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ABSTRACT 

Concentration-dependent interdiffusion coefficients (𝐷̃(𝐶)) are a fundamental parameter in the 

analysis of diffusion effects in materials. It is usually assumed in the literature that this parameter 

is mainly a function of concentration and temperature. However, recent studies have suggested 

that 𝐷̃(𝐶) may also change with time isothermally due to the development of internal stresses and 

strains during the diffusion process.  

The objective of this work is to verify if time affects the interdiffusion coefficient of a copper-

nickel (Cu-Ni) system at a temperature range of 900°C-1000°C. A newly developed analytical 

method is used to address the shortcomings of conventional methods, such as the Boltzmann-

Matano, Sauer-Freise and Hall techniques which neglect the presence of an initial solute 

distribution and therefore may produce unreliable results. 

The results of this study show that 𝐷̃(𝐶) of a Cu-Ni system indeed isothermally varies with time 

at all temperatures investigated as a result of diffusion-induced stress (DIS), in contrast to common 

assumptions in the literature. This finding draws attention to the need to take time into account as 

a fundamental factor in diffusion analysis, which would result in a more in-depth and accurate 

understanding of the interdiffusion phenomenon in materials. 
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1 INTRODUCTION 

1.1 Background 

Solid diffusion is the transport of matter from one point to another by the thermal motion of atoms 

within specific lattice sites. Diffusion is a fundamental process for understanding the kinetics of 

how temperature, time and concentration affect the microstructural changes that occur during 

material processing and heat treatment. Solid diffusion has a wide range of industrial applications, 

including semiconductor manufacturing, solution hardening, surface coating, and sintering 

processes. These applications rely on the controlled diffusion of atoms to achieve the desired 

physical and mechanical properties. Therefore, understanding solid diffusion enables 

advancements in the industry that rely on precise material engineering and processing techniques.  

Diffusion can be described by using two equations that are known as Fick’s First and Second Laws 

[1]. Fick’s First Law states that the flux is proportionate to the concentration gradient, as follows: 

 

𝐽 =  −𝐷 
𝜕𝐶

𝜕𝑥
 1.1 

 

Fick’s Second Law predicts how diffusion causes concentration changes with time. The equation 

relates the rate of accumulation or depletion of the concentration with time to the second derivative 

of the concentration gradient as follows: 

 𝜕𝐶

𝜕𝑡
=  

𝜕

𝜕𝑥
(𝐷

𝜕𝐶

𝜕𝑥
) 1.2 

 

Fick’s equations introduce an important proportionality parameter known as the diffusion 

coefficient. The diffusion coefficient is a fundamental parameter that describes the ease and speed 

at which particles diffuse through a material. There are three types of diffusion coefficients – self-

diffusion, intrinsic diffusion and interdiffusion coefficients [2]. Specifically, the interdiffusion 
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coefficient (𝐷̃) refers to the rate of diffusion of atoms between two different materials. In other 

words, this coefficient describes the intermixing of two elements of a diffusion couple.  

In the literature, it is commonly accepted that the interdiffusion coefficient depends on both 

concentration and temperature [3], which implies that the coefficient remains constant over time 

under isothermal conditions. However, previous studies have presented data [4-11] to show that 

the interdiffusion coefficient varies as the annealing time changes. Despite these findings, most of 

these studies do not provide a clear explanation for the observed effect of time on the interdiffusion 

coefficient. 

One potential explanation for the time effect on the interdiffusion coefficient is diffusion-induced 

stress (DIS). According to the literature [8, 12-21], DIS occurs during diffusion and is the result of 

differences in the intrinsic fluxes of a system, and the strain caused by lattice distortion during 

atom migration. The magnitude of DIS is closely related to the concentration gradient, as a larger 

concentration gradient, for example, means that diffusion takes place quickly, and potentially 

produces more stress.  

Investigating the time effect on interdiffusion coefficient can provide a better understanding of the 

diffusion kinetics, which contributes to the development of more accurate models and simulations 

for predicting material behaviour. Furthermore, understanding the reason behind the time 

dependence of interdiffusion coefficient can provide information on the underlying factors that 

govern DIS and other microstructural changes that occur during material processing. 

1.2 Thesis Hypotheses 

Although it is widely accepted that the interdiffusion coefficient only depends on the concentration 

during isothermal processing, several works [4-11] have presented data that challenge this 
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assumption. The presence and development of DIS might be the cause for this phenomenon. The 

evolution of the concentration gradient over time influences the presence of stress in the diffusion 

system, which consequently affects the magnitude of the interdiffusion coefficient. Therefore, it 

may be possible that 𝐷̃(C) changes with time isothermally.  

1.3 Thesis Objectives 

The two main objectives of this work are: 

1. To confirm the presence of a time effect on the interdiffusion coefficient in a copper-nickel 

(Cu-Ni) system.  Then, if confirmed,  

2. To determine the influence of concentration gradient changes on the interdiffusion 

coefficient, since the concentration gradient is closely related to DIS. 

1.4 Scope 

The scope of this thesis is to explore the time dependence of the interdiffusion coefficient in a Cu-

Ni system at temperatures that range from 900°C to 1000°C. The influence of the concentration 

gradients and DIS associated with the time effect is also investigated.  

1.5 Major Work Performed and Key Findings 

In this work, diffusion annealing experiments with a Cu-Ni system for pre-determined times and 

temperatures are carried out. The resulting samples are analyzed by using an energy-dispersive x-

ray (EDS) detector  along with  a scanning electron microscope (SEM) to obtain the concentration 

profiles for all of the conditions. The profiles are then smoothed by using the piecewise cubic 

hermite interpolating polynomial (PCHIP) function and the moving average method with  

developed MATLAB programs. After the data smoothing, additional programs are used to obtain 

the average concentration profiles and determine the interdiffusion coefficient. Error bars and p-
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values, according to the t-statistics method, are obtained to plot the interdiffusion coefficient. 

Finally, the average diffusion coefficient (𝐷𝑎𝑣𝑒) is calculated for all of the conditions.  

Through a careful examination of the obtained findings, this work reveals that the interdiffusion 

coefficient of a Cu-Ni system is indeed influenced by the diffusion time in the experiments 

performed. The results also show the major impact of the concentration gradient on the 

interdiffusion coefficient, thus indicating a connection to the DIS. Therefore, the time effect seen 

in the interdiffusion coefficient for this study can be the result of DIS.    

1.6 Thesis Structure 

This thesis consists of 5 chapters. 

Chapter 1 provides the background information for this work, research hypothesis, objectives, 

major work performed and key findings, and the thesis structure. 

Chapter 2 is the literature review. The first part of the chapter consists of a review of solid diffusion, 

diffusion mechanisms, and the equations that govern diffusion (Fick’s laws). The second part of 

the chapter discusses the concept of diffusion coefficient, parameters that affect them and the 

different techniques to calculate 𝐷̃(𝐶). The third part of the chapter reviews the effect of time as 

discussed in the literature and the concept of DIS. 

Chapter 3 details the experimental work performed for this study. The first part of this chapter 

discusses the preparation of the starting materials and describes the annealing treatments carried 

out. The second part focuses on data treatment, including obtaining the average concentration 

profile for each sample, data smoothing and data reliability through the t-statistic method.  

Chapter 4 provides the results of the interdiffusion coefficients for all conditions tested, as well as 

discussions on the time and concentration gradient effects as a result of DIS. The first part focuses 
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on the results of the Cu-Ni system at 900°C, 950°C and 1000°C for different periods of time to 

determine if the interdiffusion coefficients vary with time. The second part focuses on the influence 

of the initial uniform distribution of solute on the interdiffusion coefficient. Then, the third part 

details the interdiffusion coefficients of the systems with an initial non-uniform distribution of 

solute. 

Chapter 5 provides the main conclusions for this study and a summary of the major findings. 

Chapter 6 details the limitations of this work and recommendations for future research work. 
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2 LITERATURE REVIEW 

2.1 Solid Diffusion  

Solid diffusion is a fundamental process that occurs in various materials and important for 

determining processing parameters and material properties [20]. This process is defined as the 

spontaneous movement of atoms within a solid material, which is driven by thermal motion. This 

diffusion process leads to the rearrangement of atoms within the crystal lattice which leads to the 

reduction of concentration gradients and therefore the chemical potential energy. 

2.1.1 Diffusion Mechanisms 

Diffusion takes place in the crystal lattice through the presence of defects in solids. Point defects, 

which include for example, vacancies and interstitials, are responsible for the so-called volume or 

lattice diffusion [22]. Furthermore, diffusion can also take place through line defects, most 

commonly grain boundaries, through a high-diffusivity path [23]. The most common mechanisms 

of diffusion are summarized in the following sections, including vacancy, interstitial, interstitialcy, 

and grain boundary mechanisms of diffusion. 

2.1.1.1 Vacancy Mechanism of Diffusion 

Vacancies are unoccupied sites in a lattice. In vacancy diffusion, atoms migrate from one vacancy 

to a neighboring vacancy in order to move through the lattice. The rate of diffusion directly 

depends on the vacancy concentration, which has been observed to increase in higher temperatures 

[24]. This mechanism governs the self-diffusion of pure metals and diffusion of substitutional 

solutes in alloys [23]. Figure 2.1 shows the mechanism of vacancy diffusion, where a tracer atom 

is used to track the diffusion.  
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Figure 2.1. Vacancy mechanism of diffusion [1] 

2.1.1.2  Interstitial Mechanism of Diffusion 

Interstitial diffusion occurs when atoms jump into interstitial spaces in the host crystal lattice. The 

atoms are larger than the interstitial spaces, but their thermal energy allows them to occupy these 

sites temporarily. For this mechanism to take place, the solute atoms must be smaller than the host 

atoms [2]. Interstitial diffusion has a higher diffusion rate compared to vacancy diffusion due to 

the availability of neighboring interstitial sites. Figure 2.2 shows the interstitial mechanism of 

diffusion. 
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Figure 2.2. Interstitial mechanism of diffusion [1] 

2.1.1.3  Interstitialcy Mechanism of Diffusion 

In the interstitialcy mechanism of diffusion, a solute atom pushes a lattice atom into an interstitial 

site and in turn takes its place in the lattice. This mechanism is found with large solute atoms that 

would cause excessive distortion by only moving through the interstitial sites. This exchange 

happens in two stages, first the atom takes an interstitial position, and then subsequently, the atom 

switches position with a neighboring atom [2]. Figure 2.3 shows a schematic of this mechanism. 
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Figure 2.3. Interstitialcy mechanism of diffusion [2] 

2.1.1.4 Grain Boundary Mechanism of Diffusion 

The rate of diffusion can be increased when the diffusion process takes place through linear 

defects, mainly dislocations and grain boundaries. These defects provide a high-diffusivity path, 

also known as a short-circuit path for the atoms, where the jump frequency is about a million times 

more than that in the crystal lattice [23]. In grain boundary diffusion, the atoms move along the 

boundaries between neighboring grains through point defects. Vacancies within the grain 

boundaries are the most common point defects that mediate grain boundary diffusion [25].  Figure 

2.4 shows the diffusion process along the grain boundaries as well as volume or lattice diffusion 

that is taking place simultaneously. 

Several parameters influence the presence and magnitude of grain boundary diffusion; among the 

most relevant are grain size, grain orientation and temperature. In general, high angle boundaries 

are more efficient in providing diffusion paths than low angle boundaries due to the presence of 

lattice dislocations that tend to obstruct atom migration in the latter configuration [26]. Grain size 
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plays an important role in grain boundary diffusion, as a finer grain size means a larger density of 

grain boundaries, therefore providing more diffusion paths [25]. 

 Furthermore, the volume diffusion is generally dominant for high temperatures, where the 

diffusion through the lattice is as quick or quicker than grain boundary diffusion [26, 27]. This is 

possible due to the increasing energy available for atoms to overcome energy barriers and move 

within the bulk, as well as the increased vacancy concentration.  

 

Figure 2.4. Grain boundary and lattice diffusion [28] 

2.2 Diffusion Equations 

In the mid-19th century, Adolf Fick, German physiologist, developed two fundamental equations 

to mathematically describe the behaviour and principles of diffusion. Fick’s laws relate the 

diffusion flux to the concentration gradient and their formulation will be explained in the following 

sections.  

Image removed due to copyright 

restrictions. 
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2.2.1 Fick’s First Law 

In an inhomogeneous material, the atom flow tends to move in a manner that reduces the 

concentration gradients. Once the material is homogeneous, the net flux will stop. Fick’s First Law 

[22] establishes that the flux is proportional to the concentration gradient, which is described by 

using: 

 

𝐽 =  −𝐷 
𝜕𝐶

𝜕𝑥
 2.1 

 

where J is the diffusion flux and C is the concentration. The proportionality parameter D is the 

diffusion coefficient, given in m2/s. The negative sign of the equation indicates the direction of the 

flux, from regions of higher concentration to regions of lower concentration, in order to reach 

equilibrium.  

2.2.2 Fick’s Second Law 

Fick’s First Law is only applicable to steady-state systems, where the concentration does not 

change with time. If the steady-state assumption does not hold, Fick's Second Law is applicable. 

This law relates the change in concentration with time to the second derivative of the change in 

concentration with space, and described by using: 

 𝜕𝐶

𝜕𝑡
=  

𝜕

𝜕𝑥
(𝐷

𝜕𝐶

𝜕𝑥
) 2.2 

2.3 Diffusion Coefficient 

The diffusion coefficient is the proportionality parameter given in Fick’s laws that relates diffusion 

flux to the concentration gradient. This coefficient describes the rate at which a material diffuses 

through a medium. There are different types of diffusion coefficients, including impurity, intrinsic 
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and tracer diffusion coefficients; however, this work will only discuss the interdiffusion 

coefficient. The interdiffusion coefficient and its influential parameters are discussed in the 

following sections. 

2.3.1 Interdiffusion Coefficient 

The interdiffusion coefficient describes how the components of system or an alloy diffuse into 

each other. In other words, this coefficient measures the rate of mixing between two elements of a 

diffusion couple [29]. It is generally denoted as 𝐷̃ and measured in square meters per second (m2/s).  

The interdiffusion coefficient is a single parameter that quantifies the diffusion of binary systems 

driven by chemical inhomogeneity. This coefficient provides insight into how a material will 

interact and change over time, which facilitates a better understanding and control of diffusion 

processes. 

2.3.1.1  Composition Dependence of Interdiffusion Coefficient 

The chemical potential, which arises from concentration gradients in a binary system, drives 

diffusion. As diffusion progresses and these gradients shift, it is expected that the interdiffusion 

coefficient also varies. Consequently, one of the most fundamental factors that affects the 

interdiffusion coefficient is the solute concentration. The concentration-dependence can be weak, 

so that the interdiffusion coefficient remains almost constant throughout the concentration range 

[30] or lead to 𝐷̃(𝐶) varying up to two orders of magnitude as the concentration changes [31, 32]. 

Several factors can contribute to the concentration-dependence of the interdiffusion coefficient; 

among them are: 

1. Phase transformations: as the microstructure evolves, the interdiffusion coefficient can 

change due to diffusion mechanisms or diffusion path changes with a new phase [32, 33]. 
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2. Diffusion mechanisms: the interdiffusion coefficient is also subject to change with the 

presence of lattice defects such as vacancies, interstitials, or grain boundaries [27, 34]. As 

discussed in Section 2.1, different diffusion mechanisms can lead to a significant difference 

in the diffusion rate. 

3. Atomic size: when there is a large atomic size mismatch of the different phases, the 

interdiffusion coefficient can decrease as the concentration approaches the critical point 

[33, 35]. 

4. Melting temperature: Shewmon [23] discussed how in binary systems, the interdiffusion 

coefficient increases as the content of the species with a lower melting point increases 

because of their higher thermal vibration energy. Several other works [4, 34-36] have  also 

experimentally observed this trend.  

2.3.1.2 Temperature Dependence of Interdiffusion Coefficient 

The interdiffusion coefficient is also exponentially dependent on the annealing temperature. As the 

temperature increases, there is more thermal energy available for atom movement and therefore, 

the diffusion flux increases as well. There is general consensus in the literature that the 

interdiffusion coefficient is governed by the Arrhenius equation, which is: 

 

𝐷̃ = 𝐷0 exp (−
𝑄

𝑅𝑇
) 2.3 

where 𝐷0 is the pre-exponential factor, 𝑄is the activation energy, 𝑅 is the gas constant and 𝑇 is the 

temperature.  
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2.4 Conventional Methods to Calculate Interdiffusion Coefficient 

For single-phase binary systems, the interdiffusion coefficient can be obtained by using 

conventional analytical techniques that consider the experimental concentration profile of the 

system [37]. The most common methods are the Boltzmann-Matano (B-M) and Sauer-Freise (S-

F) methods, which will be detailed in the upcoming sections. 

2.4.1  Boltzmann-Matano Method 

The B-M method was developed by Matano [38] who extended Boltzmann’s transformation [39] 

and introduced the Matano plane. Boltzmann’s transformation 𝜂 = 𝑥/√𝑡 is applied to Fick’s 

Second Law to give: 

 

−2𝜂
𝑑𝐶

𝑑𝜂
=  

𝑑

𝑑𝜂
(𝐷

𝑑𝐶

𝑑𝜂
) 2.4 

Considering two semi-infinite bars as the diffusion couple, Matano [38] proposed the following 

initial boundary conditions: 

𝐶 = 𝐶𝐿 for (𝑥 < 0, 𝑡 = 0) 

𝐶 = 𝐶𝑅 for (𝑥 > 0, 𝑡 = 0) 

Integrating Equation 2.4 with ∫ 𝑑𝐶
𝐶∗

𝐶𝐿
, results in: 

 

−2∫ 𝜂𝑑𝐶
𝐶∗

𝐶𝐿

= 𝐷̃ (
𝑑𝐶

𝑑𝜂
)
𝐶∗

− 𝐷̃ (
𝑑𝐶

𝑑𝜂
)
𝐶𝐿

 2.5 

If (𝑑𝐶/𝑑𝑥)𝐶𝐿
= 0 , Equation 2.5 can be rewritten as: 
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𝐷̃(𝐶∗) =  −2 
∫ 𝜂𝑑𝐶

𝐶∗

𝐶𝐿

(𝑑𝐶/𝑑𝜂)𝐶=𝐶∗
 2.6 

 

Substituting the Boltzmann variable (𝜂) back in leads to the final equation to calculate the 

interdiffusion coefficient: 

 

𝐷̃(𝐶∗) = −
1

2𝑡

∫ (𝑥 − 𝑥𝑀)𝑑𝐶
𝐶∗

𝐶𝐿

(𝑑𝐶/𝑑𝑥)𝐶∗
 2.7 

where 𝑥𝑀 is the Matano plane, which is: 

∫ 𝑥𝑑𝐶
𝐶𝑅

𝐶𝐿

= 0 

The law of conservation of mass is satisfied on the Matano plane. In other words, the Matano plane 

represents the point where the reduction of matter on one side of the interface is equal to the 

accumulation of matter on the other side [40]. The B-M method is the most commonly used method 

to calculate the interdiffusion coefficient for binary couples due to its simplicity and practicality. 

On the other hand, the accuracy of this method relies on finding the location of the Matano plane 

and evaluating the slope [41]. Furthermore, the B-M method does not predict the interdiffusion 

coefficient accurately for the extreme ends of the concentration profile [38]. 

2.4.2 Sauer-Freise Method 

The S-F method was developed to address the problem of having to accurately calculate the 

Matano plane position [42]. The method calculates the interdiffusion coefficient as a function of 

concentration by introducing a normalized concentration variable, given as: 
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𝑦 =  
𝐶 − 𝐶𝑅

𝐶𝐿 − 𝐶𝑅
 

where the subscripts R and L represent the left and right sides of the concentration profile. The S-

F solution to find the interdiffusion coefficient is: 

 

𝐷̃(𝐶∗) =  −
1

2𝑡
(
𝑑𝑥

𝑑𝐶
)
𝐶∗

[(1 − 𝑦)∫ (𝐶∗ − 𝐶𝑅)𝑑𝑥 + 𝑌 ∫ (𝐶𝐿 − 𝐶∗)𝑑𝑥
𝑥∗

−∞

+∞

𝑥∗
] 2.8 

 

2.4.3 Step-Function Assumption 

The conventional methods to calculate the interdiffusion coefficient mentioned in the previous 

section are based on the assumption that the initial state of the diffusion couple has no initial solute. 

This condition is commonly known as the step-function assumption. The step-function assumption 

limits the use of the conventional methods for processes that involve multiple diffusion steps, such 

as diffusion brazing, coating, and electroplating. Thus, the presence of an initial solute distribution 

leads to errors in calculating the interdiffusion coefficient with commonly used techniques, such 

as the B-M or S-F methods. This error is more pronounced for short annealing times because the 

error decreases with increasing diffusion time [43, 44].  

2.5  Two-Profile Method to Calculate Interdiffusion Coefficient 

In order to calculate the interdiffusion coefficient for short-time samples with an initial solute 

distribution, and the interdiffusion coefficient between time intervals, a two-profile approach 

developed by Olaye and Ojo [45] to modify the conventional methods was used. The following 

sections will detail the developed equations. 
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2.5.1 Two-Profile B-M Method 

Starting with Fick’s First Law (Equation 2.1), a section of the concentration profile in the 

unidirectional system is taken, where the area is given as: 

 𝑑𝐴 = (𝑥𝑓 − 𝑥𝑖)𝑑𝐶 
2.9 

where dA is the area, dC is the change in concentration, and xf and xi are the distance for the final 

and initial profiles respectively. Relating the concentration to the amount of solute (m) and volume, 

dC can be rewritten as: 

 

𝑑𝐶 =  
𝑑𝑚

𝑉
=

𝑑𝑚

𝐴(𝑥𝑓 − 𝑥𝑖)
 2.10 

Substituting Equation 2.10 into Equation 2.9 gives: 

 

𝑑𝐴 = (𝑥𝑓 − 𝑥𝑖)𝑑𝐶 =  
(𝑥𝑓 − 𝑥𝑖)𝑑𝑚

𝐴(𝑥𝑓 − 𝑥𝑖)
=

𝑑𝑚

𝐴
 2.11 

Integrating Equation 2.11 and dividing by time, results in: 

 𝐴

∆𝑡
=

1

∆𝑡
∫ (𝑥𝑓 − 𝑥𝑖)𝑑𝐶

𝐶∗

𝐶𝑅

= 
1

∆𝑡
∫

𝑑𝑚

𝐴
=

𝑚

𝐴∆𝑡

𝐶∗

𝐶𝑅

 2.12 

The flux is given as: 

 
𝐽 =

𝑚

𝐴∆𝑡
 2.13 

Equations 2.12 and 2.13 can be combined to give: 
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𝐽 =
𝑚

𝐴∆𝑡
=  

1

∆𝑡
∫ (𝑥𝑓 − 𝑥𝑖)𝑑𝐶

𝐶∗

𝐶𝑅

 2.14 

Substituting Equation 2.14 into Equation 2.1 and solving for the diffusion coefficient leads to: 

 

𝐷 =  
𝑑𝑥

𝑑𝐶

̅̅ ̅̅ ∫ (𝑥𝑓 − 𝑥𝑖)𝑑𝐶
𝐶

𝐶𝑅

∆𝑡
 2.15 

where 
𝑑𝑥

𝑑𝐶
 is the inverse concentration gradient [46]. Equating Equation 2.7, which is the B-M 

solution for Fick’s Second Law to Equation 2.15 gives: 

 𝑑𝑥

𝑑𝐶

̅̅ ̅̅
=  

1

2𝑡

𝑑𝑥

𝑑𝐶
 2.16 

For a two-profile system, the inverse concentration gradient can then be described as: 

 𝑑𝑥

𝑑𝐶

̅̅ ̅̅
=

1

2
(
𝑑𝑥

𝑑𝐶𝑖
+

𝑑𝑥

𝑑𝐶𝑓
) 2.17 

Including the inverse concentration gradient in Equation 2.7, the B-M formula for a two-profile 

approach is: 

 

𝐷 = −
1

2
(
𝑑𝑥

𝑑𝐶𝑖
+

𝑑𝑥

𝑑𝐶𝑓
)
∫ (𝑥𝑓 − 𝑥𝑖)𝑑𝐶

𝐶

𝐶𝑅

∆𝑡
 2.18 

This equation is only valid when the Matano plane is the same for the initial and final profiles. 

2.5.2 Two-Profile Sauer-Freise Method 

Applying the same methodology to the S-F method, the equation to find the interdiffusion 

coefficient is: 
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𝐷 = −
1

2
(

𝑑𝑟

𝑑𝑦𝑖
+

𝑑𝑟

𝑑𝑦𝑓
) [

((1 − 𝑦∗) ∫ 𝑦
𝑟∗

−∞
𝑑𝑟𝑓 + 𝑦∗ ∫ (1 − 𝑦)

+∞

𝑟∗ 𝑑𝑟𝑓) − ((1 − 𝑦∗) ∫ 𝑦
𝑟∗

−∞
𝑑𝑟𝑖 + 𝑦∗ ∫ (1 − 𝑦)

+∞

𝑟∗ 𝑑𝑟𝑖)

∆𝑡
] 2.19 

Since there is no need to find the location of the Matano plane, this method is used in this study. 

2.6 Average Interdiffusion Coefficient 

The average interdiffusion coefficient (𝐷𝑎𝑣𝑒)  is the average single value of the interdiffusion 

coefficient for a certain concentration range. Since the interdiffusion coefficient changes with 

concentration, 𝐷𝑎𝑣𝑒 represents the diffusivity of the system for specific conditions, such as the 

temperature. 𝐷𝑎𝑣𝑒 is calculated as: 

 

𝐷𝑎𝑣𝑒 = 
∫ 𝐷𝑑𝐶

𝐶𝑅

𝐶𝐿

𝐶𝑅 − 𝐶𝐿
 2.20 

2.7 Time Variation of Interdiffusion Coefficient 

It is a common assumption in literature that interdiffusion coefficient diffusion is independent of 

time [40], therefore, the majority of the available studies present data for only one annealing time 

for a particular temperature. Despite this assumption, the available data [4-11] show that the 

interdiffusion coefficient changes as the annealing time changes. 

Campbell et al. [4] carried out diffusion experiments from 115°C to 173°C for a system that 

consists of lead (Pb) and Pb-50 wt. % indium (In) and used the B-M method to obtain the 

interdiffusion coefficient. The authors provided data for the average interdiffusion coefficient 

across various annealing times. At 115°C, the annealing times were 256.5 and 1230.5 hours for Pb 

and Pb-50 wt. In %, respectively; at 129°C, 110 and 581.8 hours; at 149°C, 40 and 264.7 hours; 

and at 173°C, 18 and 118 hours. Among these experiments, the most significant variation of the 

interdiffusion coefficient was observed at 149°C. According to the findings, 𝐷̃(𝐶) increases from 
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1.9×10-10 cm2/s to 2.8×10-10 cm2/s as the annealing time is increased from 40 hours to 264.7 hours, 

which is an increase of 47.4%. 

Kucera et al. [5] calculated the interdiffusion coefficient of a cobalt (Co)-Ni system at a high 

temperature range (950-1150°C) by using the B-M method. At 1150°C, Kucera et al. [5] report a 

maximum increase of 114.7% for the interdiffusion coefficient as the annealing time was increased 

from 9 to 16 hours. As the annealing time was further increased to 49 hours, the interdiffusion 

coefficient showed a subsequent decrease of 24.8%. In an earlier study by Haebicek et al. [6] who 

used the same system and methodology, the interdiffusion coefficient is increased by 63.5% as the 

annealing time is increased from 4 to 36 hours.  

Kirkendall et al. [7] examined a Cu-zinc (Zn) system by electroplating pure Cu onto brass strips 

with different Zn compositions. The authors used a graphical method to calculate the average 

constant diffusion coefficient between two concentration profiles. For Cu and Cu- 57.52 at. % Zn, 

the 𝐷𝑎𝑣𝑒  increases up to 70.8% for the time intervals of 1-4 hours and 4-10 hours.  It should be 

noted that the method used in Kirkendall et al. [7] does not account for the concentration 

dependence of the interdiffusion coefficient; therefore, their method would not provide accurate 

results for this study. 

The authors in [9], [10] and [11] provided indirect evidence of the effect of time by presenting 

concentration profiles for different annealing times or interdiffusion coefficient versus 

concentration plots. Olaye and Ojo [8] calculated the interdiffusion coefficient between time 

intervals for an Ni-rhenium (Re) system at 1050°C which was described in [9] by using a numerical 

analysis approach. Figure 2.5 shows the clear difference in magnitude of the interdiffusion 

coefficient. In [10], the change in chemical diffusivity in α brass throughout the Zn composition 
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range is reported for 223 and 501 hours at an annealing temperature of 700°C. Mehl and Rhines 

[11] determined the rate of diffusion for seven systems: Cu-Zn, Cu-aluminium (Al), Cu-beryllium 

(Be), Cu-cadmium (Cd), Cu-silicone (Si) and Cu-tin (Sn). The annealing temperatures ranged from 

500 to 900°C, while the diffusion times spanned from 1.31 to 86 days. For each system and at least 

one temperature, different plotted curves of the interdiffusion coefficient across the solute 

concentration range were observed.  

Olaye and Ojo [8] presented a novel numerical analysis approach to calculate 𝐷̃(C). They used the 

silver (Ag)-Cu solid-liquid and Cu-Ni solid-solid systems, as well as data from other studies to 

calculate interdiffusion coefficients as a function of concentration and time. For the Ag-Cu system, 

the average diffusivity decreases by 57% as the diffusion intervals shift from 1-5 hours to 5-25 

hours. Similarly, in the Cu-Ni system, the average diffusivity decreases by 65% as the time 

intervals increase from 1-10 hours to 25-72 hours.    
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The change in the 𝐷̃(C) with time could be attributed to grain boundary diffusion, or the presence 

of residual stresses. In this study, the experiments are carefully executed to eliminate the 

possibility of grain boundary diffusion or residual stress influencing the interdiffusion 

coefficient. Aside from the previously listed factors, another phenomenon that could cause the 

interdiffusion coefficient to change with time is the presence and evolution of DIS. 

2.7.1 Diffusion-Induced Stress  

DIS refers to the internal stresses that are generated due to the atom movement within a material. 

During diffusion, atom movement can create imbalances in the lattice structure of the material thus 

causing stresses that can induce mechanical strain. In the literature, this phenomenon is mostly 

Image removed due to copyright restrictions. 

Figure 2.5. Variation of interdiffusion coefficient with concentration for Ni-Re system at 1050°C 

[8] 
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studied for thin sheets [15, 16, 46, 47], in which the effects can be clearly observed in the form of 

bending. 

The emergence of internal stresses leads to changes in the energy that governs the movement of 

atoms, also known as the thermodynamic potential for diffusion. Figure 2.6 shows the origin and 

effects of DIS in the diffusion process. 

The cause of DIS can be attributed to the volume changes associated with atomic diffusion, caused 

by the difference in atomic size or intrinsic diffusion coefficients, or the development of 

intermetallic phases [19]. Since the Cu-Ni system is completely soluble, and the atomic sizes of 

Cu and Ni are similar [48], the generation of DIS in the system is attributed to the difference in 

intrinsic diffusion coefficients. Previous studies [47, 49, 50] have shown that Cu has a higher 

diffusivity than Ni in a Cu-Ni system, which further validates that the DIS generated in this system 

stems from the volume changes generated from one side of the diffusion couple that is expanding 

while the other side is contracting. In general, the highest stresses develop at the beginning of the 

diffusion process. As the process evolves, the stress decreases as a result of the decrease in 

concentration gradient [51].  

As the magnitude of the internal stresses increases, the material also undergoes relaxation to reach 

a lower-state energy and reduce stress levels. This relaxation phenomenon happens through plastic 

deformation and takes longer than stress to be generated during diffusion [14]. This time 

discrepancy between stress buildup and relaxation renders the relaxation of the internal stresses 

step a potentially limiting factor of interdiffusion [21].  

In the absence of other fields or interfaces, the only driving force for diffusion is the chemical 

potential. The chemical potential gradient is conveniently expressed in terms of a concentration 
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gradient. Essentially, this means that atoms move from areas of higher concentration to those of 

lower concentration until the chemical potential energy is the same across the material.  As 

described in Fick’s First Law, the diffusional flux and change in concentration gradient can be 

related by using a diffusion coefficient parameter.  

The diffusion flux, and therefore the diffusion coefficient, can also change with the presence of 

additional driving forces, e.g., electrical, thermal, magnetic or stress fields. For this series of 

experiments of binary couples without external forces, only the chemical potential and stress 

potential (generated by diffusion) are present. Therefore, the driving forces of diffusion can be 

expressed as: 

 𝐹1
⃗⃗  ⃗ =  −∇𝛷1 = − ∇𝜇𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 & ∇𝜇𝑠𝑡𝑟𝑒𝑠𝑠  2.21 

 

where 𝛷1 is the thermodynamic potential for diffusion. Equation 2.21 is merely representative, the 

chemical and stress potential can be further discretized, but this work will not provide the complex 

solutions for DIS. As a result, DIS will not be directly calculated here. 

Additionally, since this study uses bulk planar diffusion couples, no bending can be seen as a result 

of DIS. Therefore, an indirect investigation of the presence of DIS is proposed through the 

concentration gradient. The concentration gradient drives the diffusion process, while the resulting 

atomic flux creates non-uniformities in the material, which lead to the generation of internal 

stresses. The assumption is that the interdiffusion coefficient is influenced by the concentration 

gradient changes because of DIS. As the concentration gradient changes with diffusion time, the 

presence of DIS is the most likely reason for the changes in the interdiffusion coefficient with time 

during isothermal diffusion. 
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Figure 2.6. Schematic of DIS in a binary diffusion couple [19] 
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3 METHODOLOGY 

3.1 Starting Materials 

The materials chosen for this study are pure Cu and Ni, and Cu-50 at. % Ni, an alloy that contains 

an atomic composition of 50 percent of Ni and 50 percent of Cu. The materials were obtained from 

ACI Alloys Inc. (USA). After cold rolling, the alloy samples were encapsulated in quartz capsules 

filled with argon gas and subsequently heat treated at 1030°C for 75 hours. The intent of this heat 

treatment is to promote further composition homogenization of the alloy. Table 3.1 shows the 

constituents of the chosen binary diffusion couples and their composition. 

Table 3.1 Binary diffusion couples 

Diffusion Couple Material A Material B 

Pure Element Couple Pure Cu (100% at. Cu) Pure Ni (100% at. Ni) 

Alloy Couple Cu50Ni50 (50% at. Ni) Pure Cu (100% at. Cu) 

3.2 Sample Preparation 

The metallographic preparation of the samples and fabrication of the diffusion couples in this study 

are described in the following sections. 

3.2.1 Heat Treatment of Starting Materials 

All of the materials used in this study are first cold rolled to about 1.5 mm in thickness. Cold 

rolling is known [52-54] to increase the density of dislocations and introduce considerable stress 

into materials due to plastic deformation. Dislocations, like grain boundaries, are linear defects 

that can increase the diffusivity through the so-called short-circuit paths. Therefore, in order to 

provide stress relief and induce recrystallization, the samples were encapsulated in quartz capsules 

filled with argon gas and heat treated at 1030°C for 4 hours.  
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The selected temperature exceeded the recrystallization and stress relief temperature thresholds 

for Cu and Ni [55-57]. As a result, the samples were subjected to an isothermal heat treatment for 

60 minutes to provide stress relief and induce recrystallization [58].  

Moreover, the annealing temperature and duration are well-suited for promoting the growth of 

large grains in order to minimize the impact of grain boundary diffusion. Olaye and Ojo [8] showed 

that grain growth does not cause significant changes between a 1-hour heat treatment and one that 

extends up to 72 hours. For that reason, 4 hours is a sufficient timeframe for heat treatment at 

1030°C to achieve the desired outcomes of stress relief, recrystallization, and grain growth.  

3.3 Diffusion Coupling Technique 

After the heat treatment took place as described in Section 3.2, the samples were 

metallographically prepared in which their surface was grinded with 240, 600 and 1200 grit 

sandpaper followed by polishing with 3 μm and 1 μm diamond suspension solutions, respectively. 

The intent of the metallographic preparation is to provide a flat and smooth surface for bonding, 

as well as removing the passivating film on the materials. The samples were then subjected to 

ultrasonic cleaning to remove any contamination that might have been present on the surface. Prior 

to bonding, the outer surface of the samples was coated with NICROBRAZ Green Stop-off,  a 

product used to create a barrier or protective coating and impede the flow of brazing filler material. 

In this experiment, the NICROBRAZ Green Stop-off Type I Pen was used to impede the diffusion 

between the samples and the assembly jig for the diffusion couple.  

The diffusion coupling technique consists of providing enough contact between two or more 

materials in which diffusion will occur between them. In most cases, force needs to be applied to 

the assembly jig to promote further contact [59]. The steel jig used in this study consists of four 
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bolts tightened to 15-20 ft·lbs, as shown in Figure 3.1. In order to convert the torque into axial 

load, the following equation is used: 

 𝑇 = 𝑘 ∙ 𝐹 ∙  𝐷𝑝 3.1 

where T is torque in lbf·in, k is the coefficient of friction which in this study is 0.2 and applicable 

for all types of bolts, F is the axial load in lbf, and 𝐷𝑝 is the bolt diameter, which is 0.375 inches. 

The axial load for each bolt was calculated to be 2.4-3.2 kips.  

The next step was to perform the heat treatment to promote diffusion bonding. The entire ensemble 

was annealed in a high vacuum furnace (GCA Corporation) at 600°C for 1 hour. 

 

Figure 3.1. Schematic of steel assembly jig 
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3.4 Electroplating  

The next stage that followed the diffusion bonding was to electroplate the diffusion couples with 

Ni  to further protect the samples from oxidation.  

The couples were first grinded to remove the stop-off pen coating and create a better surface for 

electrodeposition. Chemical cleaning was then performed in four stages: 

1. Immersing the samples in a boiling mixture of sodium hydroxide (NaOH), sodium 

carbonate (Na2Co3) and disodium hydrogen phosphate (Na2HPO4) for 20 minutes. 

2.  Using an immersion bath with a 30% solution of hydrochloric acid (HCl) for 5 minutes at 

room temperature. 

3. Placing the couples in a boiling 10% solution of sulfuric acid (H2SO4) for 3 to 5 minutes. 

4. Using a 5% solution of sulfuric acid for 1 minute at room temperature. 

The cleaning is essential to ensure that no contaminants are present, and that the deposited material 

will adhere to the surface. Following cleaning, the couples were placed in an electrolytic bath 

which consisted of a solution of nickel sulfate hexahydrate (NiSO4•6H2O), nickel chloride 

hexahydrate (NiCl2•6H2O) and boric acid (H2BO3). Figure 3.2 shows the schematic of the 

electroplating setup, where the anode is a pure Ni rod, the reference electrode is a saturated calomel 

electrode (SCE) and the cathode is the diffusion couple onto which the electrodeposition would 

take place. The current chosen based on the surface area is 10 mA/cm2, the time chosen for the 

procedure is 8000 seconds, and the electroplating apparatus used is a potentiostat galvanostat 

(VersaSTAT3).  
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Figure 3.2. Electroplating apparatus [60] 

3.5 Isothermal Annealing  

After the diffusion couples were electroplated, the specimens were placed into quartz capsules 

filled with argon gas. The diffusion heat treatments were performed in two different stages; that is, 

single- and multi-stages for the Cu-Ni system. The multi-stage experiments included an initial 

annealing stage followed by the same heat treatment that was used in the single-stage experiments. 

The annealing times and temperatures for the single- and multi-stage experiments are given in 

Tables 3.2 and 3.3, respectively. 
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Table 3.2 Diffusion annealing parameters for single-stage experiments 

Annealing Temperature Annealing Times Diffusion Couples 

900°C 5 hours, 25 hours, 75 hours, 

and 150 hours 

Cu-Ni, Cu-50 at. % Ni 

950°C 5 hours, 25 hours, 75 hours, 

and 150 hours 

Cu-Ni, Cu-50 at. % Ni 

1000°C 5 hours, 25 hours, 75 hours, 

and 150 hours 

Cu-Ni, Cu-50 at. % Ni 

 

Table 3.3. Diffusion annealing parameters for multi-stage experiments 

Initial Stage Annealing Temperature Annealing Times Diffusion Couple 

900°C for 5 hours 

(Type I) 

950°C 5 hours, 25 hours, 75 

hours, and 150 hours 

Cu-Ni 

1000°C for 5 

hours (Type II) 

950°C 5 hours, 25 hours, 75 

hours, and 150 hours 

Cu-Ni 

Three annealing temperatures and four different annealing times were used in the single-stage 

experiments, which required a total of 12 samples for each binary system. Three annealing 

temperatures and four different annealing times were also used in the multi-stage experiment, but 

two initial annealing stages (Types I and II) were included, so a total of 24 samples were required 

for each binary system. 
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3.6 Concentration Profile Measurement 

After the diffusion experiments were conducted, the couples were sectioned and mounted in 

Bakelite for the subsequent metallographic preparation process. The samples were grinded by 

using 240, 600, and 1200 grit sandpaper followed by polishing with 3 μm and 1 μm diamond 

suspension solutions, respectively. The composition points across the diffusion zone were 

measured by using an EDS detector along with an SEM (JEOL JSM-5900LV). 

The composition points were measured in steps that varied from 2 to 6 μm, depending on the 

penetration depth of the sample. At least six concentration profile readings were taken for each 

sample.  

3.7 Data Smoothing 

The concentration profile data contained noise which was removed in two stages: using the simple 

moving average method, followed by applying the PCHIP function, which is a numerical method 

to interpolate data. The simple moving average method is a statistical technique used to calculate 

the average value of a set of numbers to provide the central tendency of a data set. Symmetric 

moving average is used in this work, for which data points both before and after the current point 

are considered in the window. The simple moving average formula is: 

 
𝑀𝑜𝑣𝑖𝑛𝑔 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 =  

(𝑋𝑘 − 𝑚 + 𝑋𝑘 − 𝑚 + 1 + ⋯+ 𝑋𝑘 − 1 + 𝑋𝑘 + 𝑋𝑘 + 1 + ⋯+ 𝑋𝑘 + 𝑚)

(2𝑚 + 1)
 3.2  

where 𝑋𝑘 − 𝑚, 𝑋𝑘 − 𝑚 + 1, …,  𝑋𝑘 − 1, 𝑋𝑘, 𝑋𝑘 + 1, …, 𝑋𝑘 + 𝑚 are the data points and 𝑚 is the number of 

data points. Following the symmetric moving average filter, the concentration profile is smoothed 

by using the PCHIP function, which provides a smooth interpolation by plotting a polynomial 

curve based on the slopes of the data points [61]. The accuracy of the calculated interdiffusion 
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coefficient greatly depends on the degree of smoothness of the concentration profiles. An overly 

smoothed profile will result in larger interdiffusion coefficients. Therefore, the smoothed 

concentration profile was compared to the raw data for each sample to ensure that the profile shape 

remained relatively unchanged.   

3.8 Average Concentration Profile 

The average concentration profile for every sample was obtained by using concentration profiles 

acquired from six different locations. The individual profiles were lightly smoothed with the spline 

function in MATLAB. This initial smoothing process was to eliminate exceptionally noisy data. 

The smoothed individual profiles were then compared to the raw data to confirm that the new 

profiles are still representative and not excessively smoothed.  

Next, the six concentration profiles were aligned with their respective Matano interfaces and the 

average distance for each concentration point was calculated. The resulting average concentration 

profiles were then subjected to another round of smoothing with the method described in Section 

3.7.  

3.9 Error Bars and Determining Error Margin 

For the interdiffusion coefficient and concentration plots, error bars are used to represent the 

uncertainty of a data set. The bars extend from each data point to indicate the range of possible 

values that the data point can represent. In this study, the error bars for each condition are calculated 

based on the standard deviation of a data point, which represents the data dispersion [62]. 

The 𝐷𝑎𝑣𝑒 values were calculated for the six different profiles for each time and temperature 

condition. The relative error percentage was obtained by comparing these results to the 𝐷𝑎𝑣𝑒 values 

obtained from the average concentration profile. The maximum variation was observed to be 14%, 
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which is in agreement with the error observed for the interdiffusion coefficient in [8] for the Cu-

Ni system.   

3.10 T-Statistics 

The statistical reliability of the interdiffusion coefficients calculated in this work is determined by 

using t-statistics. T-statistics are used to test the observed difference between a sample mean and 

a population mean, relative to the variability within the sample, and helps to determine whether 

the observed difference is statistically significant or simply due to random sampling variability. 

This inferential statistic quantifies the extent to which the sample mean deviates from the 

hypothesized population mean.  

In this study, the two-sample method is used in which two independent populations are compared. 

For unequal variances, the formula is: 

 

𝑇 =  
(𝑋̅1 − 𝑋̅2)

√
𝑆1

2

𝑛1
+

𝑆2
2

𝑛2

 

3.3 

 

where 𝑇 is the calculated t-statistic, 𝑋̅ is the sample mean, 𝑛 is the sample size, and 𝑆 is the sample 

standard variation. For unequal variance, the t-statistic is considered robust for equal and large 

enough sample sizes [63]. In this work, the sample size is 36, which is considered large for minimal 

error. The p-value is the parameter that quantifies the statistical difference between the two sets of 

data. For this work, the commonly used threshold value of 0.05 (5%) is used. In other words, if P 

< 0.05, the interdiffusion coefficient values are considered statistically different, and when P > 

0.1, the values are considered statistically similar.  
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4 RESULTS AND DISCUSSION 

This chapter presents the findings and analysis of isothermal interdiffusion experiments conducted 

for a Cu-Ni system. The results consist of the plots of 𝐷̃(C) and 𝐷𝑎𝑣𝑒. The p-values are also given, 

which allows for a statistical comparison between the different experimental conditions. 

4.1 Experimental Verification of Effect of Time in Cu-Ni System 

The verification of the effect of time on 𝐷̃(C) is done by comparing the results for isothermal 

treatments for different time intervals. The temperatures used in this study are 900°C, 950°C and 

1000°C and the time intervals are 5-25 hours, 25-75 hours, and 75-150 hours.  

4.1.1 Experimental Verification of Effect of Time in Cu-Ni System at 900°C 

The experimental concentration profiles for the diffusion couples with the pure element system are 

presented in Figures 4.1. The interdiffusion coefficients for concentrations that range from 5 to 95 

at% Cu for all time intervals are given in Figures 4.2 to 4.4. Observing the 𝐷̃ (𝐶) curves, it is clear 

that the interdiffusion coefficients are changing as the diffusion time changes, especially 

comparing the shortest and longest diffusion times (Figure 4.4) for which there is virtually no 

overlap of the plots and the error bars. Table 4.1 shows the p-values for the comparison of all time 

intervals, the boxes highlighted in red show the values above the 0.5 threshold that represent 

statistical similarity. Most of the values are below 0.001, which is significantly lower than the 

threshold of 0.05, thus indicating that the interdiffusion coefficients are statistically different. 

Therefore, the interdiffusion coefficient of the Cu-Ni system varies with time at 900°C. In terms 

of the trend, the interdiffusion coefficient curves tend to differ more significantly in the Cu-rich 

side, and the p-values seem to decrease as the Cu content increases. This tendency will be further 

investigated for the other temperatures (950°C and 1000°C) in the next sections. 
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Table 4.2 presents the 𝐷𝑎𝑣𝑒 for the different time intervals, as well as their percentage differences. 

The average diffusivity decreases 120% with longer time intervals; that is, from 5-25 h to 75-150 

h. Overall, the changes of the interdiffusion coefficient curves and average diffusivity in this 

experiment contradict the general assumptions in the literature, as the interdiffusion coefficient 

does isothermally vary with diffusion time at 900°C.  
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(a) 

(b) 

Figure 4.1. Concentration profiles for (a) 5 and 25 hours and (b) 75 

and 150 hours 
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Figure 4.2. Interdiffusion coefficients of Cu-Ni system at 900°C for 5-25 hours and 25-

75 hours 
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Figure 4.3. Interdiffusion coefficients of Cu-Ni system at 900°C for 25-75 hours and 

75-150 hours 
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Figure 4.4. Interdiffusion coefficients of Cu-Ni system at 900°C for 5-25 hours and 75-

150 hours 
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Table 4.1. p-values of Cu-Ni system at 900°C 

Cu at. % 5.0 10.0 15.0 20.0 25.0 

5-25 h vs 25-75 h 0.007 0.537 0.349 0.031 0.002 

5-25 h vs 75-150 h 
< 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

25-75 h vs 75-150 h 

Cu at. % 30.0 35.0 40.0 45.0 50.0 

5-25 h vs 25-75 h 

< 0.001 < 0.001 < 0.001 < 0.001 < 0.001 5-25 h vs 75-150 h 

25-75 h vs 75-150 h 

Cu at. % 55.0 60.0 65.0 70.0 75.0 

5-25 h vs 25-75 h 

< 0.001 
< 0.001 < 0.001 < 0.001 

< 0.001 5-25 h vs 75-150 h 

25-75 h vs 75-150 h 0.005 0.013 0.019 

Cu at. % 80.0 85.0 90.0 95.0 

5-25 h vs 25-75 h 

< 0.001 
< 0.001 

< 0.001 

0.036 

5-25 h vs 75-150 h 
< 0.001 

25-75 h vs 75-150 h 0.003 
 

Table 4.2. Average diffusivity of Cu-Ni system at 900°C 

Time (h) 𝑫𝒂𝒗𝒆 (m2/s) % 

deviation 

from 5-25 

h 

p-value % deviation 

from 25-75 

h 

p-value % deviation 

from 75-

150 h 

p-value 

5-25 h 3.038E-15 - - 82% < 0.001 120% < 0.001 

25-75 h 1.672E-15 45% < 0.001 - - 21% < 0.001 

75-150 h 1.383E-15 54% < 0.001 17% < 0.001 - - 
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4.1.2 Experimental Verification of Effect of Time in Cu-Ni System at 950°C 

In this study, the second temperature chosen for the interdiffusion experiment is 950°C. The plotted 

interdiffusion coefficients with Cu concentration for all time intervals at 950°C are presented in 

Figures 4.5 to 4.7. The 𝐷𝑎𝑣𝑒  and a percentage comparison for the different time periods are given 

in Table 4.4. 

The 𝐷̃(𝐶) curves show a significant overlap of the error bars for all of the time period comparisons 

throughout the entire concentration range, except for the points between 10 and 20% at. Cu for the 

time intervals of 5-25 hours and 25-75 hours, and below 10 % at. Cu for the time intervals of 25-

75 hours and 75-150 hours. The p-values presented in Table 4.3 agree with this observation, in 

which the interdiffusion coefficients are seen to be statistically different (p < 0.001) for the 

comparisons and concentrations previously described. Additionally, it is worth noting that the 

interdiffusion coefficient is mostly statistically similar towards the Cu-rich side of the 

concentration range. 

 Table 4.3 provides further evidence of a time effect on the interdiffusion coefficient. 𝐷𝑎𝑣𝑒 is 

increased 19% from 5-25 hours to 25-75 hours. This increase is higher than the empirically 

determined error percentage of 15%.  

In general, the influence of time on the interdiffusion coefficient in the Cu-Ni system at 950°C is 

evident, albeit not as pronounced as that observed for 900°C. This effect is primarily found within 

a limited concentration range at this temperature. Further investigations for 1000°C will be 

discussed in the next section.  
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Figure 4.5. Interdiffusion coefficients of Cu-Ni system at 950°C for 5-25 hours and 25-

75 hours 
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Figure 4.6. Interdiffusion coefficients of Cu-Ni system at 950°C for 25-75 hours and 

75-150 hours 
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Figure 4.7. Interdiffusion coefficients of Cu-Ni system at 950°C for 5-25 hours and 75-

150 hours 
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Table 4.3. p-values of Cu-Ni system at 950°C 

Cu at. % 5.0 10.0 15.0 20.0 25.0 

5-25 h vs 25-75 h < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
5-25 h vs 75-150 h 0.004 0.014 0.028 0.038 0.084 

25-75 h vs 75-150 h < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

Cu at. % 30.0 35.0 40.0 45.0 50.0 

5-25 h vs 25-75 h < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
5-25 h vs 75-150 h 0.095 0.041 0.010 0.002 0.001 

25-75 h vs 75-150 h < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

Cu at. % 55.0 60.0 65.0 70.0 75.0 

5-25 h vs 25-75 h 

< 0.001 < 0.001 < 0.001 

< 0.001 < 0.001 
5-25 h vs 75-150 h 0.010 

> 0.100 
25-75 h vs 75-150 h 0.087 

Cu at. % 80.0 85.0 90.0 95.0 

5-25 h vs 25-75 h 0.021 0.078  

> 0.100 

 

 

> 0.100 5-25 h vs 75-150 h 
> 0.100 > 0.100 

25-75 h vs 75-150 h 
 

Table 4.4. Average diffusivity of Cu-Ni system at 950°C 

Time (h) 𝑫𝒂𝒗𝒆 (m2/s) % 

deviation 

from 5-25 

h 

p-value % deviation 

from 25-75 

h 

p-value % deviation 

from 75-

150 h 

p-value 

5-25 h 3.975E-15 - - 16% < 0.001 8% 0.022 

25-75 h 4.725E-15 19% < 0.001 - - 9% < 0.001 

75-150 h 4.345E-15 9% 0.022 8% < 0.001 - - 
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4.1.3 Experimental Verification of Effect of Time in Cu-Ni System at 1000°C 

This section discusses the interdiffusion analysis for the Cu-Ni system at 1000°C. The plotted 

interdiffusion coefficients with Cu concentration for all time intervals are given in Figures 4.8 to 

4.10. In Table 4.6, the 𝐷𝑎𝑣𝑒𝑠  are shown for all time intervals, and the percentage variations 

between these averages are calculated and presented. 

A closer examination of the 𝐷̃(𝐶) curves reveals distinct trends, mostly associated with the Cu-

rich side of the concentration range. The error bars show very little overlap towards the 70 at. % 

Cu to 100 at. % Cu range for the compared time intervals of 5-25 hours and 25-75 hours as well 

as 5-25 hours and 75-150 hours. For the compared time intervals of 25-75 hours and 75-150 hours, 

however, the curves are mostly different at the Ni-rich side up to 40 % at. Cu.  

The statistical significance of these observations is quantified by using p-values, as shown in Table 

4.5. The data suggest that the majority of the interdiffusion coefficient values for all of the time 

comparisons are mostly statistically different, with some isolated exceptions. As seen in Table 4.6,  

𝐷𝑎𝑣𝑒 shows a gradual reduction as the annealing time increases. 𝐷𝑎𝑣𝑒 decreases by 15% as the time 

range increases from 5-25 hours to 25-75 hours, and further decreases to 30% as the time range 

reaches 75-150 hours. The deviation between the two first time intervals is not above the error 

margin of 15%, which is also the case for the comparison of the time intervals of 25-75 hours and 

75-150 hours. 

Overall, a time effect on the interdiffusion coefficients is also present in the Cu-Ni system at 

1000°C. This influence is more evident by comparing the shortest and longest annealing times.  
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Figure 4.8. Interdiffusion coefficients of Cu-Ni system at 1000°C for time intervals of 5-25 hours 

and 25-75 hours 
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Figure 4.9. Interdiffusion coefficients of Cu-Ni at 1000 °C for 25-75 hours and 75-150 hours 
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Figure 4.10. Interdiffusion coefficients of Cu-Ni system at 1000°C for 5-25 hours and 75-150 

hours 
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Table 4.5. p-values of Cu-Ni system at 1000°C 

Cu at. % 5.0 10.0 15.0 20.0 25.0 

5-25 h vs 25-75 h < 0.001 

< 0.001 < 0.001 < 0.001 < 0.001 5-25 h vs 75-150 h 0.030 

25-75 h vs 75-150 h < 0.001 

Cu at. % 30.0 35.0 40.0 45.0 50.0 

5-25 h vs 25-75 h 

< 0.001 < 0.001 < 0.001 < 0.001 
0.09 

5-25 h vs 75-150 h 
< 0.001 

25-75 h vs 75-150 h 

Cu at. % 55.0 60.0 65.0 70.0 75.0 

5-25 h vs 25-75 h 0.03 
< 0.001 < 0.001 < 0.001 < 0.001 

5-25 h vs 75-150 h 
< 0.001 

25-75 h vs 75-150 h 0.074 0.706 0.390 0.207 

Cu at. % 80.0 85.0 90.0 95.0 

5-25 h vs 25-75 h 
< 0.001 

< 0.001 < 0.001 < 0.001 5-25 h vs 75-150 h 

25-75 h vs 75-150 h 0.090 

 

 

 

Table 4.6. Average diffusivity of Cu-Ni system at 1000°C 

Time (h) 𝑫𝒂𝒗𝒆 (m2/s) % 

deviation 

from 5-25 

h 

p-value % deviation 

from 25-75 

h 

p-value % deviation 

from 75-

150 h 

p-value 

5-25 h 1.362E-14 - - 16 % < 0.001 29 % < 0.001 

25-75 h 1.169E-14 15% < 0.001 - - 11 %  

75-150 h 1.053E-14 23 % < 0.001 10 % 0.4 - - 
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4.1.4 Summary of Experimental Verification of Effect of Time in Cu-Ni System 

In this study, 𝐷̃(C) varies with time for the Cu-Ni system at a temperature range of 900 to 1000°C. 

This finding contradicts the common assumption in the literature that interdiffusion coefficients 

do not depend on time. More specifically, the time effect is more pronounced in the Cu-rich regions 

of the concentration ranges and during the initial stages of diffusion. This effect is also more 

evident at 900°C. 

Furthermore, the interdiffusion coefficient is seen to mostly decrease as the annealing time is 

increased for all temperatures. One exception are the results for the time interval of 25–75-hours 

at an annealing temperature of 950°C. Overall, the diffusion time is observed to influence the 

behavior of the interdiffusion coefficient for the experiments performed. This time effect can be 

related to the existence of DIS during diffusion, and this correlation will be discussed in the next 

section. 

4.2 Time Effect and DIS 

As previously discussed, the most likely cause of the changes of the interdiffusion coefficients 

with diffusion time is the DIS. The changes in the concentration gradient drive the diffusion 

process and the difference in the intrinsic fluxes causes the generation of internal stresses - DIS 

[18]. Consequently, the presence of DIS changes the diffusion mobility and results in variations in 

the interdiffusion coefficients [17]. This feedback loop, in turn, leads to the generation of  more 

DIS. In summary, the concentration gradient changes lead to the generation of DIS, which 

subsequently leads to larger interdiffusion coefficients and more DIS. A schematic of this 

relationship is presented in Figure 4.11. 
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Figure 4.11. Relationship between interdiffusion and DIS. 

Given  the direct relationship between the changes in the concentration gradient and DIS, the 

concentration gradient in this study is used to modulate the DIS. As the concentration gradient 

evolves with diffusion time, the magnitude and presence of DIS will also change with time. In 

turn, these changes will be reflected in the interdiffusion coefficient. Therefore, if changes in the 

concentration gradient result in time-dependent variations of the interdiffusion coefficient, the DIS 

could be the underlying reason for this time effect. 

In order to further validate the influence of concentration gradient changes on the interdiffusion 

coefficient, two different conditions were examined that involve the presence of an initial uniform 

and non-uniform solute distribution. These conditions are compared to the Cu-Ni system without 

the initial solute distribution prior to the diffusion treatment. The uniform solute distribution 

couples consist of pure Cu and a Cu50Ni50 alloy, while the non-uniform couples comprise pure Cu 

and pure Ni subjected to annealing prior to the diffusion treatment.  
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4.3 Experimental Verification of Influence of Initial Uniform Distribution of Solute 

Verifying the influence of the initial uniform distribution of solute on 𝐷̃(C) was done by comparing 

the results of the Cu-Ni system for the pure element and alloy couples. In the former, the starting 

materials are 100 at. % Cu and 100 at. % Ni, and for the latter, 50 at. % Ni and 100 at. % Cu.  The 

following sections present the results for alloy couples at 900°C, 950°C and 1000°C for 5-25 hours, 

25-75 hours, and 75-150 hours. The results are compared to those of the pure element couples as 

presented in Section 4.1. 

4.3.1 Influence of Initial Uniform Distribution of Solute at 900°C 

 

This section discusses the results of the interdiffusion coefficients of the Cu-Ni system with an 

initial uniform distribution of solute at 900°C. The interdiffusion coefficients of the systems 

without a pre-existing uniform solute distribution are compared to those with an initial uniform 

distribution of solute for concentrations that range from 55 to 95 at. % Cu for 5-25 hours, 25-75 

hours and 75-150 hours. The curves are plotted in Figures 4.12 to 4.14. 

 The 𝐷̃(𝐶) curves are predominantly similar in terms of the magnitude and error bar overlap for 

the two longest time intervals. For 5-25 hours, the curves only intersect on the Cu-rich side of the 

concentration spectrum (from 85 to 100 at. % Cu). Correspondingly, the p-values, as listed in Table 

4.7, are in agreement with the trend of the interdiffusion curves. In comparing the time interval of 

5-25 hours, a consistent statistical difference (p < 0.001) is seen throughout the entire 

concentration range, while for 25-75 hours and 75-150 hours, the values are mostly statistically 

similar.  

Table 4.8 presents the 𝐷𝑎𝑣𝑒 of the systems with a pre-existing uniform solute distribution as well 

as a percentage deviation compared to the systems without an initial uniform distribution of solute 
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(previously discussed in Section 4.1.1). The 𝐷𝑎𝑣𝑒 of the Cu-Ni system is 63% higher than the 

diffusivity of the system with a pre-existing uniform solute distribution for 5-25 hours. For the 

other time intervals, the deviation does not exceed the error margin of 15%.  

In general, the interdiffusion coefficient and average diffusivity are influenced by the concentration 

gradient changes resultant of the initial uniform distribution of solute. This challenges 

conventional assumptions that the interdiffusion coefficient remains the same for systems with and 

without an initial uniform distribution of solute. 
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Figure 4.12. Interdiffusion coefficients of Cu-Ni systems with and without initial uniform 

distribution of solute at 900°C for 5-25 hours 
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Figure 4.13. Interdiffusion coefficients of Cu-Ni systems with and without initial uniform 

distribution of solute at 900°C for 25-75 hours 
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Figure 4.14. Interdiffusion coefficients of Cu-Ni systems with and without initial uniform 

distribution of solute at 900°C for 75-150 hours 
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Table 4.7. p-values of Cu-Ni systems with and without initial uniform distribution of solute at 

900°C 

Cu at. % 55.0 60.0 65.0 70.0 75.0 

5-25 h < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

25-75 h 0.099 0.848 0.699 0.707 0.477 

75-150 h < 0.001 0.017 0.012 0.071 0.237 

Cu at. % 80.0 85.0 90.0 95.0 

5-25 h < 0.001 < 0.001 < 0.001 0.003 

25-75 h 0.689 0.635 0.454 0.045 

75-150 h 0.393 0.439 0.126 0.014 
 

 

Table 4.8. Average diffusivity of Cu-Ni systems with and without initial uniform distribution of 

solute at 900°C 

Time (h) 𝑫𝒂𝒗𝒆 (m2/s) with 

Initial uniform 

distribution of 

solute 

𝑫𝒂𝒗𝒆 (m2/s) No 

initial uniform 

distribution of 

solute 

% difference p-value 

5-25 h 3.697E-15 6.025E-15 63% < 0.001 

25-75 h 3.377E-15 3.107E-15 8% 0.667 

75-150 h 2.845E-15 2.955E-15 4% 0.118 
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4.3.2  Influence of Initial Uniform Distribution of Solute at 950°C 

The interdiffusion coefficients for the concentration range of Cu are presented in Figures 4.15 to 

4.17. Table 4.10 provides the values for 𝐷𝑎𝑣𝑒 and a percentage-based comparison between the two 

systems. 

The 𝐷̃(𝐶) curves for 5-25 hours and 75-150 hours are similar throughout the entire concentration 

spectrum. The error bars for the curves show no overlap for approximately 65 to 80 % at. Cu for 

25-75 hours. These observations are statistically validated by the p-values in Table 4.9, which  

concur with the observed trends of the interdiffusion curves. The values are statistically different 

for the entire concentration range for 25-75 hours. Conversely, the remaining two time intervals 

are predominantly statistically similar.  

The calculated average diffusivity of the system with an initial uniform distribution of solute is 

19.% higher compared to the pure element system for 25–75-hours. The other comparisons remain 

within the designated error margin. Overall, similar to the system without a pre-existing uniform 

solute distribution, the extent of change of the interdiffusion coefficients appears to be less 

pronounced at 950°C in comparison to 900°C.  
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 Figure 4.15. Interdiffusion coefficients of Cu-Ni systems with and without initial uniform 

distribution of solute at 950°C for 5-25 hours 
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Figure 4.16. Interdiffusion coefficients of Cu-Ni systems with and without initial uniform 

distribution of solute at 950°C for 25-75 hours 
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Figure 4.17. Interdiffusion coefficients of Cu-Ni systems with and without initial uniform 

distribution of solute at 950°C for 75-150 hours 
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Table 4.9. p-values of Cu-Ni systems with and without initial uniform distribution of solute at 

950°C 

Cu at. % 55.0 60.0 65.0 70.0 75.0 

5-25 h 0.923 0.012 0.650 0.005 < 0.001 

25-75 h < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

75-150 h 0.399 0.027 0.641 0.569 0.567 

Cu at. % 80.0 85.0 90.0 95.0 

5-25 h < 0.001 < 0.001 0.261 0.122 

25-75 h < 0.001 < 0.001 < 0.001 0.033 

75-150 h 0.711 0.192 0.025 < 0.001 
 

Table 4.10. Average diffusivity of Cu-Ni systems with and without initial uniform distribution of 

solute at 950°C 

Time (h) 𝑫𝒂𝒗𝒆 (m2/s) with 

Initial uniform 

distribution of 

solute 

𝑫𝒂𝒗𝒆 (m2/s) No 

initial uniform 

distribution of 

solute 

% difference p-value 

5-25 h 7.907E-15 7.884E-15 0.295 % < 0.001 

25-75 h 8.463E-15 7.083E-15 19 % < 0.001 

75-150 h 8.426E-15 8.537E-15 1 % < 0.001 
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4.3.3 Influence of Initial Uniform Distribution of Solute at 1000°C 

The interdiffusion coefficients curves for the concentration range of all time periods are given in 

Figures 4.18 to 4.20. The error bars for 5-25 hours and 25-75 hours do not overlap towards the Cu-

rich side of the concentration spectrum. The plotted interdiffusion coefficients for the systems with 

and without a pre-existing uniform distribution of solute are comparable for the 75-150 hours time 

interval. 

Table 4.11 presents the p-values for the three time intervals and shows that for the shorter time 

intervals, the interdiffusion coefficients are consistently statistically different from those of the 

systems without an initial uniform distribution of solute. However, most of the p-values for 75-

150 hours are above the 0.05 threshold, thus indicating that the interdiffusion coefficients are 

statistically similar.  

The average diffusivities, given in Table 4.12, show that the interdiffusion coefficient for the 

systems without an initial uniform distribution of solute exceeds  the error margin in two instances. 

The difference is 36% for 5-25 hours, and 19% for 25-75 hours. 

In general, a pre-existing uniform solute distribution changes the interdiffusion coefficient at 

1000°C. This impact is more pronounced for shorter time intervals and notably towards the Cu-

rich side of the concentration spectrum. 
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Figure 4.18. Interdiffusion coefficient of Cu-Ni systems with and without initial uniform 

distribution of solute at 1000°C for 5-25 hours 
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Figure 4.19. Interdiffusion coefficient of Cu-Ni systems with and without initial uniform 

distribution of solute at 1000°C for 25-75 hours 
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Figure 4.20. Interdiffusion coefficient of Cu-Ni systems with and without initial uniform 

distribution of solute at 1000°C for 75-150 hours 
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Table 4.11. p-values of Cu-Ni systems with and without initial uniform distribution of solute at 

1000°C 

Cu at. % 55.0 60.0 65.0 70.0 75.0 

5-25 h 0.815 0.953 < 0.001 < 0.001 < 0.001 

25-75 h < 0.001 0.229 0.0694 < 0.001 < 0.001 

75-150 h 0.084 0.055 0.011 0.912 0.072 

Cu at. % 80.0 85.0 90.0 95.0 

5-25 h < 0.001 < 0.001 < 0.001 < 0.001 

25-75 h < 0.001 < 0.001 < 0.001 0.823 

75-150 h 0.062 < 0.001 < 0.001 < 0.001 
 

Table 4.12. Average diffusivity of Cu-Ni systems with and without initial uniform distribution of 

solute at 1000°C 

Time (h) 𝑫𝒂𝒗𝒆 (m2/s) with 

Initial uniform 

distribution of 

solute 

𝑫𝒂𝒗𝒆 (m2/s) No 

initial uniform 

distribution of 

solute 

% difference p-value 

5-25 h 1.993E-14 2.711E-14 36 % < 0.001 

25-75 h 1.815E-14 2.162E-14 19 % < 0.001 

75-150 h 2.134E-14 2.062E-14 3 % < 0.001 
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4.3.4 Summary of Experimental Verification of Influence of Initial Uniform Solute 

Distribution 

In Section 4.3, 𝐷̃(C) was seen to change with the initial uniform distribution of solute for the Cu-

Ni system at all temperatures. The concentration gradient changes induced by the initial uniform 

distribution of solute can be correlated to the presence of DIS. These effects are more obvious for 

the shortest diffusion times at 900°C. 

The average interdiffusion coefficient difference between the pure element and alloy couples peaks 

at 63% at 900°C for 5-25 hours. The interdiffusion coefficient is higher for the pure element couple 

compared to the alloy couple. Interestingly, contrary to the pure element couples as discussed in 

Section 4.1.4, the interdiffusion coefficient does not decrease as the annealing time increases. The 

next section further investigates the influence of the concentration gradient on the interdiffusion 

coefficient by analyzing the results for the systems with an initial non-uniform distribution of 

solute. 

4.4 Experimental Verification of Influence of Initial Non-uniform Distribution of Solute 

Verifying the influence of a pre-existing non-uniform distribution of solute on concentration-

dependent interdiffusion coefficients was done by comparing the results for the Cu-Ni system 

without an initial non-uniform distribution of solute at 950°C, that is, the system in Section 4.1.2, 

and the two systems for which an initial annealing treatment was performed. The first system, Type 

I, involving annealing in two stages: first at 900°C for 5 hours, then subsequently at 950°C for 5, 

25, 75, and 150 hours. The second system, Type II, also involved the same annealing treatment 

with the only difference being the initial annealing temperature of 1000°C. The following sections 

present the results for Types I and II compared to the Cu-Ni system annealed in a single-stage at 

950°C for 5-25 hours, 25-75 hours, and 75-150 hours. 
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4.4.1 Influence of Initial Non-uniform Distribution of Solute - Type I 

The experimental concentration profiles for Type I and the single-stage Cu-Ni systems are given 

in Figure 4.21 for (a) 0, (b) 25, (c) 75, and (d) 150 hours. Without annealing (0 hours), the 

concentration profiles of the samples used in the single-stage systems were measured after 

electroplating. It can be observed that the concentration gradient difference decreases as the 

annealing time increases. There is a slight error bar overlap for the 0-hour profiles while at 150 

hours, the profiles are nearly identical. The interdiffusion coefficients of concentrations that range 

from 5 to 95 % at. Cu for all time intervals are shown in Figures 4.22 to 4.25.  

The 𝐷̃(𝐶) curves show that the interdiffusion coefficient varies with an initial non-uniform 

distribution of solute, most significantly for the shortest annealing time and towards the Cu-rich 

side of the concentration spectrum. The 𝐷𝑎𝑣𝑒s, presented in Table 4.14, show that the percentage 

difference is significant, and higher than 20%, for three of the four time intervals: 0-5 hours, 5-25 

hours, and 75-150 hours, compared to the systems without an initial non-uniform distribution of 

solute, as shown in Table 4.14.  

Despite the overlap of the error bars for 5-25 hours, the p-values, given in Table 4.13, demonstrate 

that the interdiffusion coefficient values are statistically different throughout most of the 

concentration range. Contrary to the other time intervals, the error bar overlap in the interdiffusion 

coefficient curves is seen on the Cu-rich side for 75-150 hours. The p-values for this time range 

show statistical similarity for Cu concentrations above 80 at. %. 

Overall, the changes in the interdiffusion coefficient curves and 𝐷𝑎𝑣𝑒 seen in this experiment show 

that contrary to the assumptions in the literature, the interdiffusion coefficient is affected by the 

presence of an initial non-uniform distribution of solute.  
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Figure 4.21. Experimental average concentration profiles for single-stage and multi-stage (Type 

I) treatments at 950°C for (a) 0 hour, (b) 25 hours, (c) 75 hours and (d) 150 hours 
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Figure 4.22. Interdiffusion coefficients of Cu-Ni systems with and without initial non-uniform 

distribution of solute (Type I) at 950°C for 0-5 hours 
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Figure 4.23. Interdiffusion coefficients of Cu-Ni systems with and without initial non-uniform 

distribution of solute (Type I) at 950°C for 5-25 hours 
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Figure 4.24. Interdiffusion coefficients of Cu-Ni systems with and without initial non-uniform 

distribution of solute (Type I) at 950°C for 25-75 hours 
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Figure 4.25. Interdiffusion coefficients of Cu-Ni systems with and without initial non-uniform 

distribution of solute (Type I) at 950°C for 75-150 hours 
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Table 4.13. p-values of Cu-Ni systems with and without initial non-uniform distribution of solute 

(Type I) at 950°C 

Cu at. % 5.0 10.0 15.0 20.0 25.0 

0-5 h 0.002 < 0.001 0.001 0.001 0.006 
5-25 h 0.127 0.007 < 0.001 < 0.001 < 0.001 

25-75 h 0.013 0.009 < 0.001 < 0.001 < 0.001 
75-150 h < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

Cu at. % 30.0 35.0 40.0 45.0 50.0 

0-5 h 0.017 0.051 0.216 0.347 0.665 
5-25 h < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

25-75 h < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

75-150 h < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

Cu at. % 55.0 60.0 65.0 70.0 75.0 

0-5 h 0.777 0.673 0.019 < 0.001 < 0.001 
5-25 h < 0.001 < 0.001 < 0.001 0.059 0.052 

25-75 h < 0.001 0.083 0.441 0.110 0.782 
75-150 h < 0.001 < 0.001 0.011 0.029 0.019 

Cu at. % 80.0 85.0 90.0 95.0 

0-5 h < 0.001 0.005 < 0.001 0.003 
5-25 h 0.003 < 0.001 0.007 0.025 

25-75 h 0.015 0.011 0.090 < 0.001 
75-150 h 0.994 0.759 0.885 0.005 

 

Table 4.14 Average diffusivity of Cu-Ni systems with and without initial non-uniform 

distribution of solute (Type I) at 950°C. 

Time (hours) 𝑫𝒂𝒗𝒆 (m2/s) with 

Initial non-uniform 

distribution of solute 

(Type I) 

𝑫𝒂𝒗𝒆 (m2/s) No 

initial non-uniform 

distribution of 

solute 

Percentage 

difference 

p-value 

0-5 h 5.483E-15 7.089E-15 29% < 0.001 
5-25 h 4.830E-15 3.97E-15 21% 0.007 
25-75 h 4.632E-15 4.725E-15 2% 0.089 

75-150 h 5.576E-15 4.345E-15 28% < 0.001 
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4.4.2 Influence of Initial Non-uniform Distribution of Solute - Type II 

The experimental concentration profiles of the Cu-Ni system with an initial non-uniform 

distribution of solute - Type II and the Cu-Ni system annealed in a single-stage at 950°C are given 

in Figure 4.26. As seen for the systems with Type I distribution, the concentration gradient 

difference decreases as the annealing time increases, while the profiles are very similar for 75 and 

150 hours, but an obvious difference is seen for 0 hour and 25 hours. The concentration profiles 

are presented for (a) 0 hour, (b) 25 hours, (c) 75 hours and (d) 150 hours. The interdiffusion 

coefficient curves of Type II systems for all time intervals at 950°C are presented in Figures 4.27 

to 4.30. Observing the 𝐷̃(𝐶) curves, there is significant overlap of the error bars for all time 

intervals, except for 0-5 hours. In comparing the annealing time of 0-5 hours, the curves start to 

differ at around 40 at. % of Cu.  

The p-values of the interdiffusion coefficient throughout the concentration is given in Table 4.15, 

which show that the values are more significant on the Ni-rich side. Table 4.16 presents the 

𝐷𝑎𝑣𝑒 comparison and shows the most significant percentage difference for the shortest annealing 

times, especially for 0-5 hours in which the difference is 92%.  

In general, the interdiffusion coefficient also changes with the presence of an initial non-uniform 

distribution of solute for Type II systems. This change is more pronounced for 0-5 hours.  
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Figure 4.26. Experimental average concentration profiles for  single-stage and multi-stage (Type 

II) treatments at 950°C for (a) 0 hour, (b) 25 hours, (c) 75 hours and (d) 150 hours 
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Figure 4.27. Interdiffusion coefficients of Cu-Ni systems with and without initial non-uniform 

distribution of solute (Type II) at 950°C for 0-5 hours 
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Figure 4.28. Interdiffusion coefficients of Cu-Ni systems with and without initial non-uniform 

distribution of solute (Type II) at 950°C for 5-25 hours 
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Figure 4.29. Interdiffusion coefficients of Cu-Ni systems with and without initial non-uniform 

distribution of solute (Type II) at 950°C for 25-75 hours 
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Figure 4.30. Interdiffusion coefficients of Cu-Ni systems with and without initial non-uniform 

distribution of solute (Type II) at 950°C for 75-150 hours 
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Table 4.15. p-values of Cu-Ni Systems with and without initial non-uniform distribution of 

solute (Type II) at 950°C 

Cu at. % 5.0 10.0 15.0 20.0 25.0 

0-5 h 0.078 0.967 0.596 0.526 0.292 

5-25 h 0.374 0.090 < 0.001 < 0.001 < 0.001 

25-75 h < 0.001 0.002 0.137 0.548 0.838 

75-150 h 0.083 0.006 < 0.001 < 0.001 < 0.001 

Cu at. % 30.0 35.0 40.0 45.0 50.0 

0-5 h 0.0815 0.0672 0.022 < 0.001 < 0.001 

5-25 h < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

25-75 h 0.942 0.922 0.479 0.289 0.717 

75-150 h < 0.001 < 0.001 < 0.001 0.011 0.326 

Cu at. % 55.0 60.0 65.0 70.0 75.0 

0-5 h < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

5-25 h < 0.001 < 0.001 < 0.001 0.002 0.002 

25-75 h 0.225 0.010 < 0.001 0.002 0.291 

75-150 h 0.241 0.001 < 0.001 < 0.001 < 0.001 

Cu at. % 80.0 85.0 90.0 95.0 

0-5 h < 0.001 < 0.001 < 0.001 0.100 

5-25 h < 0.001 < 0.001 < 0.001 < 0.001 

25-75 h 0.165 0.064 0.001 < 0.001 

75-150 h < 0.001 < 0.001 < 0.001 0.018 

 

 

Table 4.16. Average diffusivity of Cu-Ni Systems with and without initial non-uniform 

distribution of solute (Type II) at 950°C 

Time (hours) 𝑫𝒂𝒗𝒆 (m2/s) with 

Initial non-uniform 

distribution of solute 

(Type I) 

𝑫𝒂𝒗𝒆 (m2/s) No 

initial non-uniform 

distribution of 

solute 

Percentage 

difference 

p-value 

0-5 h 3.697E-15 7.089E-15 92% < 0.001 
5-25 h 5.079E-15 3.97E-15 22% < 0.001 
25-75 h 4.514E-15 4.725E-15 5% 0.287 

75-150 h 3.698E-15 4.345E-15 18% 0.032 
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4.4.3 Summary of Experimental Verification of Influence of Pre-existing Non-

Uniform Solute Distribution  

The concentration-dependent interdiffusion coefficient changes with an initial non-uniform 

distribution of solute in the Cu-Ni system for all temperatures. The underlying cause of these 

variations are the evolving concentration gradients prompted by the DIS. The changes are more 

pronounced for Type II, for which the temperature of the first annealing stage is higher (1000°C), 

towards the Cu-rich side of the concentration range and the shortest annealing time.  

The average diffusivity difference between the two systems peaks at 92 % for Type II after 0-5 

hours.  The interdiffusion coefficient is larger for both Types I and II without an initial non-uniform 

distribution of solute after 0-5 hours. In general, the interdiffusion coefficient decreases as the 

annealing time is increased. The only exception is the increase from 25-75 hours to 75-150 hours 

for Type I. Overall, the time effect discussed in this study shows a distinct trend and is more 

pronounced in the regions with higher Cu concentration and with shorter annealing times. 
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5 CONCLUSION 

The purpose of this study is to investigate the time effect of the interdiffusion coefficients for the 

Cu-Ni system under isothermal conditions at temperatures of 900°C, 950°C, and 1000°C. The 

focus is to determine if DIS is the underlying cause behind the time-dependent changes in the 

interdiffusion coefficients. By analyzing how the variations in the concentration gradients affect 

the interdiffusion coefficients throughout the changes in the diffusion process with time, a direct 

correlation between these two factors can be established. 

In order to effectively attribute the changes in the interdiffusion coefficients to the presence of 

DIS, this study analyzes how changes in the concentration gradients will lead to variation in the 

interdiffusion coefficients with a constant time and temperature. For the analysis, diffusion couples 

without an initial solute distribution are compared to those with an initial uniform and non-uniform 

distribution of solute for the same conditions. These comparative analyses show that the presence 

or absence of an initial solute distribution has a substantial impact on the concentration gradient, 

which in turn has a direct impact on the time-dependent changes of the interdiffusion coefficients, 

that are predominantly driven by the presence of DIS. 

Several conclusions can be drawn from this work: 

1. Across all of the temperatures investigated, the concentration-dependent interdiffusion 

coefficients of the Cu-Ni system isothermally varied with time. 

2. The concentration-dependent interdiffusion of the Cu-Ni system varies based on the 

presence of an initial solute distribution, for both uniform and non-uniform distributions. 

3. The changes in the interdiffusion coefficient for the same time and temperatures, caused 

by the presence of an initial solute distribution, are driven by the difference in the 
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concentration gradient. This is a strong indicator that the DIS is the cause of this 

phenomenon. 

4. The changes in the interdiffusion coefficients are more pronounced during the initial phases 

of the diffusion process, which means that as the diffusion time increases, the variation of  

𝐷̃(𝐶) decreases. The changes are also more evident in the Cu-rich regions of the 

concentration range. 

5. These observations provide insights into the role of DIS in the time-dependent behavior of 

interdiffusion in a Cu-Ni system. 
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6 LIMITATIONS AND FUTURE WORK RECOMMENDATIONS 

Despite the insights from this study, there are still some limitations of this work, as follows: 

1. The two-profile analytical method used to calculate the interdiffusion coefficients does not 

provide accurate results for the extreme ends of the concentration range. For example, the 

results are only reliable for the concentration range of 5-95 % for the pure Cu-Ni system. 

2. The time effect has not been explored for impurity diffusion coefficients. 

3. It is assumed that the molar volume of the Cu-Ni system does not considerably change 

throughout the diffusion process. 

Based on the limitations, some recommendations for future works are as follows: 

1. The changes in interdiffusion coefficients with time for other couple configurations can 

consider factors such as: 

a. Different geometries, 

b. Other binary systems, including those that form intermediate phases between the 

ultimate compositions, and 

c. Multi-component systems. 

2. Other methods to calculate the interdiffusion and impurity coefficients can be taken into 

consideration, such as a forward simulation analysis or other numerical methods. 
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