitrogen, and oxygen is an
example of interstitial diffusion because their atoms are smaller and can fit into interstitial
positions. Interstitial diffusion takes place much faster in metal alloys as opposed to vacancy
diffusion as interstitial atoms are smaller and more mobile. A good example are ceramic structures,
which have ionic bonding; that is closed packed anions with cations in the interstitial position, so
that the smaller cations easily diffuse faster than the larger anions. Furthermore, interstitial atomic
migration is more rapid than vacancy diffusion as there are more neighboring interstitial sites than

vacancy sites in crystal structures [22,23].
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2.3 Driving force of diffusion
At a specific concentration, the diffusion potential serves as the driving force for diffusion. It is
possible that diffusion can be influenced by external forces and the potential driving force. The
rate of diffusion can also be affected by several potentials.
Some potentials that affect the driving force of diffusion are discussed below, (equations omitted),
including, electrical potential, chemical, thermal and stress gradients.
(a) Electrical potential gradients
Electrical potential gradients can provide the energy to drive the mass diffusion of a
particular species. There are two types of electrical potential gradients. One type is from
the potential gradient that facilitates the migration of diffused charged ions in ionic
conductors. An example are solid-electrolyte batteries. The other type of electrical potential
gradients involves interstitial atoms in metals that diffuse due to the influence of an electric
current [23]. Additionally, the use of an electrical potential gradient can induce diffusion
in metals, which is known as electromigration. This occurs due to a cross-effect between
the diffusing species and the flow of conduction electrons. This phenomenon is particularly

evident when an electric field is applied to a dilute solution of interstitial atoms in metals.

(b) Chemical potentials
The chemical potential of a component is the amount of reversible work required to
introduce a very small amount of that component into a system at equilibrium. This process
involves the diffusion of a small amount of interstitial solute atoms within the gaps or
spaces between atoms in a host crystal. The process occurs in the presence of a

concentration gradient of interstitial atoms. The significantly large solvent atoms
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(©)

essentially remain stationary in their stable positions and undergo much slower diffusion
compared to the highly mobile solute atoms, which diffuse through interstitial diffusion. In
this context, it is reasonable to consider the solvent atoms as immobile. In this system, the
temperature remains constant (isothermal), so diffusion is not restricted by a network, and

it is suitable to use a local C-frame coordinate system [23].

Thermal gradients
In a system where both heat flow and mass diffusion of a sparsely spaced interstitial
component are present, thermal gradients can trigger mass diffusion. The interstitial

chemical potential depends on the concentration, temperature, or both [23].

(d) Stress potential

(€)

Stress impacts a number of different aspects of diffusion, including mobility, diffusion
potential, and the conditions at the boundaries. The changes in stress during diffusion have
a role in shaping the thermodynamic driving force for diffusion and can lead to both elastic

and plastic deformations. [24].

Magnetic potential

In situations where a particle carries a magnetic moment and interacts with a magnetic
field, supplementary forces can change the chemical potential force. This phenomenon is
referred to as magnetic potential, which has the capacity to impact diffusion processes.
Research has delved into the influence of magnetic intensity on carbon diffusion [57], and

showed that diffusion declines as the intensity of the magnetic field increases.
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2.4 Diffusion coefficient

The diffusion coefficient, often denoted as (D), is a fundamental physical parameter that quantifies
the rate at which particles, molecules, or species disperse through a medium due to random thermal
motion. This coefficient characterizes the ease and speed of diffusion within a given material and
under specific conditions. The diffusion coefficient is influenced by factors such as temperature,
concentration gradient, and the properties of the medium through which diffusion occurs. The
diffusion coefficient is a crucial parameter in a number of different scientific fields which include
materials science, chemistry, engineering, biology and physics, as it governs the migration of
substances and their interactions in different systems.

Diffusion coefficients are generally evaluated from the experimental data of concentration profiles
as presented in Figure 1.1. The Matano interface, also known as the distance origin, is the plane in
the diffusion zone that divides the concentration profile equally, where a mass balance is obtained.
However, when dealing with ternary and multicomponent systems, complications arise in the

presence of the concentration gradient of other components [26].
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Figure 2.1: Schematic of concentration-dependent diffusion penetration curve in a binary system
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2.5 Different types of diffusion coefficients
There are different types of diffusion coefficients, and some of them will be discussed in this
section, including:

)] Tracer (self and impurity tracer) diffusion coefficients

i) Intrinsic diffusion coefficients

iii) Interdiffusion coefficients

iv) Average interdiffusion coefficients

1. Tracer diffusion coefficients

In studies that have focused on diffusion, particularly when investigating trace elements that
have radioactivity or isotopic mass, small amounts of the diffusing species, often in the range
of parts per million (ppm) or even less, can be used. While a concentration gradient of the trace
element is required in a diffusion experiment, it is possible to maintain a low concentration of
the total tracer so that the overall concentration of the sample remains practically unchanged
throughout the investigation. From an atomistic perspective, this suggests that tracer atoms are
not significantly affected by the presence of other tracer atoms. Tracers are suitable for
investigating the self-diffusion of matrix atoms, and can also be used to study the diffusion of
foreign atoms under extremely diluted conditions, a scenario often referred to as impurity

diffusion [27].
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2.

Intrinsic diffusion coefficients

The intrinsic diffusion coefficients in a binary alloy system, denoted by D and D% , show
the diffusion of atoms in components A and B in relation to the lattice frame of reference.
To determine the intrinsic diffusivities, two measurements are required:

(1) the velocity of the Kirkendall plane and

(i) the interdiffusion coefficients.

In general, when element A diffuses faster than element B, vacancies are created in the
initially abundant region of the more rapidly diffusing element A, thus leading to the loss
of mass and contraction in that area. Conversely, vacancies are found in the region initially
rich in element B which has less mobility, thus resulting in mass gain and expansion in that
region. This cyclic expansion and contraction drive mass flow, ultimately causing the
migration of marker particles. The transfer rate of A atoms differs from that of B atoms,
thus indicating the existence of two distinct diffusion coefficients: D} and D}. These
coefficients are referred to as the intrinsic diffusion coefficients of the respective
components.

Interdiffusion coefficients

In a binary diffusion couple, the chemical composition of the diffusion zone undergoes
changes for a certain distance. Atoms that are undergoing diffusion are subjected to two
distinct chemical environments, which lead to the presence of a different type of diffusion
coefficient, known as an interdiffusion coefficient. From a broader perspective, the
diffusion flux is directly related to the gradient of the chemical potential. There is

proportionality between the chemical potential and concentration gradient primarily for

17



dilute systems or ideal solid solutions. The chemical potential gradient creates an internal
driving force, and the mixing of a binary system can be explained with a concentration-
dependent interdiffusion coefficient. In the case of a binary alloy, a single interdiffusion
coefficient describes the interdiffusion process. This coefficient typically depends on the
concentration of the alloy. In essence, interdiffusion can eventually lead to the

establishment of an equilibrium concentration of atoms within the material [27].

4. Average interdiffusion coefficient

The concentration profile range of an isothermal diffusion couple in a binary system can indeed
be used to calculate the average interdiffusion coefficients. By analyzing the concentration
profiles and the rate of diffusion within a diffusion couple, valuable information about the
interdiffusion behavior of the two components in the system can be obtained. The data can
then be used to calculate the average interdiffusion coefficients, which describe the rate at
which the two components mix and diffuse in the system. The Dave Or average interdiffusion
coefficient is a single diffusion coefficient that enables comparison of interdiffusion behaviour
in binary systems at different temperatures and periods of time [28]. In order to determine the
Dave, the interdiffusion flux is simply integrated over a range of concentrations along the
diffusion zone. The equation is presented below and equivalent to calculating the mean value
theorem for interdiffusion against concentration.

fccf D(C)dc

Dupe = 2.2

Cr—Cy,
where Cr and C, represent the extreme right and left sides of the concentration profile,

respectively.
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2.6 Conventional methods of extracting interdiffusion coefficients

There are several conventional methods of extracting interdiffusion coefficients in the

literature, a few of them are discussed in this section.

1. BM: The Boltzmann-transformed version of Fick’s second law is a non-linear ordinary
differential equation. This equation can be used to estimate the concentration-dependent
interdiffusion coefficient from experimental concentration profiles. In 1933, Japanese
scientist Matano proposed appropriate boundary conditions for interdiffusion experiments.

[27]. The equation is presented as;

Cx*
ch (x—xp)dC

D(C) = — oo # b — 23

ax
where x,, is the position of the Matano plane which can be determined by applying a

conservation condition expressed as
[Zm(C) = Cdx = [ (Cr = C(0))dx 2.4

where Cy is the concentration of the extreme right-side of the profile and C, is the
concentration of the extreme left-side of the profile. When a binary system is subjected to
a diffusion heat treatment for a duration of time t, a concentration profile begins to form.
This profile can be quantified by conducting an electron microprobe analysis on a cross-
section of the diffusion zone. Equation 2.4 is used to determine D for any specific
concentration from an experimental concentration profile with raw data. To conduct the
analysis, it is essential to determine the position of the Matano plane (denoted as x,,,) [27].
Eversole et al. [29] modified the BM method for dilute solutions. They further simplified
the integral term in the BM method by parts to change the equation to:

+o0
D(C) = — Ly ZEmCH, Cax 25

2t 2
dx
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The Matano plane position is then expressed by using the following integral relationship;
X = [1 xdC = [° (1= C))dx + [7(1 - C(x))dx 2.6
2. SF/den Broeder method: The BM method has also been modified by Sauer and Freise [30]

as well as den Broeder [31]. They presented a normalized concentration variable, denoted

as Y, with the following definition:

y = =—F 2.7
Cr,—CRr
Moreover, if there is no volume change during interdiffusion, the SF solution can be

expressed as follows:

D(C) =g+ |- 1) [J(C" = CRdx +¥ J* (€, — )] 2.8

where C* is the specific concentration at location x*. The SF approach avoids the need
to determine the position of the Matano plane. Consequently, errors related to
determining the position are eliminated.

3. Wagner method: The equation developed by Wagner is;

Vi
=
*d}’i
dx

(YY) =

* - Yi * oo (1_Yi)
*[(1—Yi)f;_wmdx+Yi L de] 2.9

where Y; is the normalized concentrations in relation to component i, expressed as:

2.10

Y: = —Ni_Ni_
L' ONf-Nf

4
where N;” and N;' represent the mole or atomic fraction of the diffusion couple ends
that are not affected while V,,, denotes the molar volume [32]. The diffusion parameters

can be estimated by first converting the concentration profiles to normalized

concentration variables.
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4. Hall method: According to Hall [33], the dependence of diffusion on concentration is
exponential, which entails the measurement of slopes and areas of a curve with ordinates
and slopes that tend to infinity at the extreme points or limits of the concentration range.
Diffusion coefficients calculated accordingly for concentrations close to their limit are
therefore subject to considerable uncertainty. The diffusion coefficients of low
concentrations are of great importance in terms of diffusion mechanisms for solutions. One
element of the diffusion couple is mainly expected to have zero concentration. The
following supplementary transformation is introduced in the Hall method (HM) for the

dilute end or tail of the concentration profile:

C =erfc(u) 211
where

erfc(u) = %(1 + erf(u)) 2.12

u=hl+k 2.13

A= (=) 2.14

Hall [33] assumed that the tail of the concentration profile has linear behavior. The

derivative and integral term in the D(C) is evaluated by using [34];

ac _1dc _ h .2
dx—ﬁdl—ﬁexp( u®) 2.15

foc*(x X )dC = \/_f AdC = —\/_( —exp(— —u?) + ) 2.16
Combining these equations with the BM equations will yield the HM equation written

as:

_ 1 Kk 2
D(C) = 4h2 +o3 exp(u)erfcu 2.17
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where h represent the slope and k denote the intercept of the linear portion
of the concentration ratio curve and u = hA + k.

5. Extended Hall Method: The Extended Hall Method (EHM) was developed to analyse the
concentration profile as a whole while the HM was derived to solve for D(C) only at the
end of the concentration profile where the concentration approaches zero in linear behavior
in the form of a probability plot. Zero concentration at the extreme end remains as the
starting point. The development involves combining the basic integration and
differentiation steps into the interdiffusion coefficient and calculated at every two
neighboring concentration points in a stepwise manner.

The interdiffusion coefficient for the EHM is given as [35]

D(C'()) = 2*;,10.) ACIOIRICEY 2.18

where C'(i) = 0.5(C()) + C(i + 1))
u =h'A +k'
The coefficient of the linear that fits in the equation above are

;_ u(i+1)-u(@)
TAG+D)-A3D) and
A+ Du@-ADuli+1)

k A@+1)-23)

6. Method in Sarafianos [36]: Sarafianos [36] developed an analytical method to determine
the different types of diffusion coefficients. He adapted and expanded the analytical
technique in Hall [33] to include intermediate concentrations. This modification aimed to
formulate an analytical expression capable of determining variable diffusion coefficients

across an entire range of concentrations.
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The equation considered for three cases (regions of low, medium and high concentrations)

Zdc=d(p%) 2.19
Q) For low concentration regions:

D= iexp (u?) fxoo x exp(—u?)dx 2.20
(i) For high concentration regions:

D=- iexp W?) [* xexp(—u?)dx 2.21

Evaluation of the integral in Equations 2.20 and 2.21 gives

1
4h2t

D(C) = (1 — kv/m exp(u®)erfeu) 2.22

(iii)  For intermediate range of concentration:
U1 =hi|xa+ (= DAx| + k; 2.23
2

7. The Forward Simulation Method: Recently, the FSM has been proposed to address the
limitations inherent in traditional methods like the SF, BM, HM and Wagner methods [40].
FSM stands out as a robust technique used for extracting both impurity diffusion
coefficients and (D(C)s) from experimental concentration profiles. This method is
applicable in situations where the interdiffusion coefficient exhibits either strong or weak
dependence on the solute concentration and can be used in both infinite and finite systems
[37-46]. Moreover, the FSM can be effectively applied in various coordinate systems,
including 1-dimensional planar, 2-dimensional cylindrical, and 3-dimensional spherical
coordinates. The FSM excels at accurately evaluating the D(C) in systems that show a

significant initial solute concentration. [46].
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2.7 Concept of DIS

DIS has been the subject of research attention for over a few decades. Prussin [47] reported the
mechanism of dislocation generation through stress during the diffusion process and the
distribution of such dislocations by solute diffusion.

In both crystalline and non-crystalline solids, the overall interdiffusion process is a complex
interplay of various factors. These factors include the diffusive transport of individual chemical
components, generation of internal stress, and convective transport resultant of induced
deformation. For instance, differences in the partial molar volumes and migration of diffusing
species can result in an unequal distribution of volume transport. This unequal distribution is akin
to the generation of a non-uniform, stress-free strain, as shown in Figure 2.2. A side of the diffusion
couple contracts, while the other side expands. DIS is a consequence of the atomic-scale
rearrangement of atoms or molecules within a material. The generation of DIS is somewhat
inherent and inevitable when dissimilar atoms engage in mass transfer. Consequently, stress can
potentially accumulate within the diffusion system, thus triggering micro and macro-level
deformations (for example, the bending of thin films and the Kirkendall effect) and altering the
thermodynamic potential. Consequently, this also serves as an added driving force for the process
of interdiffusion.

It is noteworthy that the stress field associated with this stress-free strain has been traditionally
overlooked in classical Darken analyses of interdiffusion. These analyses assume that stress
relaxation occurs rapidly and completely. Consequently, only convective transport, notably the
Kirkendall effect resulting from this relaxation, is considered in the theory [8].

Furthermore, the rate at which DIS relaxes is not the same as the rate at which it is generated. This

implies that the relaxation process is not swift enough to immediately counterbalance the buildup
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of DIS. Consequently, DIS can accumulate near the interface between dissimilar materials.
Additionally, the rate at which DIS relaxes is linked to the viscosity of the diffusion couple. In
other words, various factors, including the concentration of the diffusion couple, diffusion heat
treatment, and more, can significantly affect DIS by altering the viscosity of the diffusion couple.
Hence, the presence of DIS can lead to micro and macro deformations as well as stress-induced

diffusion.
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Figure 2.2: Schematic binary diffusion couple for vacancy mechanism
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CHAPTER THREE
Methodology
Chapter Three provides details on the methods used for sample preparation and data acquisition
from the system under investigation. The procedures for the numerical method used to extract the
interdiffusion coefficient are also elaborated. Finally, a discussion of the statistical tests used to

assess the statistical significance of the experimental data is provided.

3.1 Materials

The materials used for the sample preparation is pure Cu (100% concentration), pure Ni (100 %
concentration), a Cu-based alloy (10 at %Ni) and Ni-based alloy (10 at % Cu), which were all
supplied by ACI Alloys Inc. These materials would be later coupled as pure Cu vs pure Ni, pure

Cu vs Cu-based alloy, and Cu-based alloy vs pure Ni.

3.2 Cold-rolling

The metals were cold rolled into sheets and cut into cross-sectional dimensions of 12mm x 7mm
and thickness of 1.5mm. Cold rolling is a work hardening process that is used to change the
structure of metals without the use of heat. This process is usually carried out at room temperature
while the metal is subjected to mechanical stress to cause permanent changes to the crystalline
structure of the metal which makes the metal stronger. The metals, were fed into large rollers where
they were compressed and subjected to high pressure just below their ultimate tensile strength to

reduce their thickness.
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3.3 Annealing

Following cold rolling, the cross-sectional samples showed a substantial dislocations and residual
stress, both of which have a notable influence on interdiffusion. The grain boundaries and
dislocations serve as pathways to enhance diffusion, primarily due to the increased migration of
the atoms within these defect-rich regions as compared to the regular lattice structure [48-50]. To
grow the grains and reduce the internal stress, the samples were then annealed at 1030°C for 2hrs
in vacuumed quartz capsules with backfilled argon gas. The annealing temperature is sufficiently
higher to initiate both recrystallization and reduce the stress, thereby preventing any potential grain
growth and interference from the residual stress when the diffusion process occurs at a lower
temperature [51]. Hence, it is essential to conduct treatments that adequately reduce the stress and

grain growth treatments prior to initiating the thermal bonding process.

3.4 Thermal bonding with brazing furnace

The thermal bonding of the samples was conducted by using a LABVAC Il brazing furnace
produced by (GCA/ Vacuum Industries). Prior to bonding, a meticulous surface preparation
procedure was carried out on the samples to expose their surfaces for optimal thermal bonding.
The process entailed grinding the samples with 400, 600 and 1200 paper grit, followed by polishing
with a liquid diamond suspension.

Then, a Nicrobraz® Green Stop-off pen was applied uniformly to the back side of the polished
samples. This Type | solvent prevents the stainless-steel jigs from adhering together to the
diffusion couples during the bonding process.

The prepared samples, along with the stainless-steel jigs, were then carefully inserted into the
brazing furnace. The furnace was programmed to follow a specific temperature profile, with the

bonding temperature set at 600°C. The bonding process took place over a duration of 1hr under a
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high vacuum environment, and a pressure of approximately 10 Torr was maintained. This
controlled environment ensured the accurate and reliable thermal bonding of the samples, which

is critical for the success of the experiment.

3.5 Electrodeposition

The thermally bonded couples were subsequently subjected to electrodeposition to enhance their
resistance to oxidation during diffusion treatments and also prevent galvanic corrosion which can
take place if any of the following three conditions are found: the presence of metals that are
electrochemically dissimilar, metals that have electrical contact and metals exposed to the same
electrolyte. Electrodeposition is an electrochemical process used to coat or deposit a layer of metal
onto the surface of a conductive object. This process is widely used in various industries, including
the manufacturing, electronics, jewelry, and automotive industries, to enhance appearance,
durability, and functionality.

The components of an electrodeposition process include an anode, cathode, electrolyte and direct
current (DC) power supply.

The anode is the conductor where oxidation takes place, and typically made of the same metal that
is being deposited, which in this case is Cu. Cu is the source of the metal ions that are deposited
onto the samples. The sample metals are deposited onto the cathode which acts as the receiving
surface. The electrolyte is a solution that contains metal salts, which provide the source of metal
ions for deposition. This solution also contains other chemicals to control the deposition process.
Finally, a DC power supply is used to provide the necessary electrical voltage and current to drive

the electrochemical reaction.
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During electrodeposition, metal ions from the electrolyte migrate toward the cathode (the sample)
when a DC is applied. These metal ions gain electrons at the cathode and are reduced to form solid
metal atoms. These solid metal atoms then adhere to the surface of the cathode, gradually building
a layer of metal. As the electrochemical process continues, the metal atoms are deposited onto the
surface of the cathode to form a uniform and adherent metal coating. The thickness of the deposited
layer can be controlled by adjusting the electrodeposition time. Afterwards, the coated sample

undergo post-processing steps such as being rinsed with distilled water and dried.

3.5.1 Electrodeposition steps
Electrodeposition involves several steps to ensure the successful deposition of a metal coating onto
the samples. They include surface preparation, immersion into an electrodeposition solution,
electrodeposition, monitoring parameters and completion of electrodeposition.

a) Surface Preparation

e The samples were inserted into a chemical solution of sodium hydroxide (NaOH),
sodium carbonate (Na.COs3) or disodium phosphate (Na2HPO4) at a temperature of
400°C. This solution helps to remove contaminants and prepare the surface for
plating.

e The samples were then rinsed with distilled water.

e The samples were further rinsed with dilute hydrochloric acid (HCI) and dilute
sulfuric acid (H2SOa) solutions to further clean and activate their surface. This
activation step is crucial for ensuring a strong bond between the protective coating
and the diffusion couple.

b) Immersion in electrodeposition solution
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e The cleaned samples were transferred into a glass vessel that contained an
electrodeposition solution of copper(ll) sulfate (CuSQOas). This solution serves as the
source of metal ions for deposition.

c) Electrodeposition.

e A VersaSTAT _3 potentiostat galvanostat was used to control the electrodeposition
process. The current density was set to 10mA/cm?, which determines the rate at which
Cu is deposited onto the samples. In this case, the goal is to deposit a specific
thickness of 10.3micro-meter of Cu onto the samples.

e During electrodeposition, metal ions from the solution migrated to the surface of the
samples and were reduced to form a solid metal layer, which in this case Cu.

d) Monitoring parameters
e Throughout the electrodeposition process, it is essential to monitor the parameters,
including the current density and plating time, to achieve the desired thickness and ensure
the quality of the deposited layer of Cu.
e) Completion of electrodeposition

e Once the desired thickness of Cu has been deposited onto the samples, the
electrodeposition process is completed. The samples can then be carefully removed
from the plating solution and subjected to any necessary post-processing steps, such

as rinsing with distilled water and drying.

3.6 Isothermal diffusion treatment
Following the electrodeposition process, all of the bulk planar samples were sealed in vacuumed

quartz capsules filled with argon gas in preparation for the subsequent diffusion heat treatments.
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Tables 3.1 to 3.3 list the details of the diffusion couples: pure Cu vs pure Ni, pure Cu vs Cu-based

alloy, and pure Cu vs Ni-based alloy diffusion couples, respectively.

Table 3.1 : Pure Cu vs pure Ni diffusion couple

“Temp/Time 5hrs  25hrs  75hrs  150hrs  450hrs
900°C N v v v v
940°C v v v v v
980°C v v v v v
1020°C v v v v v

Table 3.2: Pure Cu vs Cu-based alloy (with 10 at %Ni) diffusion couple.

Temp/Time 25 hrs 150 hrs
900°C N N
1020°C V v

Table 3.3: Pure Ni vs Ni-based alloy (with 10 at %Cu) diffusion couple.

Temp/Time 25 hrs 150 hrs
900°C N N
1020°C \ \




3.7 Metallographic sample preparation

The effective preparation of samples in metallographic laboratories remains a skill-based

endeavor. Given the increasing importance of accreditation in the field of metallography, it has

become essential to incorporate systematic evaluations of procedures and establish standard

documentation alongside empirically developed techniques. In the following discussion, some of

the fundamental aspects involved with the preparation of the samples in this study are reviewed.

1)

2)

3)

Sampling: A crucial step in the preparation of samples, and essential to choose the
appropriate technique tailored to the specific material and its unique conditions. Ensuring
meticulous control over the results is imperative to avoid any potential artifacts. The
technique used is electron discharge machining (EDM), a metal fabrication process
whereby the desired shape is obtained by using electrical discharging (spark machining).
Mounting: Done in Kemet conductive phenolic (bakelite) resin, primarily chosen for its
suitability for small-sized samples. A mounting press is utilized along with a hot
compression mounting process which subjects the sample to heat and pressure, thus
securely fixing the sample. Mounting the samples offers several advantages, including
improved handling during the grinding and polishing stages, and the convenience of
labeling or marking for straightforward identification.

Grinding: An essential step in the preparation process. Typically, the surface of a cut cross-
section shows a significant degree of irregularity, which is systematically eliminated
through a series of grinding steps. Emery paper, coated with silicon carbide (SiC) particles,
is used for this purpose. The emery paper used are meticulously graded from coarse to fine,
with a particle size that varies between P400 to P1200. This gradual progression of

abrasiveness helps to give the sample a smoother and more uniform surface finish.
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4.) Polishing: A crucial step to attain a surface that is free from artifacts. Polishing involves
the removal of the rough layer from the sample. While it is generally possible to create
surfaces that are free of scratches, mechanically polishing a surface until there are no flaws
can be challenging, if not impossible. Diamond polishing paste was applied to the samples,
beginning with a relatively coarse grade of 6 microns and progressing to a finer grade of 1
micron. This use of a progressively finer abrasive contributes to the desired level of surface
smoothness and quality.

5.) Optical microscopy: Serves as a method for investigating the microstructure, particularly
in the case of metallic materials, which are typically opaque. Consequently, the
predominant approach in metallography is to examine the planar cross-sections by using
an incident light. An optical microscope is used for optical microscopy in this study, which
uses a visible light and a series of lenses to produce enlarged images of the samples. The
samples were positioned on the stage of the microscope and connected to a computer to
capture the micrographs. The optical microscope plays a crucial role in the grinding and
polishing process by allowing observations of the sample when it is completely polished
and free from any surface irregularities. The microscope allows for quality control and

accuracy during sample preparation.

3.8 Scanning Electron Microscopy

Scanning electron microscope is one of the most versatile methods for microstructural analysis
which uses a scanning electron microscope (SEM). The operational principle of scanning electron
microscopy is relatively straightforward: an electron beam scans the surface of the sample, which

is similar to how a cathode-ray tube displays an image [52]. These electrons are typically emitted
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from a heated tungsten cathode. The SEM offers several imaging techniques for studying metallic
microstructures, and a few of them are discussed as follows.

Secondary Electron (SE) Mode is a mode of scanning electron microscopy and used to reveal the
surface topography and, in favorable cases, provides information on the atomic number and crystal
orientation contrast with high resolution. The SE mode is particularly useful for obtaining
information from a shallow depth just beneath the surface.

Backscattered Electron (BE) Mode is a mode of scanning electron microscopy that provides
topographic details and substantial material contrast from a more significant depth and width
beneath the surface of the sample. However, the BE mode typically results in reduced resolution
compared to the SE mode. The JEOL JSM-5900LV SEM is specifically designed for scanning
electron microscopy applications. This SEM is a specialized instrument used for high-resolution
imaging and microstructural analysis of various materials, including metallic samples. This SEM
is equipped with features and capabilities that enable researchers and scientists to study the
microstructures of materials at different scales, which make it a valuable tool in the field of
materials science and microstructural analysis.

The ability of SEM to offer multiple imaging modes makes it an invaluable tool for the

comprehensive analysis of microstructures in metallic materials.

3.9 Data Measurement

The diffusion couple samples were cross sectioned by using the EDM as discussed earlier. It is
important to accurately acquire the data for a proper understanding of the characteristics of the
diffusion behaviour in the Cu-Ni system under investigation. The samples were mounted on a

bakelite purposefully to hold them tightly for ease of surface preparation. The goal was to clean
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the surface of the cross-section so that it would be free from particles that could prevent the
accurate measurement of concentration profiles across the diffusion zone. Furthermore, the
samples were carefully positioned on the JEOL JSM-5900LV SEM and concentration profiles

were acquired by using EDS.

3.10 Data Smoothening and Analysis

To minimize errors when calculating the interdiffusion coefficients with the use of a concentration
profile, it is a good practice to acquire a number of concentration profiles. When approximately
five concentration profiles are used for each sample, the accuracy and reliability of the calculations
can be enhanced through data redundancy and statistical analysis. Additionally, a number of
concentration profiles allows assessment of the consistency of results across different
measurements, thus improving the overall confidence in these findings. The profiles were
smoothened by using the simple moving average technique [53] to minimise the noise and
randomness of the data. The average of the five smoothened profiles were then calculated into a
single profile for each sample to represent their corresponding concentration profile. The average
concentration profile was subsequently analysed by using the recently developed model in [54-

55].

3.11 Numerical model governing equations

The numerical model in Olaye and Ojo [20,54-55] for extracting interdiffusion coefficients from
experimental data uses a hybrid approach. They used a fully explicit finite difference analysis with
the Leapfrog/Dufort-Frankel scheme. This combination is used to avoid the need for non-trivial
simplifications that could potentially reduce the accuracy of fully implicit solutions. By doing so,

the model provides a more accurate and comprehensive understanding of the interdiffusion process
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based on the experimental data, while maintaining numerical stability and minimizing the impact
of simplified assumptions. The detailed derivations can be found in [20, 54-55]

The governing equations used for the numerical model are:

A—19crt) _ 0 ( 31 oc(r,t)
== (r Dylc(r, t)] . ) 0<r<s() 3.1
A—19crt) _ 0 ( 31 dc(r,t)
== (r Dglc(r,t)] — ) s@)<r<R 3.2
dc(r,t) dc(r,t) ds
Dylc(r,t)| —— — Dglc(r, t)| ——= = |Cg — Cy]l— r =s(t 3.3
aleGr 01252 = DsleCr ] 25| =16 - Gl ®

Equations 3.1 to 3.3 usually apply to a two-phase system but are now being adapted for use in the
single-phase system under investigation in this study. This adaptation involves tailoring the model
to accommaodate the specific characteristics and behavior of the single-phase system, thus allowing
for a more accurate analysis of the system's interdiffusion properties of the system. Equations 3.1
and 3.2 denote the diffusion of the solute in Phases A and B, respectively, while Equation 3.3
describes the migration along the interface. The diffusion coefficients in Phases A and B are Da
and Dg respectively while A represent the geometrical ratio which is 1 for planar, 2 for cylindrical

and 3 for spherical geometries.

3.12 Leapfrog/Dufort-Frankel scheme

The Dufort-Frankel scheme effectively combines the attributes of the Euler explicit and Crank
Nicholson schemes and capitalizes on their stability and rapid convergence. Consequently, the
Dufort-Frankel scheme boasts unconditional stability and a convergence rate that is twice as fast

as that of the Crank-Nicholson scheme. This is primarily due to the diminishing ratio of the change
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in time to the change in position, a characteristic often utilized for solving parabolic equations via
the finite difference method [78].

Moreover, the Dufort-Frankel scheme can be used to calculate diffusion coefficients, regardless of
whether they are constant or variable. The scheme is particularly well-suited for solving single-
phase systems devoid of continuous interface boundaries. However, in cases where the advective
term that represents interface boundary migration is present, the Leapfrog approach is used to
analyze this scenario. Drawing from the findings reported in [54, 55], the Leapfrog/Dufort-Frankel
algorithm is implemented to solve the finite difference scheme for Equations 3.1 and 3.2. Given
that the system under investigation is a single-phase, either of the discretized equations, that is

Equation 3.1 or 3.2, can be used.

3.13 Forward simulation procedures

The FSM is an iterative technigue that calculates D(C)s accurately through an inverse relationship
between the concentration gradients and diffusion coefficients. To execute the FSM, numerical
models that can solve Fick’s law in single or multi-phase systems are necessary. The numerical
models used to apply Fick’s second law for simulation in this research work has been extensively
discussed [20,54,55,56-59].

In this study, the numerical inverse method for forward simulation is used to calculate the
interdiffusion coefficients for cases that involve a non-uniform initial solute distribution and those
without a non-uniform initial solute distribution. This method is commonly used in scenarios that
involve diffusion processes, which are often found in fields like materials sciences and aerospace

engineering. The steps of this method are outlined as follows:
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First, the concentration profiles are prepared after SEM observation. They are smoothened
to remove noise or irregularities.

. The initial estimate for the interdiffusion coefficient function, denoted as D = exp(f(C)), is
made based on a conventional method such as the BM, or SF method. This function relates
the diffusion coefficient (D) to the concentration (C).

Using the assumed interdiffusion coefficient function and a numerical model capable of
solving Fick's second law, the behavior of the system over time is simulated. This
procedure also works for cases with significant initial solute distributions.

Following the simulation of the diffusion process, a comparison is made between the
calculated concentration profiles and experimentally obtained concentration profiles. The
least squares method is frequently used to quantify the differences between the simulated
and experimental profiles. If the error is below a predefined tolerance value of 0.001, the
process is considered to be acceptable.

If the error is not within the acceptable tolerated value, the interdiffusion coefficient
function is adjusted. The interdiffusion coefficient is adjusted by multiplying, by the ratio
of the inverse concentration gradient of the experimental and simulated profiles,

respectively. Equations 3.4 is used to adjust the interdiffusion coefficient.

dx

dc experimen
D(C)new = D(C)old * gD 3.4

ax
dClsimulated

Steps 3 through 5 are repeated iteratively until a preset accepted level of error is reached.
This involves refining the interdiffusion coefficient function with each iteration, to

converge to a solution that is in good agreement with the experimental data.
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In summary, the numerical inverse method for forward simulation is used to estimate the
interdiffusion coefficients by iteratively adjusting an estimated coefficient function until the
simulated concentration profiles match the experimental profiles within a specified tolerance
value. This approach is valuable for understanding and characterizing diffusion processes in

materials and other systems.

3.14 T-statistics test

To further evaluate the significant differences in the data obtained in this study, it is imperative to
use a statistical analysis. The t-statistics method is commonly used because comparisons of the
means between two groups can be implemented. This method is frequently used to test hypotheses
to determine whether a particular process or treatment has a discernible impact on the population
of interest or if there are significant differences between two groups. The t-statistics and the

degrees of freedom (denoted as "d") in the t-test are expressed as follows [79]:

¢t = 2@12-D(Ol 3.5
s3 51
ny nig

d = n, + ny — 2 36

where n, and n,represent the sample size, D(C)|, and D(C)|; denote the mean values of the
interdiffusion coefficients and S, and S; represent the standard deviations.
To facilitate the t-test analysis, statistical software is integrated with Excel spreadsheets. This built-

in function takes the raw data and calculates the t-value, which is subsequently compared to a
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critical value. Additionally, the p-value is calculated which allows for a quick assessment of the
statistical difference in the dataset. The recommended threshold for significance is typically set at
p <0.001, which indicates that the data are considered statistically and significantly different when

p < 0.001, while p > 0.2 suggests that the compared datasets are statistically similar.
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CHAPTER FOUR
Results and Discussion
This chapter presents the results and discussion on the time variation effect on concentration
dependent interdiffusion and impurity diffusion coefficients in Cu-Ni system. The underlying
contributing factor of DIS and the significance of time variation of diffusion coefficients are also

discussed.

4.1 Validation of numerical model

Olaye and Ojo [54, 55] developed numerical diffusion model to analyze a system with two
concentration profiles which allows for the determination of D(C), through the use of these two
experimental concentration profiles. This is a numerical inverse method that can estimate the
concentration dependency of the interdiffusion coefficient when there is a non-uniform solute
distribution in the system. In situations where there is a pre-existing non-uniform solute
distribution, conventional methods like BM, SF, Hall, and Wagner methods, typically used to
determine diffusion coefficients from experimental concentration profiles, are not applicable. The
reason for this limitation lies in the common assumption that a material does not have a non-
uniform solute distribution prior to the diffusion process. This implies that there is an initial step
function in space by the solute concentrations [35, 60-61].

Moreover, a number of material processes like sintering, brazing, coating, age-hardening, etc.
require diffusion-controlled treatments with multiple steps because of the multiple steps of
diffusion at various temperatures. During the modelling of diffusion-controlled processes with
multiple steps, it is common to use concentration-dependent diffusion coefficients for modeling

diffusion behavior at different temperatures with standardized techniques that involve no non-
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uniform initial solute distribution. The conventional methods cannot effectively estimate the
concentration dependent interdiffusion coefficient in materials with a non-uniform solute
distribution before diffusion treatment. Hence, the numerical diffusion model used conveniently
estimate the D(C) when there is pre-existence of non-uniform solute distribution prior to diffusion.
The numerical model uses the solution of Fick's second law as a means to calculate the
interdiffusion coefficients, ultimately yielding the simulated concentration profiles. The FSM is
used with the model to calculate the interdiffusion coefficient with a non-uniform initial solute
distribution which then calculates the interdiffusion coefficient needed to obtain the final
experimental concentration profile by using the initial concentration profile as the initial condition.
In order to validate the results of the numerical model used in this study, the FSM was used to
adjust the interdiffusion coefficient function until an acceptable error margin was attained. A
litmus test to confirm the accuracy of the final results of the D(C) produced was used to compare
the final simulated concentration profile with the final experimental concentration profile as
presented in Figures 4.1 and 4.2. It can be observed in the figures that the simulated final
concentration profile is somewhat in agreement with the final experimental profile. Hence, using
conventional analytical methods to calculate the D(C) for cases that have a pre-existing non-

uniform initial solute distribution can result in significant errors.
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Figure 4.1: Variation of experimental profile with simulated profile for pure Cu-Ni between 5-25
hrs at 900°C.
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Figure 4.2: Variation of experimental profile with simulated profile for pure Cu-Ni between 150-

450 hrs at 900°C
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4.2 Effect of Time on Interdiffusion Coefficients
Validating the effect of time on interdiffusion coefficients is a crucial factor for understanding how
the rate of diffusion changes over different periods of time. This validation process involves
experimental, theoretical, and computational approaches to assess how various factors, such as
concentration gradients, temperature, and material properties, influence the diffusion process over
time.
Experimental verification in this research entails conducting diffusion experiments under
controlled conditions and measuring the concentration profiles of diffusing species of a pure Cu-
Ni binary system and its alloys at different time intervals. The collected data were then analyzed
to observe how the diffusion rate changes with time. If the observed diffusion behavior deviates
from traditional models or expectations, this may suggest the presence of time-dependent effects.
Theoretical modeling and computational simulations also play a significant role in verifying time
effects on diffusion. A recently developed mathematical model and numerical simulations that
incorporate the relevant factors that affect diffusion and running them over different time intervals
was used to compare the simulated results with experimental data to help validate whether time-
dependent effects are at play.
Furthermore, statistical analysis, such as the calculation of standard deviation error bars, p-values
of the t-statistics used in this study will provide insights into the significance of observed changes
in diffusion behavior over time.
Ultimately, the validation of time effects on diffusion contributes to a better understanding of how
diffusion processes evolve and are influenced by various factors. Validation will also allow
researchers to refine existing theories and models to better capture real-world diffusion

phenomena.
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4.2.1 Effect of Time on Interdiffusion Coefficient in Pure Cu-Ni system at 900°C

A pure Cu-Ni diffusion couple was annealed at a constant temperature of 900°C and different time
intervals of 5-25 hrs, 75-150 hrs and 150-450 hrs. The numerical model in [20] was coupled with
the FSM to produce interdiffusion coefficients that vary with solute concentration as shown in
Figures 4.3 - 4.5. The results show the concentration dependency of D(C) operative between two
isothermal concentration profiles; for instance, a diffusion time interval of 5-25 hrs means an initial
non-uniform solute distribution obtained at 5 hrs and a final experimental concentration profile
obtained after 25 hrs. This contradicts the conventional techniques such as the BM, SF and Hall-
methods, because the results of the D(C)s obtained through these conventional methods can
conveniently solve diffusion couple between the diffusion period and time zero; that is, the host
material has no solute atoms and no specific diffusion time. However, Figure 4.3 statistically
reveals variation in time as the D(C) changes from 5 to 25 hrs to 25 to 75 hrs. At the Cu-rich
region, the difference is highly significant, and then steadily reduces until the difference is no
longer obvious. Similarly, the p-values of the t-statistics in Table 4.1 shows a range of
concentration points between 11 at % Ni — 30 at % Ni that are statistically similar while the
majority of the concentration points reveals a statistically reliable result that confirms the data of
the D(C) varies as the time interval of diffusion changes.

The calculated average diffusion coefficient Dave as shown in Table 4.2 shows a significant
variation of about 72% increase in diffusivity as the diffusion process progresses from 5-25 hr.
Likewise, about 34% and 81% increases in the average diffusivity occur during a diffusion time
of 25-75 hrs to 75-150 hrs and period of 75-150 hrs to 150-450 hrs respectively. These results
show a significant variation of time of the D(C) through the emerging non-uniform initial solute

distribution which conflicts the general assumption that it does not change with time.
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Figure 4.3: Concentration-dependent interdiffusion coefficients of pure Cu-Ni at 900°C for

holding times of 5-25 hrs versus 25-75 hrs.
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Figure 4.4: Concentration-dependent interdiffusion coefficients of pure Cu-Ni at 900°C for

holding times of 25-75 hrs versus 75-150 hrs.
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Figure 4.5: Concentration-dependent interdiffusion coefficients of pure Cu-Ni at 900°C for

holding times of 75-150 hrs versus 150-450 hrs.

50



Table 4.1: p-values of t-statistics for pure Cu-Ni diffusion couple at 900°C

Ni at. % 0 5 10 15 20 25 30
25-75hvs75-150h 0132 >02  >02  >02 0074 0030 0025
75150 hvs 150-450h 0001 0001 0001 0001 0001 0001  0.003

Ni at. % 3 40 45 50 55 60 65
5-25 hvs 25-75 h >02 0135 0099 0032 0026 0039 0032
25-75hvs75-150h 0018 0018 0029 0023 0019 0031 0027
75150 hvs 150-450h 0013 0009 0012 0020 0015 0024  0.020

- Nia% 7 7 s 8 % 9 100

525hvs25-75h 0042 0038 0081 >02  >02  >02  >02
25-75hvs75-150h 0029 0021 0030 0033 0032 0035 0031
75150 hvs 150-450h 0013 0019 0015 0013 0014 0011 0013
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Table 4.2: Dave for different time intervals at 900°C and variations

‘Timeinterval (hrs)  Dae(m?s)  Percentage increase (%)
5-25 2.58E-15 :
25-75 1.50E-15 :
75-150 1.12E-15 :
150-450 2.03E-15 -
25-75 and 5-25 - 72
75-150 and 25-75 - 34
75-150and 150-450 - 81
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Figure 4.5a: Average interdiffusion coefficients at different times for pure Cu-Ni at 900°C
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Figure 4.5b: Percentage difference between diffusion time at 900°C
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4.2.2 Effect of Time on Interdiffusion Coefficient in Pure Cu-Ni system at 940°C
Solid-solid interdiffusion in a single-phase system of pure Cu-Ni subjected to heat treatment at
940°C for 5 hrs, 25 hrs, 75 hrs, 150 hrs and 450 hrs was used to investigate the effect of time on
the interdiffusion coefficient. Figures 4.6 - 4.8 show the plotted D(C) curves with standard
deviation error bars that compare the diffusion period. The variations in the curves show the effect
of time on interdiffusion. As reported in [62] ,these results further confirm that the pattern of large
variations in the Cu-rich interdiffusion region at 900°C is valid. Figures 4.6 and 4.7 show a similar
trend, but Figure 4.8 shows a significant variation except at the region around 20 at %Ni
concentration. Accordingly, it is reasonable to affirm that the interdiffusion coefficient could vary
with concentration and time. To corroborate this observation, the results of the p-values of the t-
statistics in Table 4.3 shows that although few concentration points are within the statistical range
of an acceptable benchmark, but during a longer diffusion period, a large statistical range of
difference is observed as shown in Figure 4.8. The average diffusivity calculated in Table 4.4
shows a closer value between the diffusion period and that percentage increase is as low as 9%
between 75 hrs and 150 hrs when compared to 150-450 hrs. This is below the empirically derived
15%, which means that they are statistically similar. Overall, both the graphical and statistical
results confirm that the interdiffusion coefficients change with diffusion time which demonstrates

the effect of time on the interdiffusion coefficients for the pure Cu-Ni system at 940°C.
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Figure 4.6: Concentration-dependent interdiffusion coefficients of pure Cu-Ni at 940°C for

holding times of 5-25 hrs versus 25-75 hrs.
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Figure 4.7: Concentration-dependent interdiffusion coefficients of pure Cu-Ni at 940°C for

holding times of 25-75 hrs versus 75-150 hrs.
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Figure 4.8: Concentration-dependent interdiffusion coefficients of pure Cu-Ni at 940°C for

holding times of 75-150 hrs versus 150-450 hrs.
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Table 4.3: p-values of t-statistics for pure Cu-Ni diffusion couple at 940°C

Ni at. % 0 5 10 15 20 25 30
525hvs25-75h  0.008 0011 0013 0012 0053 0135  >02

25-75 h vs 75-150 h 0046 0033  0.022 0.025 0.054 0.074 >0.2
75-150 hvs 150-450 h ~ 0.010  0.010  0.034 0.120 >0.2 >0.2 >0.2

Ni at. % 35 40 45 50 55 60 65
5-25 h vs 25-75 h >02 >02 0140 0.080 0.060 0.023 0.013
25-75 h vs 75-150 h >02 >02  >02 >0.2 >0.2 >0.2 >0.2
75-150 hvs 150-450h  >02 >02  >0.2 0.162 0.158 0.069 0.032

Ni at. % 70 75 80 85 90 95 100
5-25 h vs 25-75 h 0026 0019  0.016 0.019 0.029 0.060 0.087
25-75 h vs 75-150 h >02 >02  >02 >0.2 >0.2 >0.2 >0.2
75-150 hvs 150-450 h  0.023  0.009  0.003 0.002 0.001 0.001 0.001
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Table 4.4: Dy for different time intervals at 940°C and their variation

‘Timeinterval (hrs)  Dae(m¥s)  Percentage increase (%)

5-25 4.14E-15 -
25-75 3.29E-15 -
75-150 4.35E-15 -
150-450 3.98E-15 -
25-75 and 5-25 - 26
25-75 and 75-150 - 32
150-450 and 75-150 - 9
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4.2.3 Effect of Time on Interdiffusion Coefficients in Pure Cu-Ni system at 980°C

The plot of concentration dependent interdiffusion coefficients for pure CuNi at 980°C for different
diffusion times are shown in Figures 4.9 - 4.11. To verify if the D(C) varies with time in these
results, the standard deviation of the interdiffusion coefficients versus concentration for diffusion
times of 5-25 hrs, 25-75 hr, 75-150 hrs and 150-450 hrs show trends of where there is no
overlapping between the error bars on the individual time intervals especially in Figures 4.9 and
4.11, which shows that D(C) changes with time. Note that Figure 4.10 only shows a slight variation
at the Cu-rich region of the diffusion process. Also, the calculated average of the interdiffusion
concentration coefficients as revealed in Table 4.6 shows that based on [63], the increase in
percentage between the Dave calculated for diffusion times of 5-25 h and 25-75 h is 31%; 25-75 h
and 75-150 h is 6%; and 75-150 h and 150-450 h is 71%. The maximum change in the Dave is
ideally an uncertainty of 15% in experimentally measured diffusion coefficients. The data show
that the interdiffusion coefficient varies significantly with concentration for two of the holding
times except for 25-75 h and 75-150 h which has a 6% difference. The p-values for 75-150 hr vs
150-450 hr in Table 4.5 shows a significant statistical difference that is observed in Figure 4.11
and p-values less than .001 which is the benchmark used. On the other hand, the holding times of
25-75 h vs 75-150 h only show a slight difference which is reflected by the increase in percentage
of the Dave.

Overall, although the Dave differs for each time interval, not all the isothermal variations of Dave
have more than a 15% experimental uncertainty. Most of the data clearly show that the D(C)
isothermally changes with time, as confirmed by the result which is based on the standard deviation

error bar.
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Figure 4.9: Concentration-dependent interdiffusion coefficients of pure Cu-Ni at 980°C for

holding times 5-25hrs versus 25-75hrs.
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Figure 4.10: Concentration-dependent interdiffusion coefficients of pure Cu-Ni at 980°C for

holding times of 25-75 hrs versus 75-150 hrs.
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Figure 4.11: Concentration-dependent interdiffusion coefficients of pure Cu-Ni at 980°C for
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holding times 75-150 hrs versus 150-450 hrs.



Table 4.5: p-values of t-statistics for pure Cu-Ni diffusion couple at 980°C

Ni at. % 0 5 10 15 20 25 30
525hvs25-75h 0116 0718 0597 0115 0024 0010 0003

25-75hvs 75-150 h 0.044 0.021 0.008 0.006 0.100 0.120 >0.2
75-150 h vs 150-450 h ~ 0.043  0.040 0.016 0.004 0.003 0.001 0.001

Ni at. % 35 40 45 50 55 60 65
25-75 h vs 75-150 h >0.2 >0.2 >0.2 >0.2 >0.2 >0.2 >0.2
75-150 hvs 150-450 h  0.001  0.001 0.001 0.003 0.002 0.002 0.002

Ni at. % 70 75 80 85 90 95 100
5-25hvs 25-75 h 0.001  0.001 0.001 0.003 0.004 0.008 0.014
25-75hvs 75-150 h >0.2 >0.2 >0.2 >0.2 >0.2 >0.2 >0.2
75-150 hvs 150-450 h  0.003  0.006 0.010 0.020 0.035 0.071 0.119
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Table 4.6: Dave for different time intervals at 980°C and their variation

‘Timeinterval (hrs)  Dae(m¥)  Percentageincrease (%)

5-25 8.88E-15 -
25-75 7.66E-15 -
75-150 7.26E-15 -
150-450 1.24E-14 -
25-75 and 5-25 : 31
75-150 and 25-75 : 6

75-150 and 150-450 : 71
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4.2.4 Effect of Time on Interdiffusion Coefficients in Pure Cu-Ni system at 1020°C

Again, at a higher temperature, the effect of time was investigated for the specified diffusion times
and the results are presented in Figures 4.12 - 4.14. At an average concentration of 40 at %Ni,
there are no obvious overlapping areas as represented by the standard deviation error bars. This
indicates that as the Ni solute diffuses into Cu, the magnitude of the diffusion coefficient differs.
For a high temperature of 1020°C which is little lower than the melting temperature of Cu (by
65°C), the D(C) is expected to be constant and not change with time as previously concluded in
the literature. However, the findings in this study contradicts that in current studies. The D(C)s
appear to have similar value even at extreme values from 50 at %Ni to 100 at% Ni, however,
Figures 4.12 to 4.14 do not show complete overlap of the two compared D(C)s at the diffusion
times studied. To further explain for this finding, the p-values reported in Table 4.7 clearly show
statistical significance difference of p <.001 and p >.2(for statistically similar data) except for 41-
50 at% Ni and 61-70 at% Ni for different diffusion intervals of 5-25 hrs vs 25-75 hrs and 75-150
hrs vs 150-450 hrs respectively. The extreme values confirm that the data are statistically
significant. The calculated average of the D(C)s of these diffusion times vary despite isothermal
conditions and the increase in percentage shows a significantly large difference as presented in
Table 4.8. For the D(C) operators of the diffusion time intervals of 25-75 hrs and 75-150 hrs, the
% increase is about 112%. If the D(C) is isothermally constant and does not vary with time, as

generally assumed, the opposite would have been observed.

66



%1071

T I
—4— 5-25hrs
1 —— 25-75hrs

0 10 20 30 40 50 60 70 80 90 100
at % Ni

Figure 4.12: Concentration-dependent interdiffusion coefficients of pure Cu-Ni at 1020°C for

holding times 5-25 hrs versus 25-75 hrs.
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Figure 4.13: Concentration-dependent interdiffusion coefficients of pure Cu-Ni at 1020°C for

holding times 25-75 hrs versus 75-150 hrs.
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Figure 4.14: Concentration-dependent interdiffusion coefficients of pure Cu-Ni at 1020°C for

holding times 75-150 hrs versus 150-450 hrs.
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Table 4.7: p-values of t-statistics for pure Cu-Ni diffusion couple at 1020°C

Ni at. % 0 5 10 15 20 25 30
5-25hvs 25-75 h 0.118 0.035 0.025 0.010 0.009 0.004 0.006
25-75 h vs 75-150 h 0.001  0.001 0.001 0.001 0.001 0.001 0.001
75-150 hvs 150-450 h ~ 0.007  0.003 0.002 0.000 0.001 0.001 0.002

Ni at. % 35 40 45 50 55 60 65
5-25hvs 25-75 h 0.012  0.085 0.160 >0.2 >0.2 >0.2 >0.2
25-75h vs 75-150 h 0.002  0.002 0.003 0.003 0.005 0.002 0.002
75-150 hvs 150-450h  0.003  0.004 0.008 0.009 0.021 0.013 0.022

Ni at. % 70 75 80 85 90 95 100
5-25hvs 25-75 h >02 >02 >0.2 >0.2 >0.2 > 0.2 > 0.2
25-75 h vs 75-150 h 0.002  0.002 0.003 0.003 0.011 0.024 0.041
75-150 hvs 150-450h  0.068  0.116 >0.2 >0.2 >0.2 >0.2 >0.2
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Table 4.8: Day. for different time intervals at 1020°C and their variation

‘Timeinterval (hrs)  Dae(m?s)  Percentage increase (%)
5-25 1.26E-14 -
25-75 9.12E-15 -
75-150 1.93E-14 -
150-450 1.03E-14 -
25-75 and 5-25 : 38
25-75 and 75-150 : 112
150-450d 75-150 : 88
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4.3  Activation energy and frequency factor of concentration-dependent interdiffusion
The D(C) and temperature can be closely related by using the Arrhenius law:
D = Dyexp (_R—QTd) 4.1
where D, and Q, represent a temperature independent pre-exponential factor and the activation
energy for diffusion respectively, and R and T are a gas constant and the absolute temperature.
These parameters can be determined by using the previously calculated interdiffusion coefficients
at various temperatures and diffusion times investigated in this study.
The plot of the natural logarithm of the interdiffusion coefficient versus the reciprocal temperature
at a magnitude of 10* can be used to verify the Arrhenius plot where the temperature dependence
of the interdiffusion coefficient follows the Arrhenius law. Figures 4.15 - 4.18 show the
relationship between the interdiffusion coefficients and temperature. At a constant temperature,
the interdiffusion coefficients are not the same, when observed at 20 at% of Ni. A line of best fit
in the figures is used to calculate the slope from the equations of the line which show the extent of
the activation energy and the intercept which illustrates the size of the pre-exponential factor.
Olaye and Ojo [55] reported that for effectiveness, it is important to exclude errors that may arise
from the possibility of the presence of an initial solute distribution by using an experimental
concentration profile obtained after a certain diffusion time as a reference to determine the D(C)
between the reference and final experimental concentration profiles. This investigation uses 5 hrs
as the reference profile for each temperature, therefore, the numerically obtained D(C) at longer
diffusion intervals is for 5 and 25 hrs, 5 and 75 hrs, 5 and 150 hrs, and 5 and 450 hrs in the pure
Cu-Ni system. The calculated interdiffusion coefficients were then used to show their temperature

dependence in Figures 4.15 - 4.18.
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Consequently, the values of the activation energy and pre-exponential factor of these concentration
profiles with the reference profiles are calculated and the results are presented in Figures 4.19 and
4.20. It is obvious that the activation energy and pre-exponential factor change with time. The
literature has reported that temperature increases can influence the frequency factor of diffusion
and/or affect the activation energy at a certain temperature due to the specific mechanism of
diffusion which occurs significantly at such critical temperatures. However, the variation of the
time effect of the interdiffusion coefficients is responsible for the changes in Q and Do with
diffusion time. A list of activation energies and pre-exponential factors for Ni-Cu interdiffusion in

Table 4.10 shows that the findings of this study are in agreement with those in the literature.
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Table 4.9: Activation energy Q (kJ/mol K) and frequency factor Do (m?/s) for 20 at% Ni and

different diffusion times

“Conc.  525hrs  575hrs  5-150hrs  5-450hrs
%Ni ~ Q  In(Do) Q  In(Do) Q InD) Q  In(Do)
0 11656 -2001 22057 -101 24626  -7.31 11931  -20.04
20 201.86 -12.68  201.03 -12.76 24809  -811  197.04  -13.15
40 25532 -8.33 186.90 -14.95 246.18 924  241.94  -947
60 27511 -7.15 178.09 -16.67 240.77  -10.66 25349  -9.03
80  260.89 -9.15 17451 -17.94 23154 1241 232.04  -1181
100 21259 -1435 17651 -18.72 198.12  -1654 177.34  -17.83



Table 4.10: Activation energies and pre-exponential factors for Ni-Cu interdiffusion

Temperature Activation Pre-exponential factor References
range (°C) energy (m?/s)

(kJ/mol)
250-450 130.5 - [64,65]
200-630 131.8 - [66]
550-650 41-221 - [67]
650-850 31-53 - [68]
750-950 108.8 - [69]
950-1050 217.6 - [69]
450-550 228.7 2x10% [70]
300-504 133.1 2.6 x 1010 [71]
400-600 79-90 1.18 x 101-8.86 x 10 [72]
695-1061 237.7 3.8 x 10 [73]
947-1054 108.8 1.5 x 1010 [74]
850-1050 255.2 7.24x 10 [75]
775-1050 255.2 2.7x10° [76]
900-1020 187 - 243 74x10°-3.4x10° Present study



4.4 Effect of time on impurity diffusion coefficients

One unique aspect of this research work is the numerical study of the effect of time on impurity
diffusion coefficients. Fortunately, the numerical model in [20] is shown to be reliable in
calculating the impurity diffusion coefficients aside from the commonly used technique of
radioactive tracing. This technique was coupled with forward simulation to calculate the D(C)s for
the Cu-Ni system. The same experimental data were also used in the SF method to show that for
the extreme values of Ni concentrations, using the FSM to obtain the impurity diffusion
coefficients is more reliable compared to the SF method. This model was then used to determine
the D(C)s from the Cu-Ni system at different temperatures and different holding times in order to
study the effect of time on the impurity diffusion coefficients of Ni solute in the Cu solvent and
calculate the increase in percentage and correspondingly for the Cu solute in the Ni solvent. The
impurity diffusion coefficients are observed to change with time with the Ni solute in the Cu
solvent, with the smallest increase in percentage of 13% for intervals of 25-75 hrs vs 75-150 hrs.
However, this is still higher than the 10% reported in the literature [32, 80, 81] as the benchmark
of experimental uncertainty. This shows a significant variation of time with D(C)s at constant
temperatures for impurity diffusion coefficients. The same trends are observed in Tables 4.12 -
4.14 at different temperatures. The assumption that D(C)s are a constant parameter and do not
change with time isothermally does not hold true in the present analysis which may render the data
erroneous when a factor of accuracy in design is required and used in the industry. Obviously, in
this investigation, the D(C)s not only change with time but the impurity diffusion coefficients show

variation of time with D(C)s isothermally.
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Table 4.11: Impurity diffusion coefficients of Ni solute in Cu solvent and Cu solute in Ni solvent

and their corresponding increase in percentage for pure Cu-Ni at 900°C

Time Comparison Comparison of
interval Niin Cu (%) increase  of time intervals Cuin Ni (%) increase time intervals
hrs hrs hrs
5-25 1.70E-14 - - 1.40E-16 - -
25-75 4.40E-15 286 5-25 vs 25-75 1.52E-16 9 5-25 vs 25-75
75-150 3.90E-15 13 25-75 vs 75-150 9.50E-17 60 25-75 vs 75-150
150-450 1.07E-14 174 75-150 vs 150-450 1.15E-16 21 75-150 vs 150-450

Table 4.12: Impurity diffusion coefficients of Ni solute in Cu solvent and Cu solute in Ni

solvent and their corresponding increase in percentage for pure Cu-Ni at 940°C

Time Comparison of Comparison of
interval Ni in Cu (%) increase time intervals Cuin Ni (%) increase time intervals

(hrs) (hrs) (hrs)

5-25 1.97E-14 - - 1.95E-16 - -

25-75 1.22E-14 61 5-25 vs 25-75 1.48E-16 32 5-25 vs 25-75
75-150 2.91E-14 139 25-75 vs 75-150 1.23E-16 20 25-75 vs 75-150

150-450 1.15E-14 154 75-150 vs 150-450 1.10E-15 89 75-150 vs 150-450
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Table 4.13: Impurity diffusion coefficients of Ni solute in Cu solvent and Cu solute in Ni

solvent and their corresponding increase in percentage for pure Cu-Ni at 980°C

Time Comparison of Comparison of
interval Niin Cu (%) increase time intervals CuinNi (%) time intervals

(hrs) (hrs) increase (hrs)

5-25 3.16E-14 - - 1.27E-15 - -

25-75 4.15E-14 31 5-25 vs 25-75 2.05E-16 520 5-25 vs 25-75
75-150 3.34E-14 24 25-75 vs 75-150 1.24E-16 65 25-75 vs 75-150
150-450 6.70E-14 101 75-150 vs 150-450  1.16E-15 835 75-150 vs 150-450

Table 4.14: Impurity diffusion coefficients of Ni solute in Cu solvent and Cu solute in Ni solvent

and their corresponding increase in percentage for pure Cu-Ni at 1020°C

Time Comparison of Comparison of
interval Ni in Cu (%) time intervals Cuin Ni (%) time intervals

(hrs) increase (hrs) increase (hrs)

5-25 5.40E-14 - - 3.40E-16 - -

25-75 2.85E-14 89 25-75 vs 5-25 8.00E-16 135 5-25 vs 25-75
75-150 8.50E-14 198 25-75 vs 75-150 9.50E-16 19 25-75 vs 75-150
150-450 1.43E-14 496 150-450 vs 75-150 1.66E-15 75 75-150 vs 150-450
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4.5 Underlying Factor of Diffusion-induced Stress
DIS has been discussed in the literature as a factor that can change the concentration gradient
which then affects the solute concentration dependence of the interdiffusion coefficient. The report
generated in this research shows a change in the D(C)s at constant temperatures and different
diffusion times. This finding challenges the general assumption that the D(C) does not change with
time.
Fundamentally, the atomic mismatch caused by the difference between the atomic size of the Ni
solute and Cu solvent changes the lattice parameter of the host material at the occurrence of
diffusion. The solute concentration gradient is induced by diffusion and further leads to variations
of the lattice parameters in the crystal structure. This result in stress formation on one side and
relaxation on the other side of the material host. Hence, the solute concentration gradient is a factor
that influences DIS which implies that diffusion coefficients can be somewhat influenced. The
concept is that during diffusion, the concentration gradient influences the DIS which controls the
diffusion coefficient; hence, diffusion coefficients can vary with solute concentration.
Time is an important factor during diffusion. Several researchers [75,76] have repeatedly
calculated diffusion coefficients and in spite of the different results, acknowledge them as material
constants that do not change with time.
In order to extend work on DIS as the underlying factor for changes in D(C)s which causes time
variation in diffusion systems, two attributable facts will be discussed:

0] the effect of the solute source concentration, and

(i) occurrence of anomalous temperature behaviour
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4.5.1 Effect of solute source concentration on interdiffusivity

During the diffusion process, the solute concentration gradient changes in the crystal lattices lead
to diffusion-induced strain, thus giving rise to DIS [59]. However, comparisons of the theoretical
and experimental D(C)s of a pure metal/pure metal couple and a pure-metal/alloy couple are rarely
done in the literature. The numerical model in [20] was used to examine the effects of the solute
source concentration on interdiffusivity. The diffusivity of 10 at% Ni pure Cu and 100 at% Ni-
pure Cu was observed at a constant time and constant temperature but different concentration
gradients. Figures 4.23 and 4.24 show that the interdiffusivity changes, which contradicts the
general assumption in the literature that interdiffusivity does not change with time. The results of
the standard deviation errors for CuioNigo and 100%Cu for 900°C and 1020°C in Figures 4.25 and
4.26 respectively show the experimental difference between the D(C)s of CuioNigoand 100% Cu.
Table 4.15 lists the changes in the calculated average interdiffusivity of different solute source

concentrations.
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4.5.1.2 Effect of solute source concentration on impurity diffusivity of Ni solute in Cu solvent
at different holding temperatures

The concentration profiles at 25 hrs and 150 hrs were used to determine the D(C) operator between
two isothermal profiles of 25-150 hrs. The result in Table 4.16 illustrates the differences in the
impurity diffusion coefficient of the Ni solute in pure Cu. Furthermore, the % increase of the
impurity diffusion coefficient is about 429% at 900°C which is higher than the highest uncertainty

of 15% found experimentally.

4.5.1.3 Effect of solute source concentration on impurity diffusivity of Cu solute in Ni solvent
at different holding temperatures

Likewise, the result in Table 4.17 follows the pattern found in Table 4.16. Thus the % increase
recorded for the impurity diffusion coefficient shows that the values are higher than the 15%
uncertainty found experimentally. These experimental findings unequivocally confirm that
changing the constant solute source concentration within systems can lead to substantial changes
in D(C)s. This is because the changes impact the distribution of the concentration gradients,

thereby affecting the DIS, which is found to have an impact on D(C)s.
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Table 4.15: Calculated average of interdiffusivity of different solute source

concentrations

Temp(°C) Time Ni 10 at% in Cu Ni 100 at% in Cu %increase
interval

900 25-150 hrs 4.27E-15 1.28E-15 232%

1020 25-150 hrs 4.04E-14 1.66E-14 143%

Table 4.16: Impurity diffusion coefficient of different % of Ni solute source concentration in Cu

Temperature(°C) Time interval (hrs) Ni10at% in Cu  Ni 100 at% in (%) increase

Cu
900 25-150 9.35E-16 4 95E-15 429
1020 25-150 3.75E-15 9.03E-14 2308

Table 4.17: Impurity diffusion coefficient of Cu in different % of Ni solute source concentration

Temperature(°C)  Time interval (hrs) Cuin Ni 10% Cuin Ni 100% (%) increase

900 25-150 3.76E-16 9.10E-17 313

1020 25-150 5.19E-15 1.36E-15 282
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Figure 4.27: Plot of concentration dependence of interdiffusion coefficient for Ni-based alloy

(with 10 at% Cu) and pure Ni between 25-150 hrs for 900°C and 1020°C holding temperatures.
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4.5.2 Anomalous behaviour of temperature on D(C)s
Another less conventional way to understand that DIS is found in a system when the D(C)s change,
is through the anomalous behaviour of temperature on D(C)s, which can be observed under two
circumstances:

(a) occurrence of anomalous behaviour of temperature at a certain concentration, and

(b) occurrence of anomalous behaviour of temperature at a certain diffusion time.

4.5.2.1 Occurrence of anomalous behaviour of temperature at certain concentrations

Figure 4.29 shows temperature increases with larger D(C)s; however, at 46 at% of Ni this
relationship changes so that D(C)s at a lower temperature of 980°C are larger than those at a higher
temperature of 1020°C. This obvious anomaly only occurs at certain concentrations and shows that
DIS is found in a system. Likewise, a similar pattern is observed in Figure 4.30 for 13 at% of Ni

and Figure 4.32 for 1.2 at%, 6.6 at% and 46 at% of Ni.

4.5.2.2 Occurrence of anomalous behaviour of temperature at certain diffusion time

The second scenario where a system shows anomalous behaviour of the temperature is at a certain
diffusion time. In Figure 4.29, anomalous behavior of the temperature can be observed between
980°C and 1020°C. Normally, D(C)s should become larger with rising temperature, but within the
range of 0 to 40 at% Ni, the DCs behave differently. Similarly, the concentration between 0 and
18 at% Ni shows a larger D(C) at 980°C, but a lower D(C) at 1020°C. This anomaly is not found
in Figure 4.32, as the plot follows the expected pattern in Figure 4.30. However, Figure 4.32 does

exhibit anomalies between 980°C and 1020°C, 900°C and 1020°C, as well as 900°C and 940°C.
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These anomalous temperature effects on the D(C) are evidently due to the presence of DIS in the

Cu-Ni system.
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Figure 4.29: Concentration dependence of interdiffusion coefficients for pure Cu-Ni between 5-

25 hrs for different holding temperatures
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Figure 4.30: Concentration dependence of interdiffusion coefficients for pure Cu-Ni between 25-

75 hrs for different holding temperatures
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Figure 4.31: Concentration dependence of interdiffusion coefficients for pure Cu-Ni between 75-
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450 hrs for different holding temperatures

103



4.5.2.3 Anomalous behaviour of temperature for interdiffusion coefficients and impurity
diffusion coefficents

Having explored and observed the anomalous behaviour of temperature on D(C)s that occur at
certain concentrations and certain diffusion times as evidence of the presence of DIS in the system,
this anomaly can be further investigated by using the calculated average of the interdiffusion time.
In Figure 4.33, the relationship between Dave and temperature for pure Cu and pure Ni can be
observed at various temperatures. However, an unusual pattern emerges within the time interval
of 150-450 hours, where the Dave decreases between 980°C and 1020°C. Additionally, during 5-
25 hours and 75-150 hours, the Dave increases significantly between temperatures of 980°C and
1020°C beyond expectations, respectively.

Likewise, a similar trend is clearly evident in Figures 4.34 and 4.35, which show the impurity
diffusion coefficients of Ni solute in Cu solvent. The increase in temperature is accompanied by
an abnormal trend or anomalous behavior in the size of the impurity diffusion coefficient. This
abnormality is observed at specific temperatures and during certain diffusion times. The trend

serves as compelling evidence that DIS indeed exists within the system.
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4.6 Significance of time variation of D(C)s

Here, it is important to acknowledge that researchers have commonly used a general method for
determining D(C)s which typically involves a single diffusion time, such as 5 hrs, 25 hrs, or 75
hrs, among others. The prevailing conventional methods used for this purpose are the BM, SF,
Wagner, and Hall methods. However, these methods share common limitations. The primary
limitation associated with these methods arises from the assumption that there is no initial non-
uniform distribution of solute. This implies that they assume a concentration that behaves as a step
function in space. This assumption has made it impractical to utilize a general approach to
understand how concentration gradients are influenced by pre-existing non-uniform solute
distributions within a material and, consequently, how this impacts the diffusion coefficients.

In this research work, a novel method is used which differs from the general approach. This method
takes into consideration a non-uniform initial solute distribution, thus disregarding the assumption
of a step-function in space. The methodology involves using the FSM to determine the diffusion
coefficients in scenarios where concentration gradients exist within a material before diffusion
heat treatment takes place, which originate from a non-uniform solute distribution.

Practically, this approach requires two experimental concentration profiles. The initial profile is
used to derive the D(C) required to produce the second experimental concentration profile. The
significance here lies in the valuable information that is provided on how the concentration
gradients in the initial profile influence the D(C) needed to generate the second profile.
Additionally, a review of the literature reveals a graphical method that is outlined in Kirkendall et
al. [77], which was used to calculate the average constant diffusivity between two concentration

profiles.
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Nonetheless, it is important to note that the general method, which assumes a step-function in
space, has also been utilized to investigate the effect of time. The results of this investigation are
presented in Table 4.18 for the impurity diffusion of an Ni solute in Cu solvent and Table 4.19 for

the impurity diffusion coefficient of a Cu solute in a Ni solvent at various diffusion times.

Evidently, the impurity diffusion coefficient changes over time, even isothermally. This change is
represented as an increase in percentage between different time intervals. Most of these increases
exceed 15%, which places them outside the threshold of experimental uncertainty. Consequently,
these cases are considered statistically dissimilar, except for a few instances at 900°C and 980°C,
where the increase in percentage falls below the threshold of experimental uncertainty.

A similar scenario is depicted in Table 4.20, which shows the calculated average of the
interdiffusion concentration coefficients and provides insight into the behavior of D(C)s. As a
result, the D(C) undergoes changes over time, even under isothermal conditions.

In light of the concept of DIS, it is reasonable to anticipate variations in D(C) with respect to
diffusion time when studying interdiffusion. Empirical studies in the existing literature have indeed
provided evidence for the presence of DIS and the resultant variations in D(C)s over time
throughout the interdiffusion process. The changes in the solute concentration gradients brought
about by diffusion is a contributing factor to the changes in D(C)s over time. This temporal effect

can only be ascribed to DIS because DIS would not be apparent without changes of the D(C)s.
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Table 4.18: Impurity diffusion coefficient of Ni solute in Cu solvent with diffusion time

Temp(°®C) 5hrs _(% 25 hrs (% 75 hrs (% 150 hrs (% 450 hrs
inc. inc. inc. inc.

900 1.82E-14 3 1.87E-14 200 6.23E-15 57 3.97E-15 163 1.51E-15

940 1.79E-14 29 1.39E-14 56 8.9E-15 16 7.65E-15 2355 3.12E-16

980 4.44E-14 104  2.18E-14 9 2.38E-14 20 1.98E-14 9 1.82E-14

1020 1.15E-13 218  3.62E-14 20 3.01E-14 82 5.49E-14 25 4.4E-14

Table 4.19: Impurity diffusion coefficient of Cu solute in Ni solvent with diffusion time

Temp(°C) 5 hrs _(% 25 hrs (% 75 hrs _(% 150 hrs _(% 450 hrs
inc. inc. inc. inc.

900 2.8E-15 689 3.55E-16 78 2E-16 120 9.08E-17 136 3.84E-17

940 1.05E-15 182  3.72E-16 42 2.62E-16 42 1.85E-16 3364 6.41E-15

980 1.95E-15 109 9.34E-16 97 4.75E-16 101 2.36E-16 4 2.28E-16

1020 5.6E-15 352  1.24E-15 57 7.9E-16 39 1.1E-15 86 2.05E-15

Table 4.20: Calculated average of interdiffusion concentration coefficients of pure Cu-Ni with diffusion

time
Temp(°C) 5hrs (% 25hrs (% 75 hrs (% 150 hrs (% 450 hrs
inc.) inc.) inc.) inc.)
900 6.41E-15 149  2.58E-15 44 1.80E-15 44 1.24E-15 3 1.28E-15
940 5.76E-15 53 3.76E-15 24 3.03E-15 9 2.77E-15 19 3.29E-15
980 1.08E-14 19 9.07E-15 35 6.71E-15 10 6.11E-15 32 8.09E-15
1020 4.27E-14 199 1.43E-14 36 1.05E-14 37 1.44E-14 39 1.03E-14
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Furthermore, it is commonly assumed in the existing literature that D(C)s obtained by using
longer diffusion times remain constant with respect to temperature and can be used to model
diffusion at any time and any specific temperature.

However, the findings of the present study challenge this assumption by showing that the time-
dependence of the interdiffusion coefficient can introduce errors. These errors arise due to the
presence of an initial solute distribution in the material before the diffusion heat treatment takes
place. It is important to recognize that a significant factor that impacts the accuracy and
reliability of calculated D(C)s from experimental concentration profiles is the existence of an
initial solute concentration profile in the material prior to the onset of the diffusion process.
Consequently, the presence of a significant initial solute concentration profile at time zero,
which precedes the diffusion process, can lead to inaccuracies in the calculation of D(C)s
derived from the final experimental solute concentration profile obtained after a lengthy
diffusion period.

To validate this concept, the conventional method was applied to calculate D(C) for a long
diffusion time of 450 hrs at different temperatures, namely 900°C, 940°C, 980°C, and 1020°C.
The calculated D(C) at 450 hrs was then used to simulate the concentration profiles after 5 hrs
at these specified temperatures. Subsequently, the simulated concentration profiles at 5 hrs
were compared with the actual experimental concentration profiles obtained after 5 hours, and
the results are presented in Figure 4.36. Also, the raw data of the 5 profiles taken from each
sample were represented using the error bars and compared with the simulated profile at 5 hrs

as shown in Figure 4.36.
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It is evident that the simulated concentration profiles at 5 hrs, generated by using the D(C)
obtained from a longer diffusion time of 450 hrs, exhibit significant disparities when compared
to the experimental results. This clear discrepancy confirms that the interdiffusion coefficient
changes with time.

Hence, adopting the widely accepted approach of assuming that D(C)s obtained after a longer
diffusion time remain constant for any temperature and can be used for simulation at any

diffusion time may lead to significant errors.
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Figure 4.36: Comparison of simulated 5 hr profile obtained with D(C) of 450 hrs and actual

experimental concentration profiles at:

a) 900° C; b) 940° C; ¢) 980° C; and d) 1020° C
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4.7 Using appropriate D(C) for diffusion analysis

The results of D(C) presented in this work are verified by using the exact D(C) obtained after a
specific diffusion time to simulate the concentration profiles after the actual diffusion time. Figures
4.37 (a)-(d) show the experimental concentration profiles at 5 hrs, compared with the simulated
profile obtained using D(C) at 5 hrs for various temperatures investigated.

Furthermore, approximately five experimental concentration profiles were acquired from each
sample used in this work. These profiles were compared with the simulated profiles at 5 hrs
obtained using D(C) at 5 hrs, and the results show that the simulated profile falls within the region
of the experimental profiles, as presented in Figure 4.37 (a)-(d).

Therefore, this work has been able to establish that using a single D(C) for all time during diffusion

analysis will lead to errors because D(C) indeed changes with time isothermally.
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CHAPTER FIVE

5. Summary and Conclusions

The variation of interdiffusion and impurity diffusion coefficients with time has been investigated
by using a diffusion couple in a Cu-Ni binary system. High temperatures that range from 900°C,
940°C, 980°C, to 1020°C are used to anneal the samples at diffusion times of 5 hrs, 25 hrs, 75 hrs,
150 hrs and 450 hrs.

The following conclusions are made based on the results.

(@) Impurity and concentration-dependent interdiffusion coefficients are observed to
isothermally change with time at different temperatures investigated.

(b) Anomalous decrease in diffusion coefficient with increase in temperature is observed at
certain concentrations and only for certain period of time, which is an indication that the
time variation in the diffusion coefficients is attributable to DIS.

(c) In addition, when different solute source concentrations are used, which induce different
solute concentration gradients at every concentration, the diffusion coefficients are
observed to change. This further supports the fact that the time variation in the diffusion
coefficients is attributable to DIS.

(d) Calculated average of the interdiffusion concentration coefficients of pure Cu-Ni at
different diffusion time reveals that D(C) actually changes with time.

(e) The generally acknowledged concept in the literature that a single long diffusion time can
be used to produce diffusion coefficient at any diffusion time will lead to significant errors

in theoretical prediction as demonstrated in this work.

116



CHAPTER SIX

6.1. Recommendations for future research

For future work, the following items are recommended:

1. Further investigations should be done on ternary and multi-component systems to estimate
impurities and concentration-dependent interdiffusion coefficients,

2. Different geometries including 2-dimensional and 3-dimensional geometries should be
included where the diffusion interface migrates and surface concentration changes with
time, and

3. The newly developed model in this study should be applied to systems with no radioactive
isotopes in order to demonstrate its capability to calculate the impurity diffusion

coefficients.
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