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SABER, MOSTAFA. Thermal Stability of Nanocrystalline Alloys by Solute Additions and 
A Thermodynamic Modeling. (Under the direction of Prof. Ronald O. Scattergood and Prof. 
Carl C. Koch). 

 

Nanocrystalline alloys show superior properties due to their exceptional microstructure. 

Thermal stability of these materials is a critical aspect. It is well known that grain boundaries 

in nanocrystalline microstructures cause a significant increase in the total free energy of the 

system. A driving force provided to reduce this excess free energy can cause grain growth. 

The presence of a solute addition within a nanocrystalline alloy can lead to the thermal 

stability. Kinetic and thermodynamic stabilization are the two basic mechanisms with which 

stability of a nanoscale grain size can be achieved at high temperatures. The basis of this 

thesis is to study the effect of solute addition on thermal stability of nanocrystalline alloys. 

The objective is to determine the effect of Zr addition on the thermal stability of 

mechanically alloyed nanocrysatillne Fe-Cr and Fe-Ni alloys. In Fe-Cr-Zr alloy system, 

nanoscale grain size stabilization was maintained up to 900 °C by adding 2 at% Zr. Kinetic 

pinning by intermetallic particles in the nanoscale range was identified as a primary 

mechanism of thermal stabilization. In addition to the grain size strengthening, intermetallic 

particles also contribute to strengthening mechanisms. The analysis of microhardness, XRD 

data, and measured grain sizes from TEM micrographs suggested that both thermodynamic 

and kinetic mechanisms are possible mechanisms. It was found that α → γ phase 

transformation in Fe-Cr-Zr system does not influence the grain size stabilization. 



In the Fe-Ni-Zr alloy system, it was shown that the grain growth in Fe-8Ni-1Zr alloy is much 

less than that of pure Fe and Fe-8Ni alloy at elevated temperatures. The microstructure of the 

ternary Fe-8Ni-1Zr alloy remains in the nanoscale range up to 700 oC. Using an in-situ TEM 

study, it was determined that drastic grain growth occurs when the α → γ phase 

transformation occurs. Accordingly, there can be a synergistic relationship between grain 

growth and α → γ phase transformation in Fe-Ni-Zr alloys. 

In addition to the experimental study of thermal stabilization of nanocrystalline Fe-Cr-Zr or 

Fe-Ni-Zr alloys, the thesis presented here developed a new predictive model, applicable to 

strongly segregating solutes, for thermodynamic stabilization of binary alloys. This model 

can serve as a benchmark for selecting solute and evaluating the possible contribution of 

stabilization. Following a regular solution model, both the chemical and elastic strain energy 

contributions are combined to obtain the mixing enthalpy. The total Gibbs free energy of 

mixing is then minimized with respect to simultaneous variations in the grain boundary 

volume fraction and the solute concentration in the grain boundary and the grain interior. The 

Lagrange multiplier method was used to obtained numerical solutions. Application are given 

for the temperature dependence of the grain size and the grain boundary solute excess for 

selected binary system where experimental results imply that thermodynamic stabilization 

could be operative. 

This thesis also extends the binary model to a new model for thermodynamic stabilization of 

ternary nanocrystalline alloys. It is applicable to strongly segregating size-misfit solutes and 

uses input data available in the literature. In a same manner as the binary model, this model is 

based on a regular solution approach such that the chemical and elastic strain energy 

contributions are incorporated into the mixing enthalpy ΔHmix, and the mixing entropy ∆Smix 



is obtained using the ideal solution approximation. The Gibbs mixing free energy ΔGmix is 

then minimized with respect to simultaneous variations in grain growth and solute 

segregation parameters. The Lagrange multiplier method is similarly used to obtain 

numerical solutions for the minimum ΔGmix. The temperature dependence of the 

nanocrystalline grain size and interfacial solute excess can be obtained for selected ternary 

systems. As an example, model predictions are compared to experimental results for Fe-Cr-

Zr and Fe-Ni-Zr alloy systems. 

Consistency between the experimental results and the present model predictions provide a 

more rigorous criterion for investigating thermal stabilization. However, other possible 

contributions for grain growth stabilization should still be considered. 
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Chapter 1. Introduction 

 The processing-structure-property relationships in nanocrystalline materials have 

been a focus of many studies in recent decades. This is mainly due to the exceptional 

macroscopic physical properties of these materials. The processing variables such as 

temperature, pressure, atmosphere, etc., have great effects on the final structure and 

properties. The remarkable properties of nanocrystalline materials are essentially attributed to 

their unique microstructure. For example, nanoscale grains improve the mechanical 

properties such that the strength (or hardness) is increased to an extent which is unattainable 

by the micron-scale counterpart. This effect will be further discussed using the Hall-Petch 

relation [1, 2] in chapter 2. 

 There are various methods to synthesize nanostructured materials. These methods 

mostly include a great amount of deformation, extremely rapid solidification, or gas phase 

condensation [3]. Severe plastic deformation (SPD) is a technique which is capable of 

providing a non-equilibrium structure. This approach is difficult to be precisely controlled 

since the process takes place under severe conditions with respect to the strain and strain rate. 

However, the desired microstructures can be achieved in a repeatable manner. The method 

employed in this study, producing nanocrystalline metallic alloys, is high energy ball milling 

as a subcategory of SPD. This method will be reviewed in chapters 2 and 3. 
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 A nanostructured material obtained via high energy ball milling is a metastable 

microstructure in a non-equilibrium state. A large amount of grain boundary within the 

microstructure leads to an increase in the Gibbs free energy. Reduction of this excess free 

energy provides a driving force for returning to a more stable state which is a coarsened 

microstructure. This driving force can cause drastic grain growth in nanocrystalline materials 

when the temperature is increased. This effect has been studied in many pure nanocrystalline 

metals, which often show extensive grain growth at low homologous temperatures [4, 5]. 

Considering the processing-structure-property relationships, when a nanoscale microstructure 

is not stable at high homologous annealing temperatures the exceptional properties of 

nanocrystalline materials will be lost. 

 Thermal stability in the nanocrystalline materials is considered as a key point. A 

milled powder must be consolidated into a bulk shape since many of the experimental tests 

should be carried out on bulk material. The consolidation methods typically involve high 

temperatures and high pressures. Therefore, thermal stability of a nanocrystalline alloy is an 

important factor in the consolidation process. When thermal stability of a nanocrystalline 

alloy is investigated at various temperatures, the scenarios for a stable nanoscale grain can be 

more adequately addressed.  

 There are two major scenarios by which nanoscale grain stabilization can be 

explained. The first scenario involves kinetic mechanisms that reduce the mobility of the 

grain boundaries. Once the energy needed for grain boundary movement is increased, grain 

growth is shifted to higher temperatures and thermal stability is then extended to higher 
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homologous temperatures. The second scenario is the thermodynamic mechanism based on a 

strategy in which the grain boundary driving force is lowered. If the excess free energy due 

to grain boundaries is decreased, the driving force for grain growth is eliminated. A major 

factor for both stabilization mechanisms is the presence of solute additions within the 

nanocrystalline microstructure. If a suitable solute addition is present, the grain growth can 

be prevented and thermal stability at higher temperatures will then be achieved. Solute 

additions can contribute to kinetic stabilization by effects such as solute drag, second phase 

particle pinning, and chemical ordering [6]. Solute additions can also lead to thermodynamic 

stabilization by solute segregation to the grain boundary. There are numerous studies 

showing the effect of solute addition on thermal stability of nanocrystalline alloys, which will 

be further reviewed in chapter 2. However, there is rarely any direct evidence to describe 

which stabilization mechanisms are effective and the question still remains: how to determine 

the operative mechanisms in thermally stable nanocrystalline alloy systems. To answer this 

question, various analytical models have been developed. These models, along with their 

advantages and disadvantages, will also be reviewed in chapter 2. 

 Advancements in the applications of ternary nanocrystalline alloys and their thermal 

stability have recently received attention [7-10]. In the ferritic alloys, a suitable candidate 

contributing to the stabilization mechanisms is zirconium solute addition. Zirconium is an 

oversize solute which can form intermetallic compound particles in the BCC matrix of 

ferritic alloys. These can contribute to thermal stability through the kinetic mechanism. Zr is 

also a strongly segregating solute to the grain boundary due to the atomic size misfit, and 

thermodynamic stabilization can also be expected. The reported results of Zr addition effect 
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on thermal stability of pure iron shows that 4 at% Zr addition can stabilize nanostructured 

pure Fe up to 900 ºC annealing temperature [11]. 

 In this thesis, thermal stability of Fe-Cr alloys is investigated. Experimental results 

for the effect of zirconium addition on thermal stability of Fe-Cr alloys have been obtained. 

Chapter 3 details the experimental procedures used throughout this thesis. Chapter 4 reports 

the results for Fe-Cr alloys as given in a published paper: 

Mostafa Saber, Hasan Kotan, Carl C. Koch, Ronald R. Scattergood, Materials Science and 

Engineering A 556 (2012) pp. 664-670. 

 In addition to the experimental investigation, an objective of the thesis was to develop 

a model to predict a thermodynamically stable grain size and a grain boundary solute excess 

at a given temperature in a given binary alloy. Based on a regular solution model, this 

approach incorporates the chemical contribution due to the atomic bonds and the elastic 

strain contribution due to the atomic size misfit. The temperature dependence of grain size is 

then plotted for selected binary systems where experimental data are available. The present 

model provides the first rigorous treatment for thermodynamic stabilization of binary 

systems, applicable for development of high-temperature nanocrystalline alloys. The 

analytical treatments along with numerical solutions are presented in chapter 5 based on a 

published paper: 

Mostafa Saber, Hasan Kotan, Carl C. Koch, Ronald R. Scattergood, Journal of Applied 

Physics 113 (2013) pp. 063515-063515-10 
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 Following the procedures for binary alloys, a new regular solution model is 

developed for ternary systems. This model is the first approach capable to calculate a 

thermodynamically stable grain size in a ternary nanocrystalline alloy. The model involves 

the elastic contributions of each solute addition in a ternary alloy as well as chemical 

contributions. The final numerical solution predicts the grain size and grain boundary solutes 

excesses at a given temperature. These calculations show trends consistent with the obtained 

experimental results of Fe-Cr-Zr and Fe-Ni-Zr systems. Chapter 6 along with the Appendices 

details this model, which has been submitted for publication.  

 The experimental results for Fe-Ni-Zr alloy systems are also presented in Chapter 7. 

This chapter is based on co-authored published papers: 

H. Kotan, M. Saber, C.C. Koch, R.O. Scattergood, Materials Science and Engineering A 552 

(2012) pp. 310-315. 

Hasan Kotan, Kris A. Darling, Mostafa Saber, Carl C. Koch, Ronald R. Scattergood, Journal 

of Alloys and Compounds 551 (2013) pp. 621-629. 

Hasan Kotan, Kris A. Darling, Mostafa Saber, Carl C. Koch, Ronald R. Scattergood, Journal 

of Materials Science 48 (2013) pp. 2251-2257. 

 Chapter 8 gives the concluding remarks based on the results of this thesis and chapter 

9 suggests future work in this content. 
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Chapter 2. Literature Review  

 “Nanomaterial” is typically defined as a material with features in at least one 

dimension less than 100 nm. In this regard, nanocrystalline or nanostructured materials are 

known as the materials with grain size of less than 100 nm. These materials usually show 

superior physical properties including mechanical, optical, thermal, magnetic, etc. One 

approach for producing a nanostructured material is mechanical alloying, which is mostly 

carried out through powder metallurgy. The powders usually need to be consolidated in a 

bulk shape for further application. To this end, these particulate powder materials undergo 

procedures involving thermo-mechanical processes. For this reason, thermal stability of 

nanocrystalline materials becomes a critical aspect. 

 Once a solute addition exists in an alloy, it can form intermetallic compound particles 

or segregate to the grain boundaries at higher homologous temperatures. Both events can 

affect the grain growth in a nanocrystalline alloy and will contribute to the stabilization 

mechanisms. 

 The following literature review addresses thermal stabilization of nanocrystalline 

alloys, and includes selected properties and processing of the nanostructured materials. This 

chapter begins with an overview of the mechanical properties of nanocrystalline metals. The 

approaches synthesizing nanocrystalline materials are then briefly reviewed. Subsequently,  



9 
 

thermal stabilization mechanisms of nanostructured materials along with examples of the 

solute addition effects are discussed. Finally, the various approaches for thermodynamic 

modeling of solute segregation and grain-size stabilization mechanisms are discussed.  

 

2.1 Mechanical Properties of Nanocrystalline Alloys 

 A motivation to produce nanostructured metals is the superior mechanical properties 

of these materials compared to their coarse-grain counterparts [1]. It is important to 

understand the deformation mechanisms by which the nanoscale grain sizes affect the 

strength or hardness. As shown in Figure 2.1 [2], the deformation mechanisms change with 

different grain sizes for FCC metals. This map shows how the grain size affects the yield 

strength, such that at smaller grain size, higher yield strength can be expected. However, 

strengthening may also be due to the solute atoms which exists in solid solution [3], or 

segregate to the grain boundary [4]. Another important factor for both strengthening and 

stabilization is intermetallic compound particles, which can raise the strength and also 

increase the grain size stability [5]. At a specific nanoscale grain size, lattice dislocation 

activity can be inhibited and molecular dynamic (MD) simulation predicts that grain 

boundary sliding governs the deformation mechanisms. MD simulation predicts that 

transition grain sizes are 8 nm and 12 nm for Cu and Ni, respectively [6]. 
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Figure 2.1- Changes of deformation mechanism for FCC metals with different grain size. 

Strength curve is based on Cu [2]. 

 

2.1.1 Hall-Petch Relation 

 Grain boundaries play a key role in the mechanical behavior and strengthening 

mechanisms of metals. The Hall-Petch (H-P) relation gives the yield strength as a function of 

the grain size; 

(2.1) 

/  

σy is the yield stress, σ0 is the friction stress required to move dislocations, k is the H-P 

constant, and D is the grain size [7, 8]. 
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 Based on analysis by Hall [9] and Petch [10], the concentrated stress at the head of a 

dislocation pile up causes dislocations to “break through” the grain boundary. The resolved 

shear stress applied on a specific slip plane is multiplied by the number of dislocations in the 

pile up. The number of dislocations is proportional to the grain size. Therefore, the resolved 

shear stress can be related to the grain size as described in Eq. 2.1. A Hall-Petch plot for 

nanocrystalline iron compiled by R.K. Guduru et al. [11] from references [12-18] is shown in 

Figure 2.2. This plot shows that the hardness can increase fourfold from micronscale to 

nanoscale grain sizes. 

 

 

Figure 2.2- Hall-Petch plot for nanocrystalline Fe [11]. 
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2.1.2 Breakdown of Hall-Petch Relation in Nanoscale Grain Size 

 A deviation from the expected Hall-Petch behavior can be observed when the grain 

size becomes very small [19]. This effect in various metals is illustrated in Figure 2.3 [1]. 

The strengthening mechanism is usually attributed to dislocation motion [20], but there are 

simulations which have predicted limited dislocation activity below 10 nm  grain sizes [21]. 

This effect is mainly due to mechanisms such as grain boundary sliding [22] as simulated in 

nanocrystalline Cu [21, 23], or dislocation interactions with grain boundaries [24, 25]. 
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Figure 2.3- The trend of yield stress with grain size for different metals as compared to the 

conventional Hall-Petch effect: (a) copper, (b) iron, (c) nickel, (d) titanium [1] 

 

2.2 Synthesis of Nanostructured Metals 

 Nanocrystalline metals are produced by several methods. The early work using inert 

gas condensation technique was reported by Gleiter et al. [26] in 1981. Since then other  
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approaches have been developed to synthesize nanostructured metals. [27, 28]. These 

methods are typically divided into bottom-up and top-down approaches based on the 

processing procedure. The bottom-up approach starts with atoms, ions, or molecules and 

obtains the nano-features from consolidation. The top-down process starts with a bulk solid 

material and then reaches a nanostructure by microstructural decomposition.  

 Typical bottom-up approaches are inert gas condensation (IGC) [26, 29, 30], and 

electro-deposition (ED) methods [31-34]. On the other hand, typical top-down methods are 

high pressure torsion (HPT) [35-40] equal channel angular pressing (ECAP) [41-46], and 

high energy ball milling (BM) [47, 48]. Since high energy ball milling (as a subcategory of 

mechanical alloying) is a method which is used in this work, this technique is discussed in 

detail in the following section. 

 

2.2.1 High Energy Ball Milling 

 Mechanical milling/alloying is a versatile approach to produce nanocrystalline metals 

[49]. This process involves repeated welding and fracture of powders in a high energy ball 

mill. These repeated events continue until the elemental powders are blended on an atomic 

scale such that a solid solution or phase changes results. Furthermore, with increasing milling 

time, grain size reduction occurs until a minimum is reached. This minimum extent of grain 

size reduction is inversely proportional to the melting point of the metals or alloys [49-55]. 

There are numerous studies dedicated to explaining the mechanisms of nanoscale grain size 

formation [1, 49, 56].  
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 During the high energy ball milling, the powders are subjected to severe plastic 

deformation due to milling media collisions. Plastic deformation takes place at high strain 

rates [57]. The high strain level in the early stages of the milling increases the dislocation 

density. At a critical density of dislocations, the microstructure is decomposed into a 

subgrain structure consisting of low angle grain boundaries. Subsequently, the deformation 

extends to unstrained portions of the microstructure and the subgrains evolve to the final 

grain size. When the minimum grain size is obtained, additional grain size refinement is 

terminated [58]. The amount of transferred energy to the powders is determined by the ball-

to-powder mass ratio (BPR). With longer mean free path and higher BPR, more energy will 

be transferred to the powders, however less powder mass will be obtained. A level of 

contamination is inevitable in this method and the amount of contamination is increased with 

milling time [59]. However, the contamination level depends on the materials and it is 

sometimes negligible. 

 

2.3 Thermal Stabilization 

 The Gibbs free energy change, dG, for a change in grain boundary area, dA, is 

proportional to the grain boundary energy,	γ [60]. 

(2.2) 
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Based on this equation, an increase in the grain size leads to a decrease in the total grain 

boundary area, A, and the Gibbs free energy will therefore be reduced (dG < 0). This general 

definition describes how the driving force reducing the excess free energy causes grain 

growth. In nanostructured metals, the free energy of the system is increased due to the 

presence of a large amount of grain boundary area. A driving force is therefore provided to 

reduce excess free energy and grain growth will be expected. This is the primary reason why 

nanocrystalline materials are thermally unstable. A primary goal is to overcome the thermal 

instability issue of nanocrystalline materials. 

 There are two principal paths by which thermal stability can be attained. The first 

path is through reduction of the grain boundary mobility, and the second path is via reduction 

of the excess free energy driving force. These strategies are developed based on the equation 

describing the grain boundary velocity [61, 62] 

(2.3) 

 

M is the mobility of grain boundary,	P is the driving pressure for grain boundary motion, and 

ν is the grain boundary velocity.  

Based on the Eqs. 2.3, thermal stability is conceptually achieved through making the grain 

boundary velocity (ν) equal to zero. This first stabilization effect is defined as the kinetic 

mechanism and it is based on reduction of the mobility, M. The temperature dependence of 

mobility is given by an Arrhenius relation [62, 63] 
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(2.4) 

 

M0 is a pre-exponential constant, Q is the activation energy for grain growth, R is the ideal 

gas constant, and T is the absolute temperature. According to this relation, stability of the 

microstructure will eventually be lost at high temperature as the activation energy is 

overcome [64]. However, kinetic stabilization mechanisms will contribute up to a certain 

limiting homologous temperature. 

 The second method of stabilization is the thermodynamic mechanism, which seeks to 

reduce the driving pressure, P. The driving pressure, P, is related to the radius curvature of 

boundary, R, and grain boundary energy, γ, as described by Eq. 2.5 [62, 63]. 

(2.5) 

2
 

Based on this equation, the velocity of the grain boundary can be reduced to zero if the grain 

boundary energy, γ, is equal to zero and thermodynamic stabilization will be achieved. As 

will be discussed further, the grain boundary energy in context with thermodynamic 

stabilization involves the excess free energy in the system and should not be confused with 

the cohesive grain boundary energy.  
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2.3.1 Kinetic Stabilization Mechanisms 

 The kinetic stabilization mechanism contributes to the thermal stability by reducing 

the mobility of the grain boundary. There are several ways to attain this mobility reduction. 

Typically, this strategy involves effects such as solute drag, chemical ordering, and second 

phase pinning (Zener pinning) [5]. 

 

2.3.1.1 Solute Drag Effect 

 The solute atoms affect mobility of the grain boundary when there is a significant 

concentration of solute near the grain boundary [63, 65]. When the grain growth driven by 

curvature takes place, the kinetics of growth depend on whether the grain boundary can break 

away from the solute atmosphere. 

 When the solute concentration is low, extensive grain growth can occur. Once the 

solute concentration is increased, the solute atmosphere near the grain boundary becomes 

denser and the mobility is reduced. The two forces, drag force and driving force, oppose each 

other in the kinetic effect. When driving force due to curvature of the grain in Eq. 2.5 is low 

(e.g. in highly coarsened microstructure), the solute has sufficient time to diffuse along the 

boundary and to move with the boundary as the grain grows. Once this driving force is 

increased (e.g. in nanocrystalline microstructure), the solute atoms must diffuse more 

quickly. In other words, at high grain boundary velocity, faster diffusing solute is needed to  
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maintain drag [66]. However, at higher temperatures, diffusion of solute is increased, and the 

magnitude of the pinning pressure depends on solute-solvent interaction. Diffusivity of 

solute, concentration of solute, and solvent-solute interaction are therefore the main factors. 

 The grain size dependence of grain growth was studied by Michels et al. [67] in 

nanocrystalline Pd-19Zr alloy. They reported that grain growth is inhibited when grain size 

and Zr concentration is increased. Two possible mechanisms were suggested for uptake of 

Zr: diffusion of Zr through the lattice, and the entrapment of Zr during the growth. Since the 

annealing tmeprature was about 0.47Tm, lattice diffusion was not sufficient to explain this 

effect. Therefore, solute entrapment was the most probable mechanism. 

 In the work of Krill et al. [68], the effect of Zr on thermal stability of the Pd-19Zr 

alloy was attributed to the thermodynamic mechanism since Zr segregates to the grain 

boundary. Furthermore, in the results reported by Vanleeuwen et al. [69], it was pointed out 

that energy reduction due to segregation is insufficient to stabilize the grain boundary, and at 

higher temperatures noticeable grain growth will take place. As shown in Figure 2.4, 

extensive grain growth takes place at high temperature [69]. 
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Figure 2.4- TEM micrographs of annealed Pd81Zr19 sample at 950 °C. (left) low magnification, (right) 

High magnification [69]. 

 

2.3.1.2 Second Phase Pinning (Zener) Effect 

 The presence of the solute atoms can also affect the grain size stability through 

second phase formation. The second phase may be a precipitate or a dispersoid distributed 

throughout the solid solution matrix. This pinning effect is less temperature sensitive than the 

solute drag effect [70]. However, particle size and distribution of the second phase play a key 

role in the effect [71]. Assuming spherical particles, the Zener pinning pressure is described 

by 
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(2.6) 

3
2

 

Pz is the pinning pressure due to presence of the precipitate or the dispersoid, F is the volume 

fraction of distributed particles with radius of r, and γ is the grain boundary energy.  

 As shown by Eq. 2.6, once the volume fraction of particles is increased and the 

particle size is decreased, Pz is raised and the stabilization through Zener pinning is 

enhanced. Therefore, a large volume fraction of very small particles is required to reduce the 

driving pressure for grain growth. Although this technique can produce high temperature 

stabilization, coarsening or dissolution of second phase particles at high temperatures will 

eliminate stabilization [72]. This effect is controlled by solubility limit and diffusivity of 

solute at high temperatures. 

 This approach has been used in several systems. The effect of Mo [73], Nb [73-75], 

and W [75, 76] in copper indicate kinetic stabilization. Perez et al. [77], have shown the 

effect of Al on thermal stability of nanocrystalline Fe-Al alloys. After annealing at 650 °C for 

one hour, grain sizes of around 20 nm were maintained in the alloy containing 10 at% Al, 

and after annealing at 1100 °C grain sizes of 60 nm or less were obtained. The authors 

attributed this effect to grain boundary pinning due to distribution of FeAl2O4 particles at low 

temperatures and AlN and Al2O3 particles at high temperatures [77]. Thermal stability of 

Al93Fe3Ti2Cr2 alloy up to 0.77 melting temperature was also ascribed to the presence of  



22 
 

Al6Fe, Al3Ti, Al13Fe4, and Al13Cr2 intermetallic compound particles [78]. However, thermal 

stability of this alloy at temperature below 450 °C was attributed to the solute drag effect 

[78]. 

 Atwater et al. [79] have recently shown that 1 at% Zr addition in nanocrystalline Cu-

Zr system prepared by cryogenic ball milling can effectively enhance thermal stability of the 

system up to 900 °C. By applying estimations for the limiting grain size from Zener pinning 

equation (Eq. 2.6) and correlating to modified Orowan strengthening from [80], the authors 

suggested that a Zener pinning mechanism due to the presence of ZrO2 and Cu5Zr particles 

appears to be sufficient for explaining the stability of nanocrystalline Cu [79]. Figure 2.5 

shows TEM micrographs of Cu-1Zr alloy annealed at 900 °C. As shown in this Figure, dark 

field image of the grains obtained from the first two FCC diffraction pattern rings indicates 

the volume average grain size of 59 nm. Additionally, dark field image of second phase 

particles obtained from innermost diffraction rings reveals the secondary particles in the 

range of 5-10 nm size [79]. 
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Figure 2.5- Cu-1Zr alloy annealed at 900 °C, (A) SAD pattern, (B) dark field image obtained by the 

110 and 200 diffraction rings, (C) dark field image using innermost rings of the SAD pattern [79]. 
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2.3.2 Thermodynamic Stabilization Mechanism 

 This mechanism considers reduction of the driving force for grain boundary  

migration instead of pinning grain boundaries against grain growth. Solute addition is the 

main contribution in this regard. Solute atoms with strong tendency to segregate to grain 

boundary serve to reduce the driving force for grain growth [64, 81]. The reduction of 

interface energy by increasing solute content is theoretically described by the well-known 

Gibbs adsorption isotherm [82]. 

(2.7) 

 

Where γ is the interface energy, and μA is the chemical potential of solute atom A dissolved in 

a matrix of B atoms. The term –ΓA is the excess amount of solute atoms segregated to the 

boundary. According to the work of Hondros and Seah, the plots of γ versus global solute 

concentration show a reduction of grain boundary energy with increasing solute 

concentration. This negative trend is intensified for solute atoms with large atomic size misfit 

[83]. This effect suggests that large atomic size misfit promotes grain boundary segregation 

and consequently reduces grain growth. This concept is developed in the work of 

Weissmuller [82, 84], Liu and Kirchheim [64], Krichheim [60], Millet et al. [85], and Beke et 

al. [86]. 

 The very first attempt to solve the Gibbs adsorption isotherm for nanostructured 

materials due to Weissmuller [82, 84] gives 
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(2.8) 

∆ ∆  

Where γ0 is the energy of non-segregated grain boundary within an ideal solid solution, Γs is 

the specific solute excess at the interface, T is the absolute temperature, and ΔHseg and ΔSseg 

are the enthalpy and entropy of segregation respectively. The enthalpy of segregation, ΔHseg, 

ideally involves the chemical contribution due to the chemical interaction of solute-solvent 

and the elastic strain contribution due to the atomic size misfit.  

 This equation is employed to define thermodynamic stabilization as the condition 

where γ is reduced to be zero. However, if γ = 0 is assumed to be cohesive grain boundary 

energy, grain boundary cohesion is eliminated. The definition of grain boundary energy in 

Eq. 2.8 is limited to a dilute solution containing a negligible volume fraction of interface. 

These boundary conditions are in contrast with nanocrystalline microstructures in which the 

volume fraction of grain boundary is significant. 

 McLean [87] suggested that the enthalpy of segregation (ΔHseg) is the complete 

release of the elastic strain energy associated with the solute atomic size misfit. On the other 

hand, Defay et al. [88] defined the segregation enthalpy in terms of chemical contributions. 

Furthermore, it was shown that neither the works of McLean [87] nor the work of Defay et 

al. [88] give a comprehensive model of the grain boundary segregation [89] since each of 

these models consider only one of these two basic contributions. 

 The enthalpy of segregation was given in the Wynblatt-Ku model [90, 91] as a linear 

combination of these two contributions 
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(2.9) 

∆ ∆ ∆  

 The chemical enthalpy contribution in this model, ΔHchem, is described in terms of the 

surface energies of solute and solvent, atomic fractions of solute within the grain and at the 

grain boundary, and regular solution interaction parameter of A‐B mixture. The elastic 

enthalpy of segregation, ΔHels, then equals the released elastic strain energy (ΔEels) per solute 

atom A for an AB alloy using a model from Friedel [92] as 

(2.10) 

∆ ∆
2
3 4

 

Where ΔEels is the total released elastic strain energy due to the atomic size misfit, K is the 

bulk modulus, G is the shear modulus, and V is the molar volume of solute A and solvent B. 

 There have been several analytical models explaining the thermodynamic 

stabilization through segregation. In the following we give more details about Kirchheim and 

Liu and Kirchheim’s models [60, 64, 81, 93, 94] and the most recent approach given by 

Trelewicz and Schuh [95]. 

 

2.3.2.1 Kirchheim’s Models 

 This approach suggested by Kirchheim in [60, 93, 94] and Liu and kirchheim in [64, 

81] is based on grain boundary segregation effects in nanostructured alloys. The work of 

Weismuller [82, 84] was first extended by Kirchheim [60] to include the equilibrium area of 
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grain boundaries and its temperature dependence. This dependency is explained by Eq. 2.2 

such that the total Gibbs energy change is related to the grain boundary energy, γ, and grain  

boundary area. According to Eq. 2.2, once the grain boundary energy is positive, grain 

growth will reduce the free energy of the system, and grain growth can only be suppressed 

when γ equals to zero. 

 Based on Liu and Kirchheim’s model [64], a metastable nanocrystalline 

microstructure corresponds to saturated grain boundaries with zero grain boundary energy. 

The grain diameter at saturation (the equilibrium grain size) for an alloy with high 

segregation enthalpy and negligible solute solubility limit can be obtained from Eq. 2.11 [64] 

as 

(2.11) 

3Г∗
 

Where Гs* is the solute excess equivalent of a saturated grain boundary monolayer, X0 is the 

summation of the bulk and interface solute concentration, and VAB is the molar volume of the 

alloy. This equation readily shows that once the solute content is increased, the equilibrium 

grain size is decreased. 

 In a saturated grain boundary, there is a competition between precipitation and 

segregation. If the empirical relation for strongly segregating solute atoms is employed from 

[60], it was shown that precipitation will ultimately result in a lower energy state. The grain 

boundaries are considered as defects along with dislocation lines and vacancies in the latest 

Kirchheim’model [94], and the energy reduction associated with the formation of such 
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defects was investigated in [93, 94]. This was modeled by Millet et al. [96] as a decrease in 

the excess free energy to zero as to obtain an equilibrium grain size. 

 

2.3.2.2 Trelewicz and Schuh (TS) Model [95] 

 In the Weissmuller [82, 84], Kichheim [60, 93, 94], and Liu and Kirchheim models 

[64, 81], Eq. 2.8 predicts thermodynamic stabilization for a system which is a dilute solution 

containing a negligible volume fraction of grain boundary. It must be noted here that these 

limited conditions are not satisfied in a nanocrystalline microstructure where the amount of 

grain boundary is significant and the grain boundary solute content can be larger. In the work 

of Trelewicz and Schuh, these limitations are eliminated. Their model applies to 

thermodynamic stabilization of non-dilute systems with weakly segregating solutes or 

systems with strongly segregating solutes. The main strategy in the analytical treatment is to 

evaluate the Gibbs free energy of the system, and subsequently, to find an equilibrium grain 

size by minimization of the excess free energy. Because of the generality of this treatment, 

the equation describing Gibbs free energy includes many terms, however, when simplifying 

assumptions are applied for a dilute solution with negligible grain boundary volume, the final 

result reduces to an equation similar to Eq. 2.8. 

 TS developed a regular solution model from which a metastable grain size can be 

calculated. To that end, the binary system alloy is divided into three parts as bulk, 

intergranular, and transition regions. Figure 2.6 illustrates this configuration.  
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Figure 2.6- Schematic of two arbitrary grains with the atomic configuration at the interface [95]. 

 

 In the first step, an internal energy change is obtained as a summation of atomic bond 

energies within each region. This internal energy change includes the chemical (bond) 

interaction parameter of the solute-solvent mixtures. Furthermore, an enthalpy of mixing is 

obtained in terms of the internal energy change. Assuming an ideal solution, the entropy of 

mixing is then defined. The Gibbs free energy is obtained in terms of the enthalpy and 

entropy of mixing. However, the enthalpy of mixing in TS model does not include the elastic 

strain contribution due to the atomic size misfit effect. 

 The equilibrium state is obtained by simultaneously minimizing the Gibbs free energy 

with respect to variation of the solute concentration at the grain boundary and the grain  
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boundary volume fraction. The solution of this system of equations leads to an equilibrium 

volume fraction of grain boundary, and consequently the metastable equilibrium grain size. 

The result is shown schematically in Figure 2.7. This Figure illustrates two-dimensional 

slices of the free-energy surface as a function of grain size with variation of intergranular 

solute contents. Figures 2.7.a and 2.7.b show the trend before and after the equilibrium 

composition, Xig, where deq indicates the equilibrium grain size. 

 

 

Figure 2.7- Gibbs free-energy change as a function of grain size with variation of intergranular solute 

contents. (a) Before equilibrium state, (b) after equilibrium state [95]. 

 

 The TS model applies to binary systems, assuming there is no secondary phase 

formation. Accordingly, it is not intended to apply where competing secondary phase 

formation must be considered. However, it provides a benchmark for interpreting 

experimental data. Figure 2.8 shows experimental data for grain size variation versus 
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increasing global solute concentration for the strongly segregating Ni-P system [81] and 

weakly segregating Ni-W system [97] compared with model predictions.  

 

 

Figure 2.8- (a) Experimental grain size- composition data for Ni-P [81]and Ni-W systems [97]. (b) 

Model prediction for Ni-P system with ωb = 0.1 eV, and Ni-W with ωb = 0.05 eV [95]. 

 

 Chookajorn et al. [98] later proposed a modified version of the TS approach 

incorporating the effect of solute atomic size misfit. Using this new model, a nanostructured 

stability map was given for tungsten alloys with respect to the enthalpy of mixing versus the 

enthalpy of segregation, as shown in Figure 2.9. This map shows the capacity of solutes to 

stabilize tungsten nanoscale grain size. For instance, this model predicts that Ti may stabilize 

nanocrystalline tungsten whereas Ag is not able to stabilize nanostructured tungsten. 

However, as we have discussed in our recent model for thermodynamic stabilization, the 

atomic size misfit is not properly introduced in their modified version of the TS model. 
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Figure 2.9- A nanostructure stability map applied to design stable nanostructured tungsten alloys [98]. 

 

 There are numerous theoretical approaches to describe stabilization mechanisms. For 

more background, solute segregation and its effect on grain boundary motion are available in 

[4, 5, 64, 68, 81, 82, 84, 90, 91, 94, 95, 99-103]. The stabilization mechanisms and the 

interplay between kinetic and thermodynamic mechanisms will be considered in more detail 

in each of the following chapters. 
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Chapter 3. Experimental Procedures 

 This chapter presents the experimental procedures in two sections. The first section is 

dedicated to processing of nanostructured Fe-Cr-Zr alloys including high energy ball milling 

and annealing heat treatment. Sample preparation procedures are given in the second section. 

Finally, characterization methods for mechanical behavior and microstructural investigation 

are discussed.  

 

3.1 Processing 

 As stated in the previous chapter, this thesis employs high energy ball milling to 

obtain nanocrystalline Fe-Cr-Zr alloys. To study the thermal stability of such nanostructured 

alloy, various annealing heat treatments are carried out on the samples at different 

temperatures. These procedures are described in the following sections. 

 

3.1.1 High Energy Ball Milling 

 High-energy ball milling was employed using SPEX 8000M shaker/mills, as shown 

in Figure 3.1. This equipment was used at room temperature and was modified by installing  
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an additional high-capacity fan at the top of the mill. The mill runs at a rate of 1060 

cycles/minute. It has been shown that the internal temperature increase during milling is 

significant due to the high energy impact of balls [1]. The motor and the bearings of the 

clamp arm are two major heat sources during the process. 

 

 

Figure 3.1 - SPEX 8000M shaker/mill for mechanical alloying (from www.directindustry.com) 

 

 Elemental powders of iron with less than 10 μm particle size and 99.99 % purity, 

chromium and zirconium with less than 42 μm particle sizes and 99.95 % purity (Alfa 

AesarTM) were used for the ball milling experiments. The powder mixture and 440C 

martensitic stainless steel balls were loaded in hardened steel vial in a glove box under argon 

atmosphere with oxygen content of less than 1 ppm. The ball milling experiments were 
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carried out at a ball to powder ratio (BPR) of 10:1 with a total 5.1 g of mixed powder. 

Milling was done for 20 hrs at an approximate temperature of 24 to 40 °C (room 

temperature). None of the elemental powders of Fe, Cr, and Zr have a ductile FCC crystal 

structure, and as expected, cold welding and/or in situ-consolidation were not observed. 

Hence, surfactants or cryomilling approaches were not required in the processing. Particle 

size of the as-milled powder was in the range of 30-80 μm based on the results of optical 

microscopy. After milling, the oxygen content within the as-milled alloys was found in the 

range of as-received elemental powder (≈ 0.4 wt %) by chemical analysis. 

 

3.1.2 Annealing Heat Treatment 

 The furnace employed for annealing treatment was a Lindberg tube furnace with 2” 

diameter quartz tube. The samples were located in a quartz tube along with a thermocouple 

placed at the same position. The tube was evacuated to less than 50 mtorr and refilled with 

argon + 2% H2 mixed gas. This procedure of evacuating and refilling was repeated at least 

three times. After each time of evacuation and refilling the vacuum in the tube was lower. 

The tube was then subjected to positive pressure up to 2 - 5 psi with the argon + 2% H2 gas. 

The furnace controller was set to the desired temperature and allowed to stabilize before the 

tube was placed in the furnace. The thermocouple inside the tube was for more accurate 

temperature measurement. Temperature fluctuation in the range of ±5 ºC of the set point was 

inevitable. The temperature range in this study was varied from 400 ºC to 1000 ºC, and this 

amount of deviation is acceptable.  
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 A ceramic boat was used to place the samples in the tube. The samples were held at 

the set point for one hour after reaching the desired temperature. Typical cooling rates were 3 

- 5 °C/s. After cooling to room temperature, the positive pressure in the tube was released 

and the tube was removed from the furnace. Annealed samples were stored in the glove box 

for further sample preparation and characterizations. 

 

3.2 Sample Preparation  

 The processed powders need to be appropriately prepared with respect to each of the 

characterization methods. To study the micro-mechanical behavior of the powders, they were 

mounted in epoxy resin. For microstructural investigations with optical microscopy and/or 

channeling contrast imaging via focused ion beam (FIB), the powders were compacted into a 

disk by uniaxial pressing. To obtain TEM micrographs, a lift-out membrane of compacted 

disk is prepared using the focused ion beam (FIB) method. 

 

3.2.1 Powder Mounting 

 The appropriate amounts of powders (around 0.2 grms) were placed on glass slides. A 

resin (Buehler Epothin epoxy) and hardener were stirred and poured on the powders. This 

mixture was then allowed to be cured on the glass slides for 24 hours. The glass slides were 

then sanded with 400 grit tungsten carbide sandpaper. After the slides were flat, they were 
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sanded with 600 and 1200 grit tungsten carbide sandpapers. Final polishing was carried out 

with 1 μm alumina suspension using a mechanical polisher. 

 

3.2.2 Uniaxial Pressing of Powder 

 The powders were weighed out to make a compact approximately 1 mm thick sample. 

The diameters of the compact samples were 3 mm. This diameter was found to have no 

significant effect on optical and TEM microscopy results. The die used for the compacts was 

made from tungsten carbide. The die and punch set with powders was subjected to a 3 GPa 

uniaxial pressure using a hydraulic press. The porosity in the entire compact sample was 

observed, however the porosity content depended on the sample hardness. For powders 

without zirconium annealed at high temperatures (> 800 °C), the uniaxial pressing was found 

to be an applicable method for producing a disk shape sample with minimum amount of 

porosity. These compacted disks were further used for optical microscopy, channeling 

contrast imaging, and also lift-out sample preparation method through FIB. To make an 

optical microscopy sample, 3 mm disks were mirror polished in a similar way as mentioned 

in 3.2.1 section.  

 

3.2.3 TEM Sample Preparation 

 The most challenging part of the experimental procedure in this study is the TEM 

sample preparation. For electron transparency the sample thickness should be less than 100 
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nm. To this end, sample must be thinned with minimum level of damage. Although there are 

several TEM sample preparation methods with which the thin area of the sample can be 

made, ferromagnetic properties, high hardness, and weak particle bonding of iron-base 

materials make the TEM study the most problematic aspect of the experimental procedure. 

After numerous tries, the focused ion beam (FIB) method was found to be an appropriate 

procedure. 

 The TEM samples were prepared using a FEI Quanta 200 3D FEG dual-beam 

focused ion beam system. This instrument is used for machining and deposition in the 

submicron scale. The samples were prepared using the lift-out technique for TEM imaging 

[2]. A Pt deposition was done using a rectangular cross section. Membranes with 2 × (8-10) 

× 30 μm dimensions were machined out of one individual particle from a compacted sample 

using a regular cross section application with 30 - 50 nA beam currents of Ga+ ions 

accelerated to 30 keV. These thin membranes were cut with regular cross section application 

and then attached to the copper grids using Ga+ ion beam and an Omniprobe micro-

manipulator. The membranes were then thinned to less than 200 nm at 30 keV voltage and 1 

nA - 300 pA beam currents at an incident angle near ±2°, followed by final thinning at 5 keV 

at an incident angle near ±7°. All the final polishing steps were carried out using a cleaning 

cross section application. The small volume of the FIB sample was found to be an 

appropriate volume for TEM analysis due to the minimized optic aberrations induced by the 

ferromagnetic materials. Figure 3.2 illustrates the sequence of a lift-out procedure.  
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Figure 3.2- The sequence of lift-out technique to make a TEM sample from one individual particle 

 

3.3 Characterization Methods 

 To investigate the thermal stability behavior of nanocrystalline alloys, different 

characterization methods were used. X-ray diffraction (XRD) is used for phase identification 

and grain size estimation. Vickers microhardness testing is used for the hardness trend with 

increasing heat treatment temperature. Optical microscopy (OM) is employed to obtain the 

microstructure of samples containing micronscale grain size. Focused ion beam (FIB) 

channeling contrast imaging is an alternative approach of OM for samples with nanoscale 

grain size. Transmission electron microscopy (TEM) is the most definitive method to 

measure the grain size in the nanoscale range.  
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3.3.1 X-ray Diffraction (XRD) 

 XRD is used to estimate the grain size in nanocrystalline materials. X-ray diffraction 

analysis of as-milled and annealed powders was carried out using Cu Kα (λ = 0.1542 nm) 

radiation in a Rigaku Smartlab X-ray diffractometer with a θ-2θ setup. A glass slide sample 

holder with 20 mm × 20 mm × 0.5 mm square-shape cavity was employed to locate the 

powder in the sample holder. Figure 3.3 shows this setup. In this experiment, the range of 2θ 

angle was set 25° - 105° to obtain the first four peaks of BCC Fe-base alloy. The step size 

and the speed duration time were set 0.04° and 2 second respectively. 

 

 

Figure 3.3- A Rigaku θ-2θ setup X-ray diffractometer with glass slide powder holder. 
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 The instrumental broadening must be subtracted from the total broadening to 

calculate a more accurate nanoscale grain size. To that end, the instrumental broadening was 

measured using a single crystal Al2O3 standard at specific peak positions corresponding to 

the diffraction spectra. In this work, the peak broadenings were calculated using PDXL 

software. After removing instrumental broadening, average grain sizes were calculated using 

the Scherrer equation [3] 

(3.1) 

0.9
 

β is the peak broadening, λ is the wave length of the incident radiation taken as 0.1542 nm, 

θ0 is the peak angle, and d is the estimated grain size. Since the broadening is a summation of 

crystallite size and strain, the Scherrer equation gives a smaller grain size than the true grain 

size. 

 

3.3.2 Vickers Microhardness Test 

 Hardness measurements were carried out using a Buehler Micromet II Vickers 

microhardness tester with a 100X objective lens. This was combined with a lens of 10X, 

giving a total magnification of ~1000X. The automated loading system was used with 12 

seconds dwell time. The load used was either 50 g or 25 g. However, a difference in 

measured hardness was not observed based on the load. The samples were supported by a  
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1/4" ceramic backing plate. Eight indentations were used for each data point to obtain 

average values and standard deviations. The un-compacted powders were mounted on glass 

slides, as explained in section 3.2.1, and the particle diameter to indent depth ratio was 

maintained at 10:1. The Vickers hardness testing was then done on individual powder 

particles. 

 

3.3.3 Optical Microscopy 

  Mirror polished 3 mm compacted disks were etched for approximately 30 seconds at 

room temperature in a Nitol solution containing 90% ethanol and 10% nitric acid. Once the 

etching was accomplished, the samples were washed with water to take away any remaining 

chemical etchant. The disks were again washed and dried with acetone, followed by ethanol. 

Mirror polished and etched samples were imaged using a Ziess inverted optical microscope 

linked to the Axio Vision LE software. Image J software was also used to analyze optical 

images for average grain size. 

 

3.3.4 FIB Channeling Contrast Imaging 

 A FEI Quanta 200 3D FEG dual-beam focused ion beam system was employed to 

image the microstructure of nanocrystalline alloys. This technique provides a micrograph 

over a relatively large area of sample compared to TEM. A secondary electron detector was  
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used to produce the image in this setup. After Pt deposition over an individual particle, as 

described in the section 3.2.3, one side of the Pt deposition was machined using a regular 

cross section application with accelerated Ga+ ions at 30 keV voltage and 30 - 50nA beam 

currents. The surface of the machined area was then polished using a rectangular cross 

section with the same accelerating voltage but 1 nA - 300 pA beam currents. To obtain 

secondary electrons, this area was then illuminated by a Ga+ ion beam with 10 pA beam 

current accelerated at 30 keV. The secondary electrons generated due to Ga+ collision are 

channeled with respect to different orientations of each grain and the secondary electrons 

detector provides a channeling contrast image.  

 

3.3.5 Transmission Electron Microscopy (TEM) 

 XRD gives no information on grain size volume fraction distribution and it is not 

capable of indicating abnormal grain growth. For that reason, the estimate of grain sizes 

larger than about 30 nm by XRD method is not reliable. FIB channeling contrast imaging is 

very useful when abnormal grain growth occurs, but this imaging method can resolve grain 

sizes only on the order of 100 nm or larger. Therefore, TEM was an appropriate 

characterization method to obtain a more definitive measurement of grain size and 

information regarding the presence of precipitates. The samples prepared by the FIB lift-out 

method (see the section 3.2.3) were analyzed using a JEOL 2000FX TEM system operating 

at 200 kV. This TEM was linked to the Digital Micrograph software to calibrate the 

micrographs. Subsequent image analysis was done using Image J software. 
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 The prepared samples were examined using the SAD patterns, bright field (BF), and 

dark field (DF) imaging. The SAD patterns give structural information and secondary phase 

identification analogous to the XRD, but the secondary phase is more accurately resolved in 

the TEM setup. Dark field images were particularly useful for measuring grain size. Since 

grains with a specific crystallographic orientation appear once the corresponded ring is 

chosen, the DF image is then utilized to determine precise grain sizes. To achieve a reliable 

volume/number fraction distribution histogram of grain size, 300 grains were typically 

measured. 

 

3.4 References 
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4.1 Abstract 

 The primary objective of this work was to determine the influence of 1 to 4 at% Zr 

additions on the thermal stability of mechanically alloyed nanocrystalline Fe-Cr alloys 

containing 10 and 18 at% Cr. Grain sizes based on XRD, along with microhardness changes, 

are reported for isochronal annealing treatments up to 1000 °C. Microstructure investigations 

were done using optical microscopy, channeling contrast FIB imaging, and TEM. Grain size 

stabilization in the nanaoscale range was maintained up to 900 °C by adding 2 at% Zr. 

Kinetic pinning by nanoscale intermetallic particles was identified as one source of high 

temperature grain size stabilization. Intermetallic particles also contribute to strengthening in 

addition to the Hall-Petch effect. The analysis of microhardness, XRD data, and measured 

values from the TEM image for Fe-10 at% Cr with 2 at% Zr suggested that both 

thermodynamic and kinetic mechanisms would contribute to grain size stabilization. There 
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was no significant difference in the results for the 10 and 18 at% Cr alloys, which indicates 

that α → γ the transformation does not influence the grain size stabilization. 

 

4.2 Introduction 

 Extensive grain growth in pure nanocrystalline metals at low annealing temperatures 

has been observed in numerous studies [1, 2]. Even metals with high melting points, such as 

pure Fe, can undergo rapid grain growth at annealing temperatures below 50% of their 

respective melting points [3]. It is well known that grain boundaries in nanocrystalline 

microstructures produce a significant increase in the total free energy of the system. The 

presence of a large driving force for grain growth due to the decrease of grain boundary area 

is inevitable owing to reduction of the excess free energy [4]. 

 Kinetic stabilization and thermodynamic stabilization are the two basic mechanisms 

by which stability of a nanoscale grain size can be retained at high temperatures. With kinetic 

stabilization, the mobility of a grain boundary is reduced by effects such as solute drag, 

second-phase particle pinning (Zener pinnimg), chemical ordering, or porosity. All of the 

kinetic mechanisms are thermally activated and can be overcome at sufficiently high 

temperatures. Solute drag can be effective at temperatures where the grain boundary mobility 

M is low. M is generally associated with grain boundary diffusion activation energies and 

will be less effective at higher temperatures where volume diffusion is significant and 

intermetallic particle formation and/or grain boundary segregation can occur. Considering 
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this latter temperature regime, the relevant grain-size stabilization mechanisms for the Fe-Cr-

Zr alloys are anticipated to be Zener drag and/or thermodynamic stabilization. 

 With Zener pinning, the grain boundary is subjected to a resisting pinning pressure Pz 

[5]. The driving force pressure P is due to the expansion of the curved grain boundary [6]. As 

a consequence, grain growth will be inhibited when the grain size reaches a critical value. 

This will be discussed in more detail in the Results and Discussion section. 

 With thermodynamic stabilization, the solution of the Gibbs interface equation leads 

to the relation [7, 8] 

(4.1) 

Δ Γ  

γ0 is the non-segregated grain boundary energy and ΔGseg is the free energy change associated 

with segregation of the solute. Therefore, solute segregation to the grain boundary can 

decrease the grain boundary energy when ΔGseg < 0 and a nanocrystalline alloy can be in 

metastable thermodynamic equilibrium at γ = 0 [7, 9]. 

 Darling et al. [10] reported that 4 at% Zr addition to pure Fe stabilizes a 

nanocrystalline grain size up to 900 ˚C. Model calculations suggested that thermodynamic 

stabilization would be effective for the Fe-4 at% Zr alloy system in this temperature range. 

Intermetallic formation was observed at higher temperatures in conjunction with grain 

growth. An issue that is raised for the interpretation of the Fe-Zr results is the possible effect 

of the α → γ allotropic phase transformation at 913 ˚C in pure Fe. The lower free energy of  
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the  phase can drive grain growth and subsequent destabilization of the grain size above the 

transformation temperature. This effect was in fact recently observed for Fe-Ti alloys using 

high temperature X-ray diffraction measurements [11]. One important motivation for 

investigating Zr additions to Fe-Cr alloys, in addition to the possible applications for 

thermally stable nanocrystalline ferritic alloys, is the fact that the α → γ transformation can 

be eliminated altogether when the Cr content is sufficiently large. Significant differences in 

the temperature dependence of the Zr-addition thermal stabilization effect between alloys 

with 10 and 18 at% Cr would be important for the relevance of an α → γ transformation 

effect. 

 

4.3 Experimental 

 Non-equilibrium solid solution alloys of Fe-10Cr-Zr and Fe-18Cr-Zr containing 0, 1, 

2, and 4 at% Zr were produced by ball milling. Fe-10Cr was selected because it is inside the 

α → γ “loop” on the Fe-Cr phase diagram at elevated temperatures and it will undergo the α 

→ γ phase transformation. Fe-18Cr was selected because it is outside the α → γ loop at any 

annealing temperature and this alloy will not undergo the α → γ phase transformation. 

 A hardened steel vial and 440 stainless steel balls were used with a SPEX 8000 mill 

to synthesize the non-equilibrium Fe-Cr-Zr alloys. Alpha Aesar Fe, Cr, and Zr powders (with 

99.9 %, 99.9%, and 99.5% purity, respectively) were used as starting materials. The vial was 

sealed under an argon atmosphere with less than 1 ppm oxygen prior to milling and the ball  
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to powder mass ratio was maintained at 10:1. After milling for 20 hours, the powders were 

annealed at different temperatures (400-1000 ºC by 100 ºC increments) for 1 hour under an 

argon + 2%H2 atmosphere. 

 X-ray diffraction analysis of as-milled and annealed powders was carried out using 

Cu Kα radiation in a Rigaku Smartlab X-ray diffractometer with a θ-2θ setup and PDXL 

software. The instrumental broadening was measured using a single crystal Al2O3 standard at 

specific peak positions corresponding to the diffraction spectra. After removing instrumental 

broadening, average grain sizes were calculated using the Scherrer equation [12]. 

 Mirror polished samples were prepared for hardness tests. Instead of using cold-

compacted samples with possible effects of porosity on the hardness values, the as-milled 

and heat-treated un-compacted powders were mounted on glass slides with Buehler Epothin 

epoxy and the particle diameter to indent depth ratio was maintained at 10:1. The Vickers 

hardness testing was done on individual powder particles using a Buehler MicroMet II 

microhardness testing system with a load of 50 gms. 

 Annealed powders were compacted into 3 mm diameter disks under an applied 

uniaxial pressure of 3 GPa in tungsten carbide dies for microstructural investigation. A Nitol 

solution containing 10% nitric acid was used as an etchant for optical microscopy of the base 

Fe-Cr alloys without Zr additions. Mirror polished and etched samples were imaged using a 

Ziess inverted optical microscope linked to the Axio Vision LE software. 

 For the Fe-Cr-Zr alloys, FIB channeling contrast imaging was done on cross sections 

machined within individual particles of bulk compacted samples using a FEI Quanta 3D FEG 
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dual-beam Focused Ion Beam (FIB). This imaging approach can resolve grains sizes on the 

order of 100 nm over large areas, and is useful when abnormal grain growth occurs. 

 Transmission electron microscopy (TEM) was used for higher resolution 

characterization of the microstructure. TEM sample preparation was performed using the 

“Lift-Out” technique [13] with the dual-beam FIB system. 2 × (8-10) × 30 µm membranes 

were machined out of bulk sample powder particles with Ga+ ions accelerated to 30 keV. 

These thin membranes were cut and then attached to the copper grids using an Omniprobe 

micro-manipulator. The membranes were thinned to less than 200 nm at 30 keV at an 

incident angle near ±2º, followed by final thinning at 5 keV at an incident angle near ±7º. 

The small specimen volume of the FIB sample is advantageous for TEM analysis as a result 

of minimized optic aberrations induced by the ferromagnetic materials. TEM samples were 

analyzed using a JEOL 2000FX operating at 200 kV linked to the Digital Micrograph 

software. Subsequent image analysis was done using Image J software. 

 

4.4 Results and Discussion 

 XRD results confirmed the formation of as-milled Fe-Cr-Zr solid solutions with the 

bcc crystal structure for all of the alloys. However, at 4 at% Zr extra diffraction peaks appear 

after annealing at elevated temperatures. These extra peaks have been indexed and they 

correspond to the intermetallic Laves phases C15 and C14/C36 with Zr(FexCr1-x) 

composition [14, 15]. Figure 4.1 shows the XRD patterns of Fe-10Cr + 4 at% Zr and Fe-18Cr 

+ 4 at% Zr annealed at 900 °C. The extra peaks in Figure 4.1 are not present in the XRD data 
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for alloys containing 2 at% Zr or less. Furthermore, these peaks do not occur at T < 900 °C 

for any of the alloys. This is in contrast to results for Fe-4 at% Zr alloys in which the 

formation of an intermetallic phase first occurs at temperatures above 900 ˚C [10]. The 

intensity of intermetallic peaks is increased for the alloy with higher Cr content. Therefore it 

appears that the Cr content promotes intermetallic formation in comparison with pure Fe-

base alloys. 

 

 

Figure 4.1- XRD patterns of Fe-10Cr + 4 at% Zr and Fe-18Cr + 4 at% Zr, annealed at 900 °C. 
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 The estimated grain sizes obtained from XRD peak broadening are plotted in Figure 

4.2 versus isochronal annealing temperatures for Fe-10Cr and Fe-18Cr alloys with different 

amounts of Zr. A one-hour annealing time was used, and as-milled powder was the starting 

sample for each annealing temperature. Our experience has shown that the XRD grain size 

results are not reliable above about 40 nm grain size, and the true grain sizes can be larger. 

As seen in Figure 4.2, the effect of annealing temperature on grain size has essentially the 

same trend for both alloy systems. The binary Fe-Cr alloys without Zr additions are out of 

the nanocrystalline size range at temperatures above 600 ˚C, whereas the addition of Zr 

significantly increases the stability of nanocrystalline grain sizes. 

 The XRD results based on the Scherrer equation do not exclude other peak 

broadening sources such as lattice strains. Therefore, the apparent grain size stabilization for 

temperatures above 900 °C may in part be a result of strain broadening due to intermetallic 

phase precipitation and associated lattice strain. It is clear however that the grain sizes for 

alloys with 2 and 4 at% Zr content annealed at 900 °C are significantly smaller than that for 

alloys with 1 at% Zr content, which shows a stabilizing effect of increased Zr content, similar 

to that observed for Fe-Zr alloys [10]. 

 Figure 4.3 shows the decrease of the hardness at increasing annealing temperature for 

Fe-10Cr and Fe-18Cr alloys with different amounts of Zr. Interestingly, for 900 °C annealed 

samples, the hardness of Fe-10Cr with 2 and 4 at% Zr is 6.7±0.3 and 7.1±0.3 GPa, 

respectively. These values are notably higher than those for Fe-10Cr and Fe-10Cr + 1 at% Zr. 

This difference in the hardness is in agreement with Figure 4.2, and suggests a significant 

difference between grain sizes at 900 °C. 
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Figure 4.2- Estimated Grain sizes based on XRD line broadening versus annealing temperatures. (a) 

Fe-10Cr system. (b) Fe-18Cr system. 
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Figure 4.3- Vickers hardness versus annealing temperatures. (a) Fe-10Cr system. (b) Fe-18Cr system. 
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 Moreover a very similar trend is also observed in the Fe-18Cr system, which does not 

undergo the α → γ phase transformation at this temperature in contrast to the Fe-10Cr 

system. This similarity implies that thermal stability in both Fe-10Cr and Fe-18Cr alloys can 

be achieved or lost by the same mechanism, regardless of the existence of the α → γ phase 

transformation.  

 An optical microscopy image of the Fe-10Cr alloy without Zr, annealed at 900 °C, is 

shown in Figure 4.4. The micron-size grains with average size of 7 μm can be resolved, 

verifying that the nanocrystalline Fe-Cr alloy without Zr additions is not stable at high 

temperatures. Cr as an alloying element therefore is not effective as a thermodynamic grain-

size stabilizing solute for Fe at elevated temperature. 

 

 

Figure 4.4- Micrograph of Fe-10Cr alloy (base alloy) annealed at 900 °C taken with the optical 

microscope. 
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 The channeling contrast images for Fe-10Cr + 2 at% Zr and Fe-10Cr + 4 at% Zr 

alloys annealed at 900 °C are shown in Figure 4.5. The grains appear to be in the 

nanocrystalline range, however the resolution of the channeling contrast images (about 100 

nm) is not sufficient for quantitative measurements. The advantage of the channeling contrast 

images is that a large area can be viewed at relatively high resolution. Comparison of the 

images in Figures 4.5a and 4.5b for 2 at% Zr and 4 at% Zr, respectively, indicates a finer 

grain size with increasing Zr content. The area within the square in Figure 4.5b is shown in 

Figure 4.5c at higher resolution. The area within the circle in Figure 4.5c shows a region of 

larger grains that are likely precursors to abnormal grain growth at higher annealing 

temperatures. 
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Figure 4.5- Channeling contrast images via FIB of annealed samples at 900 °C. (a) Fe-10Cr + 2 at% 

Zr. (b) Fe-10Cr + 4 at% Zr. (c) The interested region in higher magnification. 

 

 Moreover, the channeling contrast images for Fe-18Cr + 2 at% Zr and Fe-18Cr + 4 

at% Zr alloys annealed at 900 °C are shown in Figure 4.6 (which has not been included in 

corresponding published article). Figures 4.6a and 4.6b for 2 at% Zr and 4 at% Zr, 

respectively show the similar microstructure as seen in Figures 4.5a and 4.5b. This similarity 

b  c
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provides evidence that the both series of Fe-10Cr-xZr and Fe-18Cr-xZr alloys undergo a 

similar scenario regarding the microstructural evolution.  

 

 

Figure 4.6- Channeling contrast images via FIB of annealed samples at 900 °C. (a) Fe-18Cr + 2 at% 

Zr. (b) Fe-18Cr + 4 at% Zr. (c) The interested region in higher magnification. 
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 Figure 4.7 shows the channeling contrast images for Fe-10Cr + 1 at% Zr and Fe-18Cr 

+ 1 at% Zr annealed at 900 °C. Compared to Figure 4.5, grain growth has formed distinct 

bimodal microstructures with micron-scale grains surrounding regions of smaller grains as 

can be seen in Figure 4.7b. The bimodal microstructures would also account for the hardness 

increase seen in Figure 4.3 at 900 ˚C relative to Fe-10Cr and Fe-18Cr without Zr additions. 

 

 

Figure 4.7- Channeling contrast images via FIB of samples annealed at 900 °C. (a) Fe-10Cr + 1 at% 

Zr. (b) Fe-18Cr + 1 at% Zr. 

 

 Bright field and dark field TEM images for Fe-10Cr + 2 at% Zr annealed at 900 °C 

are given in Figures 4.8a and 4.8c, respectively. The volume average grain size and number 

average grain size obtained from measurement of more than 300 grains (as shown in Figure 

4.8e) using dark field imaging are 82 nm and 78 nm, respectively. This confirms the  
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nanocrystalline microstructure suggested by the channeling contrast image in Figure 4.5a. 

The dark field image in Figure 4.8c is taken from the first bcc ring in Figure 4.8b, 

corresponding to the matrix grains. These values in comparison to the estimated XRD grain 

size via the Scherrer equation (42 nm) suggest the presence of a contribution to the XRD 

peak broadening from lattice strain. 

 The electron diffraction pattern in Figure 4.8b shows that in addition to the bcc solid 

solution polycrystalline rings, there are other low intensity extra rings corresponding to an 

intermetallic precipitate phase with an fcc structure. This phase could not be resolved using 

XRD for the Fe-10Cr + 2 at% Zr alloy. A dark field image in Figure 4.8d was taken from the 

first extra diffraction ring corresponding to intermetallic phase particles. 

 The average size of the particles obtained from dark field images was 20 nm. The 

TEM grain size and particle size data for Figure 4.8 can be used to estimate the contributions 

of kinetic and thermodynamic pinning to the grain size stabilization for the 2 at% Zr alloy 

annealed at 900 ˚C. This is described next and is based on the analysis of the strengthening 

mechanism contributions to the hardness. 
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Figure 4.8- TEM micrograph of Fe-10Cr + 2 at% Zr annealed at 900 °C. (a) Bright field image with 

grain sizes distribution histogram. (b) Diffraction pattern. (c) Dark field image taken from first bcc 

ring. (d) Dark field taken from first extra ring. 
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 XRD lattice parameter data (not reported here) for the 2 at% Zr alloy showed a 

decrease with increasing annealing temperature from the as milled condition to a constant 

value above 600 ˚C. This indicates that the Zr is not in the solid solution above 600 ˚C and 

solid solution strengthening due to Zr addition can be neglected for this temperature range. 

The hardness value of 6.7 GPa in Figure 3a for the Fe-10Cr + 2 at% Zr alloy annealed at 900 

˚C is therefore a result of Hall-Petch strengthening for nanocrystalline grain size and Orowan 

strengthening for intermetallic precipitates. Grain size stabilization at 900 ˚C can then be the 

result of Zr grain-boundary segregation (thermodynamic mechanism) and Zener pinning of 

grain boundaries (kinetic mechanism). Combining the Hall-Petch and Orowan contributions 

to the hardness gives 

(4.2) 

 

H is the total hardness, HOro is Orowan strengthening, k and H0 are the Hall-Petch 

strengthening parameters and D is the grain size. The resolved shear stress due to Orowan 

strengthening is [16] 

(4.3) 

ln

ln

/
ln

2
 

d is the particle size, L is the interparticle spacing, G is the shear modulus, b is the Burgers  
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vector, and r0 is the dislocation core radius. Since the intermetallic particles have high 

hardness, they are not shearable. Hence, in the Orowan bowing model, the break-away angle 

is assumed to be 90°. 

 Tabor’s relationship (H = 3σy) [17] and the Von Misses flow rule (τ = σy / √3) [18] 

give 

(4.4) 

3√3 /
2

 

 The data points plotted in Figure 4.9 for the Fe-10Cr and Fe-10Cr + 2 at% Zr alloys 

include the XRD estimated grain sizes for low temperature annealed samples plus TEM and 

optical microscopy average grain sizes for high temperature annealed samples. All data 

points for D-1/2 ≤ 0.28 in Figure 4.9, except the point for 900 ˚C labeled HOro, correspond to 

annealed samples for 600 ˚C ≤ T < 900˚ C. These are taken as lower-limit baseline data 

points for the Hall-Petch effect, excluding intermetallic precipitates formed at 900 ˚C (the 

three data points for D-1/2 > 0.28 correspond to T < 600 ˚C and can include a solid solution 

strengthening contribution). The intercept and slope of the Hall-Petch straight line fitted to 

the baseline data points in Figure 4.8 correspond to H0 = 2.7 GPa, and k = 24 GPa nm1/2, 

respectively. 
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Figure 4.9- Hall-petch of Fe-10Cr and Fe-10Cr + 2 at% Zr alloys. 

 

 Intermetallic precipitates first appear at 900 ˚C and the TEM results in Figure 4.8 can 

be used to estimate the volume fraction f of precipitates that are formed. HOro = 1.35 GPa 

shown in Figure 4.9 is the hardness increase at 900 ˚C, relative to the Hall-Petch baseline, 

resulting from Orowan strengthening by intermetallic precipitates. 
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 Using Eq. 4.4 with the values G = 85.3 GPa, b = 0.248 nm, d = 20 nm and ro = 4b, the 

interparticle spacing L = 35 nm is obtained. L is related to the volume fraction f of spherical 

particles by 

(4.5) 

4
1  

Substituting d = 20 nm and L= 35 nm into Eq. 4.5 gives f = 0.10. 

 The Zener grain boundary pinning (kinetic mechanism) relates the stabilized grain 

size D to the pinning particle size and volume fraction 

(4.6) 

 

Z = 4/3 in the original Zener treatment. Significant modifications to the Zener treatment have 

been summarized in [19], and for f > 0.05 theoretical models and experimental data for Fe-

base alloys indicate that Z = 0.84 is the appropriate value. Using Eq. 4.6, this gives D = 168 

nm for the values d = 20 nm and f = 0.01 obtained from the strengthening mechanism 

analysis. This is about twice the measured value D = 82 nm obtained from the TEM results in 

Figure 4.8. This suggests that Zr grain boundary segregation (thermodynamic mechanism) 

would also make a contribution to the grain size stabilization observed for the Fe-10Cr + 2 

at% Zr annealed at 900 °C. 
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 No direct evidence for grain boundary segregation was obtained. This would require 

Z-contrast HRTEM or atom probe investigations, which were beyond the scope of the work 

reported here. We can state that a new more rigorous thermodynamic stabilization modeling 

approach is developed in our current research [20]. 

 

4.5 Summary and Conclusions 

 The results obtained in this investigation show that additions of Zr up to x = 4 at% in 

ball milled Fe-10Cr-xZr and Fe-18Cr-xZr alloys can provide effective grain size stabilization 

in the nanocrystalline range up to temperatures of 900 ˚C. Hardness values in the range of 7 

GPa are maintained. This provides an opportunity for developing new high strength 

thermally stable nanocrystalline ferritic alloys. 

 The trends for grain size and hardness as a function of isochronal annealing 

temperature were very similar for Fe-10Cr-xZr and Fe-18Cr-xZr alloys. Since the former 

undergoes α → γ transformation with increasing temperature whereas the latter does not, this 

result indicates that the transformation does not play a significant role in stabilization of Fe-

Cr alloys by Zr additions. 

 The high temperature stabilization is presumed to be a result of Zener pinning of 

grain boundaries by Zr(FexCr1-x) intermetallic precipitates (kinetic mechanism) or 

segregation of Zr to grain boundaries (thermodynamic mechanism). 
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 Analysis based on Hall Petch grain size strengthening and Orowan particle 

strengthening for Fe-10Cr-2 at% Zr annealed at 900 ˚C was used to extract the volume 

fraction of intermetallic particles having a mean particle size of 20 nm. The stabilized 

volume average grain size was 82 nm whereas the Zener pinning model predicts a grain size 

of 168 nm. The additional stabilization is attributed to the thermodynamic mechanism. No 

direct evidence for Zr grain boundary stabilization was obtained in this investigation. A new 

model developed by the authors indicated that additional stabilization by the thermodynamic 

mechanism is a reasonable expectation for the Fe-10Cr-2 at% Zr alloy. 
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Chapter 5. Thermodynamic Stabilization of 

Nanocrystalline Binary Alloys 

Mostafa Saber, Hasan Kotan, Carl C. Koch, Ronald O. Scattergood. 

Journal of Applied Physics, 2013, Vol. 113, pp. 063515-063515-10 

 

5.1 Abstract 

 The work presented here was motivated by the need to develop a predictive model for 

thermodynamic stabilization of binary alloys that is applicable to strongly segregating size-

misfit solutes, and that can use available input data for a wide range of solvent-solute 

combinations. This will serve as a benchmark for selecting solutes and assessing the possible 

contribution of thermodynamic stabilization for development of high-temperature 

nanocrystalline alloys. Following a regular solution model that distinguishes the grain 

boundary and grain interior volume fractions by a transitional interface in a closed system, 

we include both the chemical and elastic strain energy contributions to the mixing enthalpy 

ΔHmix using an appropriately scaled linear superposition. The total Gibbs mixing free energy 

ΔGmix is minimized with respect to simultaneous variations in the grain-boundary volume 

fraction and the solute contents in the grain boundary and grain interior. The Lagrange 
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multiplier method was used to obtain numerical solutions with the constraint of fixed total 

solute content. The model predictions are presented using a parametric variation of the 

required input parameters. Applications are then given for the dependence of the 

nanocrystalline grain size on temperature and total solute content for selected binary systems 

where experimental results suggest that thermodynamic stabilization could be effective. 

 

5.2 Introduction 

 Grain boundaries in nanocrystalline microstructures produce a significant increase in 

the total free energy of the system. The presence of a large driving force for grain growth due 

to a decrease in grain boundary content can therefore be expected [1]. Kinetic stabilization 

and thermodynamic stabilization are the two basic mechanisms by which stability of a 

nanoscale grain size can be retained at high temperatures in alloys. Kinetic stabilization is 

achieved by reducing the mobility of grain boundaries by solute drag, second-phase particle 

pinning (Zener pining) or other mechanisms such as porosity drag. The kinetic mechanisms 

involve thermally activated processes and therefore grain growth will occur as a function of 

both time and temperature. Thermodynamic stabilization involves a metastable equilibrium 

state, and alloy mixing entropy ΔSmix will produce a temperature dependent grain size. 

 Weissmuller [2, 3] developed the concept of thermodynamic stabilization using the 

Gibbs absorption equation. This leads to relations of the form 

(5.1) 

∆ ∆ ] 
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γ0 is the initial non-segregated grain boundary energy, Γs is the solute excess at the interface, 

ΔHseg is the segregation enthalpy and ΔSseg is the segregation entropy. γ is defined to be the 

change in free energy dG with respect to variation in grain boundary area dA in a closed 

system. This equation is often used to define thermodynamic stabilization as the condition 

where γ is lowered to be zero. If γ is assumed to be the cohesive grain boundary energy, 

grain boundary cohesion is lost and grains would separate at the stabilization point (γ = 0). 

Based on zero creep measurements, cohesive grain boundary energy varies with the 

increasing global solute content and grain boundary energy reaches a non-zero limit [4]. The 

definition of grain boundary energy from Eq. 5.1 is restricted to a dilute solution containing a 

negligible volume fraction of interface. In a nanocrystalline microstructure, the volume 

fraction of grain boundary will be significant and there is no restriction on the bulk solute 

concentration. The model considered in this paper does not follow the criterion for 

thermodynamic stabilization based on Eq. 5.1. 

 Numerous experimental studies have shown that solute addition stabilizes a nanoscale 

grain size at higher temperatures, however in most investigations there is no direct evidence 

to reveal which mechanisms are effective [5-13]. 

 Analytical models have been proposed to deal with the phenomenon of interface 

segregation. McLean [14] assumed that the enthalpy of segregation (ΔHseg) was the complete 

release of the elastic strain energy associated with the solute atomic size misfit, i.e., ΔHseg	=	

−ΔEels. The elastic mistfit strain energy (ΔEels) per solute atom A for an AB alloy containing 

No atoms is obtained using a model due to Friedel [15]. 
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(5.2) 

∆
2
3 4

 

KA is the bulk solute modulus, GB is the solvent shear modulus and VA and VB are the atomic 

volumes of pure solute and solvent, respectively. Defay et al. [16] expressed the segregation 

enthalpy in terms of chemical contributions using a regular solution model, i.e., ΔHseg = 

ΔHchem. It was pointed out that neither the McLean [14] nor the Defay et al. [16] models 

provide correct predictions of the grain boundary segregation in a binary alloy [17]. The 

reason is that the model due to Defay et al. [16] considers only the chemical contributions to 

the segregation enthalpy, whereas McLean [14] excludes all but the elastic contributions. 

Wynblatt and Ku (WK) [18, 19] recognized these limitations and proposed a model in which 

the chemical and elastic contributions to the segregation enthalpy are combined linearly 

(5.3) 

∆ ∆ ∆  

 Trelewicz and Schuh (TS) [20] developed a regular solution model for 

thermodynamic stabilization of nanocrystalline alloys. They distinguished the grain boundary 

region from the grain interior region by a transitional interface and applied the regular 

solution approximation for each region. The equilibrium condition is obtained by 

minimization of the total Gibbs mixing free energy with respect to simultaneous variations in 

the grain boundary composition and the grain boundary volume fraction. This approach 

provides a more rigorous analytical modeling framework for evaluating nanoscale grain size 

stability.  Analogous to the Defay et al. [16] model, the TS model does not also take the  
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elastic part of the enthalpy  into account. The elastic term always contributes to grain-

boundary segregation whereas the chemical term may contribute or detract. Therefore, 

addition of elastic strain energy to the enthalpy change is essential for strongly segregating 

alloys systems involving large size misfit (non-equilibrium) solute additions. 

 Recently, Chookajorn et al. [21] have suggested a modification incorporating the 

elastic strain energy into the total enthalpy of segregation (ΔHseg). However, the enthalpy of 

segregation (as a derivative of the enthalpy of mixing (ΔHmix) with respect to the atomic 

fraction of solute at grain boundary) was not properly scaled by the volume fraction of the 

grain boundary region. Objectives of this work are to include the elastic term into a regular 

solution model and to minimize the Gibbs free energy with respect to all the variables 

simultaneously contributing to the segregation and grain growth. 

 This approach offers a rational solution for the equilibrium condition for a 

nanocrystalline system. The cohesive grain boundary energy never becomes zero. A 

numerical solution method is presented based on the Lagrange multiplier technique. This is 

readily implemented using standard software packages. 

 

5.3 Analytical Treatment 

 A regular solution model for the chemical contribution is developed as a sum of the 

atomic bond energies for different regions. The components of the model are described next 

in terms of mixing energy changes. 
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5.3.1 Internal Energy of Mixing 

 Following the TS approach using similar notation, the volume of the system is 

divided into bulk (grain interior) and intergranular (grain boundary) regions connected by 

transitional bonds as illustrated in Figure 5.1. An atomic bond interaction energy for each 

region can be defined using the regular solution model. 

 

 

Figure 5.1- The schematic of separated bonding regions of a system of two grains and a boundary 

with thickness t. 
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 The total internal energy of the system is obtained by adding the bond energies for the 

different regions. Assuming a binary mixture of solute A and solvent B	atoms gives 

(5.4) 

.  

 

 

Nkij	is the number of bonds in each region and Eij is the bond energy where the superscripts 

(ij) distinguish the bond type in terms of like or unlike pairs of A and B, and the subscript (k) 

denotes the bulk (b), transitional (t), and intergranular (ig) regions. The α multiplier is 

introduced to distinguish the bond energy in the intergranular and transitional regions from 

the bulk region. The αEij terms are the equivalent of Eig in the TS model. 

 The internal energy of mixing arises from the difference between internal energy of 

the solution and a reference state 

(5.5) 

∆  

The reference state is defined as an unmixed and interface-free state of the system with the 

same AB composition. The regular solution model for the reference state gives 

(5.6) 

2 2
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NtotalA and NtotalB are the total numbers of pure solute and solvent atoms in the system, 

respectively, and z is the coordination number of the solvent atom. In a system with a given 

AB composition, the total number of A and B atoms is related to the number of bonds by 

(5.7) 

2 2 2  

2 2 2  

The substitution of NtotalA and NtotalB from Eq. 5.7 into Eq. 5.6 followed by the substitution 

of Eq. 5.6 into Eq. 5.5 leads to 

(5.8) 

∆
2

 

2
 

1  

	

ΔUmix can be rearranged to give 
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(5.9) 

∆
2

 

2
 

1
2

 

1
2

 

The regular solution interaction energy parameter ω is defined as 

(5.10) 

2
 

Therefore, 

(5.11) 

∆  

 

1
2

 

1
2
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 In a three-dimensional polycrystal with grain size d, grain-boundary thickness t 

and a grain-shape factor proportional to d, the intergranular volume fraction fig of the grain 

boundary region can be given as [22] 

(5.12) 

1  

Mass conservation for the solute contents (atom fractions) Xig, Xb and	 X0 in the 

intergranular region, bulk region and total system, respectively, requires the constraint 

condition 

(5.13) 

1  

The total number of bonds Nbij in the bulk region can be expressed as a function of fig, the 

total number of atoms N0 in the system and the coordination number z	

(5.14a) 

2
1  

The factor ν is defined as the effective bond coordination contributing to the transitional 

bonding region in Figure 5.1. 

Therefore, the total number of transitional bonds Ntij is 

(5.14b) 
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Since N0	=	2Nbij	+	2Ntij	+	2Nigij, the total number of intergranular bonds Nigij is obtained as 

(5.14c) 

1 2
2

 

 

The existence probabilities Pkij for bonds can be given in terms of solute contents in the 

respective regions as follows 

(5.15a) 

2 1  

(5.15b) 

 

(5.15c) 

1 1  

(5.15d) 

1 1  

(5.15e) 

 

(5.15f) 

1  

 

 



88 
 

(5.15g) 

2 1  

The number of bonds for like and/or unlike pairs can be calculated from the total 

number of bonds multiplied by the existence probability in each of the respective 

regions 

 

(5.16a) 

1 1  

(5.16b) 

 

(5.16c) 

1 1  

(5.16d) 

1 1  

(5.16e) 

1 2
2

 

(5.16f) 

1 2
2

1  
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(5.16g) 

1 2 1  

Substituting these into Eq. 5.11 gives ΔUmix per atom 

 

(5.17) 

∆
1 1  

1 1  

1
2

1 1  

1 2 1  

1 1 2
2

1  

If the (α	‐	1)zEij terms are rearranged as follows 

(5.18a) 

1
2 2 2

 

(5.18b) 

1
2 2 2
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they can be interpreted as differences in the energies between intergranular and bulk 

bonds. These can be related to the cohesive grain boundary energies of pure elements 

of A and B 

(5.19a) 

1
2

 

(5.19b) 

1
2

 

σ is defined as the molar grain boundary area, which is taken to be 

(5.20) 

 

NAvg is Avogadro’s number and VB is the atomic volume of the solvent atom. ΔUmix can 

then be reduced to  
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(5.21) 

∆
1 1  

1 1  

1 1  

1 2 1  

1 2 1  

 

5.3.2 Enthalpy of Mixing 

 If the volume change caused by mixing is neglected, the enthalpy change is 

equivalent to the internal energy change at fixed temperature and pressure 

(5.22) 

∆ ∆ ∆ ∆  

ΔUmix in Eq. 5.21 corresponds to the chemical energy change. An elastic internal energy 

change (ΔUels) due to solute atom size misfit must be added to ΔUmix to get the total 

enthalpy of mixing. 

(5.23) 

∆ ∆ ∆
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It is assumed that when a solute atom segregates to a grain boundary, the total elastic 

strain energy is released. Therefore, the elastic internal energy change per atom for 

introducing an atom fraction Xig of misfit solute atoms into the grain boundary region is 

obtained by an elastic strain energy term (ΔHels) which must be scaled by Xig and fig. 

(5.24) 

∆
∆  

ΔHels	=	−ΔEels will be obtained from Eq. 5.2. 

The total enthalpy of mixing is obtained by combining Eqs. 5.21 and 5.24 via Eq. 5.23. 

 

(5.25) 

∆
1 1  

1 1  

1 1  

1 2 1  

1 2 1  

∆  
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5.3.3 Free Energy of Mixing 

 The entropy change due to mixing will be approximated by the ideal AB solid 

solution entropy, i.e., no excess entropy terms are included  

(5.26) 

∆
ln 1 ln 1 1  

ln 1 ln 1  

The Gibbs free energy of mixing is 

(5.27) 

∆ ∆ ∆
 

Substituting Eqs. 5.25 and 5.26 into Eq. 5.27 gives the final result 
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(5.28) 

∆
1 1  

1 1  

1 1  

1 2 1  

1 2 1  

∆  

1 1 1  

1 1  

The parameters ω, α, ν, z, σ, ΔHels, γA, γB, R, and T will be specified for a given AB alloy. 

ΔGmix in Eq. 5.28 is then a function of the three variables Xb, Xig, and fig. 

 

5.3.4 Equilibrium Condition 

 The equilibrium state is obtained by simultaneous minimization of ΔGmix with 

respect to Xb, Xig, and fig	
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(5.29a) 

1 ∆
0 

(5.29b) 

1 ∆
0 

(5.29c) 

1 ∆
0 

subject to the constraint condition, 

(5.30) 

1 0 

It should be emphasized that a thermodynamic stabilization requires the full solution to 

Eqs. 29 a-c and 30. Numerical solutions are obtained here using the Lagrange multiplier 

technique. The Lagrangian L is defined as 

(5.31) 

∆
1  

λ	is the Lagrangian multiplier. Recognizing that	Xb, Xig, fig and λ are treated as independent 

variables for L, the minimization equations are given by 
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(5.32a) 

1 2 1 1 2

ln ln 1 1 1 0 

 

 

 

(5.32b) 

1 2 1 2 1 2

1 2 ∆ ln ln 1

0 

(5.32c) 

1 1 1

1 1 1 2 1

1 2 1 ∆

1 1 1

ln 1 0 

(5.32d) 

1 0 
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 The solutions for Xb, Xig and fig can be readily obtained from Eqs. 32 a-d using 

standard numerical methods. An example is given in the Appendix I using the Maple 

software. The solution for fig determines the equilibrium grain size from Eq. 5.12. The 

solutions for Xb, and Xig determine the equilibrium interfacial solute excess from [23, 24] 

(5.33) 

1
 

 

5.4 Parametric Study 

Numerical solutions obtained using Eqs. 5.32 a-d will be presented in this section 

as a function of the key input parameters ω, ΔHels, X0, and α. The aim is to show the effect 

of variation in one parameter while holding the others constant. The fixed (non varying) 

input parameters will be t = 0.4 nm, ν =1/2, z = 8, γA = γB = 0.6 J/m2 and σ = 30000 

m2/mol, The default values for the variable input parameters will be X0 = 0.06, ω = -12 

kJ/mol, α = 5/6, and ΔHels = -110 kJ/mol. Each of these will be held constant at these 

values except for the parameter that is currently being varied. The dimension of J/mol is 

used instead of J/atom which means that Eqs. 32a-d have been multiplied by Avogadro’s 

number. 

 

5.4.1 Interaction Energy ω 

 The ω parameter relates to the atomic bond energies between like and/or unlike  
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pairs of the solute and solvent atoms. The arrows in Figure 5.2 indicate an increasing 

(more positive) trend for ω. The segregation tendency increases with more positive ω 

because AB pairs are less favorable than AA or BB pairs. A nanoscale grain size is 

therefore stabilized up to higher temperatures in Figure 5.2a. As can be anticipated, Figure 

5.2b illustrates that at a given temperature the solute excess at the grain boundary is 

increased with more positive	 ω. The trend for decreasing solute excess with increasing 

temperature will always result due to the entropy effect. 
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Figure 5.2- The effect of interaction energy ω on: a) grain size and b) interfacial solute excess. 
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5.4.2 Elastic Strain Energy ΔHels 

 The parameter ΔHels is the (negative) elastic strain energy decrease due to 

segregation of size misfit solute atoms, and its magnitude is always a driving force for 

solute segregation. The arrows in Figure 5.3 indicate a decreasing trend in the magnitude 

for ΔHels. Figure 5.3a shows that the nanoscale grain size is less stable at higher 

temperatures when the magnitude decreases. As indicated in Figure 5.3b, the interfacial 

solute excess at a given temperature is also decreased when the magnitude decreases. 

These effects can be anticipated because the decreasing trend for ΔHels implies a weaker 

segregation tendency for solute atoms. 
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Figure 5.3- The effect of elastic enthalpy Hels  on: a) grain size and b) interfacial solute excess. 
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5.4.3 Global Solute Content X0 

 An increase in the global solute content Xo provides additional solute for 

segregation to grain boundaries. The arrows in Figure 5.4 indicate an increasing trend for 

Xo. With the segregation driving forces (other parameters) held constant, Figure 5.4a 

shows that a nanoscale grain size is more stable at higher temperatures for increasing Xo. 

Figure 5.4b shows that the interfacial solute excess at a given temperature is essentially 

independent of changes in Xo. This behavior is similar to the classical Langmuir-Mclean 

(or Fowler-Guggenheim) segregation isotherms in which Γ is unaffected by global solute 

additions. 
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Figure 5.4- The effect of global solute content Xo on: a) grain size and b) interfacial solute excess. 
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5.4.4 Interaction Energy Multiplier α 

 The interaction energy multiplier α plays a role similar to that of the interaction 

energy parameter ω	 in	Figure	5.2. The arrows in Figure 5.5 indicate an increasing (more 

positive) trend for α. Figure 5.5a shows that when bond energies in the intergranular 

region approach their counterparts in the bulk region, i.e., α → 1, a nanoscale grain size is 

more stable at higher temperatures. The effect implies that segregation tendency is 

enhanced. Figure 5.5b shows that the interfacial solute excess at a given temperature 

increases somewhat as α → 1, but the effect is not as strong as that in seen Figure 5.2b. 
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Figure 5.5- The effect of the α multiplier on: a) grain size and b) interfacial solute excess. 
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5.5 Results for Selected Binary Alloys 

 In this section numerical results are presented for several binary alloys that have 

been investigated in the literature. Thermodynamic stabilization has been suggested as a 

possible grain-size stabilization mechanism. The values t = 0.4 nm, ν = 1/2 and α = 5/6 are 

used for all the alloys. 

The grain boundary energy is assumed to be 1/3 of the free surface energy [25], and the 

values for γA and γB are calculated from the free surface energy of pure elements (since 

surface energy corresponds to a 1/2 broken bond, the grain boundary energy corresponds 

to a 1/6 broken bond and this sets α = 5/6). 

 The elastic strain energy ΔHels and the molar grain boundary area σ are obtained 

using Eq. 5.2 (noting that ΔHels = −ΔEels) and Eq. 5.20, respectively. 

 In the regular solution approximation for a binary alloy, the interaction energy 

parameter ω is related to the (chemical) mixing enthalpy ΔHmix by 

(5.34) 

∆ 1  

Therefore	ω can be estimated using the relation 

(5.35) 

4
∆  

ΔH0mix is the enthalpy of mixing for an equimolar (X = 1/2) liquid solution of A + B.  
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Values of the required parameters for the (solvent-solute) alloy systems Fe-Zr, Cu-Nb, 

Cu-Zr, and Ni-W were obtained using data available in the literature [26-28], and these are 

given in Table 1. 

An extensive database of ΔH0
mix and ΔEels values for a wide range of solutes in a 

specified solvent is available in [29]. 

 

Table 5.1- Values of the required parameters for the Fe-Zr, Cu-Zr, Cu-Nb, and Ni-W alloys (A = 

Solute). 

Value Fe - Zr Cu - Zr Cu - Nb Ni-W 

z	 8 12 12 12 

σ	(m2/mol) [Eq. 5.20] 31217 31222 31222 29680 

γA	(J/m2) [25,26] 0.636 0.636 0.885 1.088 

γB (J/m2) [25,26] 0.805 0.602 0.602 0.793 

ΔHels (kJ/mol) [Eq. -109.3 -90.8 -40.2 -44.3 

ΔHomix (kJ/mol) [27] -25 -23 +3 -3 

 

 

 The numerical results for the Fe-Zr system are shown in Figure 5.6. Zr is a very 

large non-equilibrium solute in Fe, and the experimental Fe-Zr nanocrystalline alloys must 

be synthesized using non-equilibrium processing methods such as ball milling. The 

minimum Zr content that retains the grain size in the nanoscale range at 900oC in Figure 

5.6a is 4 at% Zr. The predicted grain size for Fe-4 at% Zr annealed at 900 °C is about 100 

nm. This compares to the measured TEM grain size for  Fe-4 at% Zr at 900 °C reported by  
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Darling, et al. [13], which was about 60 nm. At lower amounts of Zr additions, the 

thermodynamic grain stabilization is less effective, and the stabilization observed in [13] 

in the temperature range up to about 700oC must be due to contributions from kinetic 

mechanisms such as solute pining and/or solute drag. Figure 5.6b shows that the solute 

excess is essentially the same for all Zr contents, similar to the trend seen in Figure 5.4b. 

Based on the solute excess values, the grain boundary atom fraction of solute Xig for the 

temperature range in Figure 5.4b is about 0.96 for all alloys, and is therefore close to fully 

saturated grain boundaries. This same trend was observed for the other alloys in Table 1, 

and Xig ranges from about 0.85 to 0.95. 
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Figure 5.6- Model predictions of (a) grain size and (b) interfacial solute excess for Fe-Zr alloys. 
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 The numerical results for the Cu-Zr system are shown in Figure 5.7. Zr is again a 

large non-equilibrium solute, although with a somewhat smaller value of ΔHels and a 

similar value of ΔHomix compared to Fe-Zr. The trends are similar to Figure 5.6, but more 

Zr addition is needed to obtain the same level of stabilization. Figure 5.7a indicates that 6 

at% Zr is needed to obtain thermodynamic stabilization in the nanoscale range at 700oC, 

compared to somewhat less than 4 at% Zr in Figure 5.6a. Grain size stabilization in the 

nanoscale range in conjunction with some abnormal grain growth was reported in [30] for 

Cu-1 at% Zr annealed at 900oC. In this case Figure 5.7a implies an alternate grain size 

stabilization mechanism, and TEM results showed the presence of nanoscale intermetallic 

precipitates sufficient to produce additional Zener pinning [30]. 
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Figure 5.7- Model predictions of (a) grain size and (b) interfacial solute excess for Cu-Zr alloys. 
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 The numerical results for the Cu-Nb system are shown in Figure 5.8. Nb is a non-

equilibrium solute with a significantly smaller value of ΔHels and a slightly positive ΔHomix. 

The former would reduce the effectiveness of thermodynamic stabilization compared to 

the Fe-Zr and Cu-Zr systems whereas the latter would enhance the stabilization. Figure 

5.8a shows that at the same amount of solute addition, Nb in Cu is less effective than Zr in 

Cu and both are less effective than Zr in Fe. The experience found with our numerical 

modeling results is that ΔHels is the dominant factor for thermodynamic stabilization 

compared to ΔHomix. Recent results (to be submitted for publication) obtained in our 

laboratory demonstrated nanoscale grain size stabilization for 1 at% Nb in Cu up to 800oC. 

Figure 5.8a shows that thermodynamic stabilization is clearly not effective in this case, 

and HRTEM confirms the presence of Nb nanoscale precipitates in Cu that would be 

candidates for kinetic stabilization by Zener pinning. Similarly, in the Cu-Ta system, ΔHels 

and ΔH0mix values are almost the same as the Cu-Nb system. The numerical calculations 

show that 10 at% Ta addition can retain a value of 92 nm nanoscale grain size at 900 °C. 

This compares well to the experimental result of 111 nm, recently reported by Frolov et al 

[31]. However, the simulated distribution of Ta in Cu-6.5 at% Ta alloy at high 

temperatures by molecular dynamic (MD) simulations predicted that Ta diffusion through 

grain boundaries leads to a distribution of nanoclusters of Ta in the grain boundaries[31]. 

The Ta nanoclusters contribute to kinetic stabilization mechanisms such as Zener pinning. 

This is consistent with our model predictions indicating that at 6.5 at% Ta addition at high 

temperatures thermodynamic stabilization is not effective. 
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Figure 5.8- Model predictions of (a) grain size and (b) interfacial solute excess for Cu-Nb alloys. 
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 The numerical results for the Ni-W system are shown in Figure 5.9. The ΔHels and 

ΔHomix values are similar to those for Cu-Nb, but a comparison of Figures 5.8a and 5.9a 

shows a significantly different trend. Thermodynamic stabilization in the nanoscale range 

at 600oC requires 5 at% Nb in Cu compared to 20 at% W in Ni. This is in agreement with 

experimental results obtained at high temperatures for electrodeposited Ni-W alloys [32, 

33]. Atom probe tomography and atomistic simulations in [34, 35] indicate a lack of 

significant W segregation to grain boundaries, implying that thermodynamic stabilization 

is not effective for Ni-W alloys. However this work was done using as-plated (un-

annealed samples) and is not comparable to results in Figure 5.9. Atom probe tomography 

was also reported in [36], and in this case using annealed Ni-W alloys. W segregation on 

grain boundaries was observed on nanoscale grain boundaries for Ni-18 at% W, up to 

about 700oC. Above that temperature, extreme grain coarsening was observed. This is in 

reasonable agreement with Figure 5.9a, but is somewhat better grain size stabilization that 

could be a result of concurrent kinetic mechanisms. 
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Figure 5.9- Model predictions of (a) grain size and (b) interfacial solute excess for Ni-W alloys. 

 



116 
 

5.6 Summary and Conclusions 

 Based on the TS approach, a regular solution model was developed to evaluate 

thermodynamic stabilization of nanocrystalline grain size in binary alloy systems where 

non-equilibrium solutes segregate to grain boundaries. 

 An important feature of the present model is that it incorporates elastic strain 

energy due to size misfit in conjunction with chemical effects. The free energy is properly 

minimized with respect to simultaneous variation in the grain boundary content and the 

amount of solute distributed between bulk and grain boundary regions. The Lagrange 

multiplier method provides minimization equations that can be solved using standard 

numerical methods, and an example solution is provided. 

 Using data available in the literature, numerical results were obtained for several 

binary alloys systems that have been investigated experimentally, and where 

thermodynamic stabilization might be expected. While both strain energy and chemical 

effects are possible, it appears that the former dominates in strongly segregating systems. 

Although it is not expected that a regular solution model can make exact predictions of the 

temperature and solute ranges over which thermodynamic stabilization of nanoscale grain 

size can occur, the trends are significant. 

 There are competing kinetic stabilization mechanisms when non-equilibrium 

solutes are present. These include solute pinning or drag, and Zener pinning by 

precipitates. The formation of the latter competes with solute segregation to the grain 

boundaries and the effects are dependent on processing time-temperature paths and 

diffusion rates. 
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 In the numerical results presented here for several alloy systems, there are cases 

where the model predictions are in good agreement with experimental results and 

thermodynamic stabilization is viable. In other cases the model predictions are not even 

close, but nonetheless are useful indications that kinetic stabilization effects must be 

present. A more complete understanding and exploitation of the stabilization of nanoscale 

grain size at high temperatures by solute additions must take into account both 

thermodynamic and kinetic stabilization mechanisms, along with time-temperature paths 

used for processing. 

 Direct confirmation of grain boundary segregation, using techniques like atom 

probe tomography or high-resolution electron microscopy, has been done only in a few 

investigations, but it will be essential for further identification of the stabilization 

mechanisms and verification of the stabilization models. 
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Chapter 6. A Predictive Model for Thermodynamic 

Stability of Grain Size in Ternary Alloys 

Mostafa Saber, Hasan Kotan, Carl C. Koch, Ronald O. Scattergood. 

Manuscript submitted for publication. 

 

6.1 Abstract 

 This work presents a new model for thermodynamic stabilization of ternary 

nanocrystalline alloys. It is applicable to strongly segregating size-misfit solutes and uses 

input data available in the literature.  The model is based on a regular solution approach such 

that the chemical and elastic strain energy contributions are incorporated into the mixing 

enthalpy ΔHmix, and the mixing entropy ∆Smix is obtained using the ideal solution 

approximation. The Gibbs mixing free energy ΔGmix is minimized with respect to 

simultaneous variations in the grain size and solute segregation parameters. The Lagrange 

multiplier method is used to obtain numerical solutions for the minimum ΔGmix corresponding 

to grain size stabilization for given alloy compositions. The temperature dependence of the 

nanocrystalline grain size and interfacial solute excess can be evaluated for selected ternary 

systems. As an example, model predictions are compared to experimental results for Zr  
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additions to base Fe-Cr and Fe-Ni alloys. 

 

6.2 Introduction 

 Solute additions can impede the grain growth in nanocrystalline alloys by kinetic or 

thermodynamic mechanisms. Kinetic mechanisms such as solute drag or Zener pining 

involve thermally activated processes and grains can grow with increasing time and 

temperature. Weissmuller [1, 2] and Kirchheim [3] investigated thermodynamic stabilization 

for binary alloys using the Gibbs absorption equation. 

 A model is developed that predicts a lowering of the grain boundary energy by solute-

atom segregation to the grain boundary. However, the Gibbs analysis is restricted to a dilute 

solution containing a negligible volume fraction of grain-boundary interface. Trelewicz and 

Schuh (TS) [4] developed a regular solution model for thermodynamic stabilization of a 

binary nanocrystalline alloy containing an arbitrary volume fraction of grain boundary 

interface. 

 In strongly segregating alloys containing large size misfit solute additions, the elastic 

strain energy due to the size misfit can dominate the Gibbs free energy change. The elastic 

contribution was not included in the original TS model, and it was not properly scaled in a 

suggested revision [5]. We developed a modified version of the TS model for binary alloys in 

which the elastic term is included. The Gibbs free energy was minimized with respect to the 

chemical and elastic strain energy contributions to segregation and grain growth [6]. 
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 Examples of the temperature dependence of the grain size and interfacial solute 

excess for selected binary alloys were presented, consistent with experimental data [7-11]. 

Stabilization of nanoscale grain size in base binary alloys by suitable ternary solute additions 

has been reported in recent investigates[12-15]. The model presented here extends our binary 

regular solution model approach for thermodynamic stabilization to ternary systems. We 

retain the important advantage that numerical solutions can be readily obtained using input 

data available in the literature. 

 

6.3 Analytical Treatment 

 Analogous to the previous development for binary alloys, the volume of the system is 

divided into grain interior and intergranular grain boundary regions connected by transitional 

bonds [6]. A regular solution model for the chemical (bond interaction) contributions is 

developed. 

 

6.3.1 Internal Energy of Mixing 

 The total chemical internal energy of a ternary alloy is obtained by combining bond 

energies for the different regions. Assuming a ternary mixture of a primary (base) solute A, 

secondary (for example, size misfit) solute B,	and	solvent	C	atoms gives 
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(6.1) 

 

 

 

Nkij	is the number of bonds in each region and Eij is the bond energy such that the superscripts 

(ij) distinguish the bond type in terms of like or unlike pairs of A, B, and C,	and the subscript 

(k) denotes the bulk (b), transitional (t), and intergranular (ig) regions. The α multiplier 

scales the bond energy in the intergranular and transitional regions with respect to the bulk 

region. 

 The internal energy change of mixing (ΔUmix) is defined as the internal energy of the 

solution (Usol) subtracted from an unmixed and interface-free reference state (Uref) 

(6.2) 

∆  

(ΔUmix) introduces the regular solution interaction energy parameters ωAB, ωAC, and ωBC for 

AB, AC and BC binary solutions. 

 The number of bonds for like and/or unlike pairs of A, B and C in Eq. 6.1 can be 

calculated from the total number of bonds multiplied by the existence probabilities in each 

region. The latter are given in terms of solute and solvent atom fractions and the results are 

substituted into Eq. 6.2. The total internal energy change upon mixing (ΔUmix) is then 

obtained in terms of the atom fraction of solutes A and B in each of the respective regions, the 
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volume fraction of grain boundary, and related combinations of parameters. The detailed 

analysis is given in the Appendix II. 

 Mass conservation for solute contents, weighted by the volume fraction of grain 

boundary (fig) in each region, requires the following constraints for the two solutes (A and B) 

(6.3) 

1  

1  

Xig, Xb, and X0 are the atom fractions of solute A in the intergranular region, bulk region and 

total system, respectively, whereas Yig, Yb, and Y0 have similar definitions for the solute B. 

 

6.3.2 Enthalpy of Mixing 

 It is assumed that once a solute atom segregates to an interface, the total elastic 

strain energy due to the size misfit is released. The elastic internal energy change per atom 

for introducing an atom fraction Xig (or Yig) of misfit solute atoms into the grain boundary 

region is then obtained as an elastic strain energy term (ΔHels), properly scaled by Xig (or 

Yig) and fig. A combination of the strain energy release terms corresponding to segregation 

of solutes A and B, normalized by the total number of atoms in the ternary system (N0), 

leads to the total elastic enthalpy change (Uels)  
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(6.4) 

∆
∆ ∆  

ΔHelsAC = - ΔEelsAC, and ΔHelsBC = -ΔEelsBC are the elastic strain energy changes due to the 

presence of one misfit solute atom of A in solvent C and one misfit solute atom of B in 

solvent C, respectively. The Freidel model [16] is used to evaluate ΔEelsAC and ΔEelsBC for 

AC and BC binary systems. 

 The volume change due to mixing is neglected and the enthalpy change is equivalent 

to the internal energy change at fixed temperature and pressure, ΔH	=	ΔU	+	PΔV	=	ΔU.	The 

total internal energy change (ΔUmix) obtained from Eq. 6.2 is due to the chemical 

contributions. The elastic internal energy change (ΔUels) due to the solute atom size misfit is 

added to ΔUmix to obtain the total enthalpy of mixing. 

(6.5) 

∆ ∆ ∆
 

ΔUmix from Eq. 6.2 and ΔUels from Eq. 6.4 combine to give the total enthalpy of mixing 

(ΔHmix) in Eq. 6.5. 

 

6.3.3 Free Energy of Mixing 

 The entropy change upon mixing (ΔSmix) is the ideal solution entropy (no excess 

entropy terms are included)  
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(6.6) 

∆
ln ln

1 ln 1 1 ln ln

1 ln 1  

The Gibbs free energy change is obtained as 

(6.7) 

∆ ∆ ∆
 

Substitution of ΔHmix (from Eq. 6.5) and ΔSmix (from Eq. 6.6) into Eq. 6.7 leads to the final 

result 

 

 

 

 

 

 

 

 



128 
 

(6.8) 

∆
1 1 1

1 1

1 1

1 1

1 1 1 2

1 2 1

1 2 1

1 2 1 ∆

∆

ln ln 1 ln 1 1

ln ln 1 ln 1  

 The detailed calculations needed to obtain the result for ΔGmix are given in Appendix 

II. The parameters ωAB,	 ωAC,	 ωBC, α, ν, z, σ, ΔHelsAC, ΔHelsBC,	 γA, γB, γC, R, and T must be 

specified for a given ternary alloy. ΔGmix in Eq. 6.8 is then a function of the five variables Xb, 

Xig, Yb, Yig, and fig. 
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6.3.4 Equilibrium Condition 

 The equilibrium state corresponds to simultaneous minimization of the Gibbs free 

energy change with respect to the five variables 

(6.9) 

1 ∆
0 

1 ∆
0 

1 ∆
0 

1 ∆
0 

1 ∆
0 

 The solution corresponding to the five partial derivatives in Eq. 6.9, combined with 

the two constraint conditions in Eq. 6.3, determines a local minimum in ∆Gmix. A numerical 

solution is required and this is obtained most effectively using the Lagrange multiplier 

technique in which five variables in Eq. 6.9 can be treated as independent variables. The 

Lagrangian L is introduced using the multipliers  and 
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(6.10) 

∆
1 1  

 The details of the Lagrange method are given in the Appendix II. The solutions for 

Xb, Xig, Yb, Yig, and fig can be evaluated using standard numerical methods. An example is 

given in the Appendix III using the Maple software. The solution for fig determines the 

thermodynamically stabilized volume average grain size d for an arbitrary three-dimensional 

grain shape and grain-boundary thickness t [17] 

(6.11) 

1  

 The solutions for (Xb, Xig) and (Yb, Yig) and a specified molar grain boundary area  

determine the equilibrium interfacial solute excesses for solutes A and B, respectively [18, 

19] 

(6.12) 

1
 

1
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6.4 Parametric Study 

 Using the same default values for the input parameters as used for the binary model 

example [6], a parametric study shows that: (i), the segregation tendency is increased with 

more positive ω values because AB, AC, and BC pairs are less favorable than AA, BB, or CC 

pairs and a nanoscale grain size would be more stable at higher temperatures with more 

positive values of ωAB, ωAC, or ωBC, (ii), the magnitude of ΔHels is a driving force for solute 

segregation and a nanoscale grain size would be less stable at higher temperatures when the 

magnitude of ΔHelsAC or ΔHelsBC decreases, (iii) assuming solute A (or B) could be a stabilizing 

candidate, a nanoscale grain size is more stable at higher temperatures with increasing solute 

content Xo (or Y0). However, if a solute is not the stabilizer, a nano-grain is less stable at 

higher temperatures with increasing the solute content. 

 

6.5 Numerical Results for Selected Ternary Alloys 

 Numerical results are presented next for ternary alloys where thermodynamic 

stabilization has been proposed as a possible nanoscale grain size stabilization mechanism. 

Input parameters require grain boundary energies for the pure A, B and C elements. Following 

the binary model [6], these are assumed to be 1/3 of the free surface energies of the pure 

elements [20] Furthermore, since surface energy corresponds to a 1/2 broken bond and the 

grain boundary energy corresponds to a 1/6 broken bond, the parameter α = 5/6. In the 

regular solution approximation for a binary alloy, the interaction energy parameters ωAB, ωAC,  

 



132 
 

or ωBC, can be related to (chemical) mixing enthalpies as follows 

(6.13) 

4
∆  

ΔH0mix denotes the enthalpy of mixing for an equimolar (X = 1/2) liquid binary solution of A 

+ B, A + C, or B + C.	

 Model predictions of thermodynamic stabilization are presented here for the ternary 

Fe-Cr-Zr and Fe-Ni-Zr alloys as an example. The values of the required input parameters 

were obtained using data available in the literature[21-23], and these are summarized in 

Table 1. An extensive database of ΔH0mix and ΔEels values for a wide range of solutes in given 

solvents is available in [24]. 
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Table 6.1- Values of the input parameters required for the Fe-Cr-Zr and Fe-Ni-Zr alloys (A = Zr, B= 

Ni/Cr, and C = Fe) 

Value Fe-Cr-Zr Fe-Ni-Zr 

z 8 8 

σ (m2/mol) [6] 31217 31217 

γA (J/m2) [21, 22] 0.636 0.636 

γB (J/m2) [21, 22] 0.785 0.793 

γC (J/m2) [21, 22] 0.805 0.805 

ΔHels
AC (kJ/mol) [16, 24] -109.3 -109.3 

ΔHels
BC (kJ/mol) [16, 24] -0.1 -1.3 

ΔHmix
AB (kJ/mol) [16, 24] -12 -49 

ΔHmix
AC (kJ/mol) [23, 24] -25 -25 

ΔHmix
BC (kJ/mol) [23, 24] -1 -2 

 

 

 Figure 6.1 presents model results for grain size vs. temperature for Fe-8/10Ni + 4 at% 

Zr and Fe-10/18Cr + 4 at%Zr alloys, along with the Fe + 4 at% Zr base binary alloy. 

Compared to the base Fe-4Zr alloy, a nanoscale grain size is stabilized to higher temperatures 

with Cr additions. In contrast, Ni additions show an inverse effect and reduce the stabilized 

nanoscale grain size range to lower temperatures. For example, at 900 °C the grain size for  
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Fe-4Zr is 100 nm, the grain size for Fe-10Cr-4Zr alloy is 60 nm, and the Fe-8Ni-4Zr grain 

size is not be stable in the nanoscale range (< 100 nm). The effects are more pronounced with 

higher Ni/Cr contents such that Fe-18Cr-4Zr is more stable than Fe-10Cr-4Zr and Fe-10Ni-

4Zr is less stable than Fe-8Ni-4Zr. 

 

 

Figure 6.1- The predictions of thermodynamically stable grain size for Fe-8/10Ni-4Zr, Fe-10/18Cr-

4Zr, and Fe-4Zr alloys. 
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 The grain boundary solute excess Γ for Zr solute segregation vs. temperature is 

shown in Figure 6.2 for the different alloys. The Ni/Cr ratios do not have a significant impact 

on the Γ trend. The interfacial Zr excess reduces with the increasing temperature due to the 

entropy effect, and the decreasing trend is essentially the same for all the alloys. The grain 

boundary atom fraction of Zr solute (Xig) for the temperature range in Figure 6.2 is about 0.96 

for all alloys. The Ni/Cr solute grain boundary atom fraction (Yig) is nearly zero, and the Ni 

or Cr solutes are non-segregating. 

 

 

Figure 6.2- The predictions of Zr solute excess at the grain boundary for Fe-8/10Ni-4Zr, Fe-10/18Cr-

4Zr, and Fe-4Zr alloys. 
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6.6 Experimental Results for Selected Ternary Alloys 

 The model predictions can be compared with experimental results for nanocrystalline 

Fe-4Zr, Fe-10Cr-4Zr and Fe-8Ni-4Zr alloys prepared by ball milling in our laboratory [12-

14]. Appropriate amounts of elemental Fe (99.9 %), Ni (99.9 %), Cr (99.9 %) and Zr (99.7 

%) powders along with 440C stainless steel balls were sealed within a hardened steel vial 

under an argon atmosphere (O2 < 1 ppm). Ball milling was carried out with a SPEX 8000 for 

20h at room temperature. As-milled powders were then annealed at 900 °C in a 98 % Ar + 2 

% H2 gas atmosphere for 1 hour. Channeling contrast imaging was obtained using a FEI 

Quanta 3D FEG dual-beam FIB. The channeling contrast image of the base Fe-4Zr alloy is 

shown in Figure 6.3b. As shown in Figure 6.3a, the addition of 8 at% Ni in the base Fe-4Zr 

system decreases the grain size stability such that at 900 °C the annealed microstructure is in 

the micron-scale range. In contrast, the addition of 10 at% Cr in Fe-4Zr alloy increases grain-

size stability and the Fe-10Cr-4Zr sample annealed at 900 °C has a uniform distribution of 

grains in the nanoscale range (Figure 6.3c). The resolution of FIB channeling contrast is 

limited below 100 nm, and the change in nanoscale grain size between Fe-4Zr and Fe-10Cr-

4Zr alloys cannot be distinguished. However, these are both nanoscale, consistent with the 

model predictions in Figure 6.1. 
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Figure 6.3- Channeling contrast images of 900 °C annealed samples of a) Fe-8Ni-4Zr, b) Fe-4Zr, and 

c) Fe-10Cr-4Zr. 

 

 Addition of Ni/Cr in the respective ternary Fe-Ni-Zr/Fe-Cr-Zr alloys affects the 

thermodynamic stabilization of the grain size. The atomic size misfit of Ni/Cr in Fe, 

compared to Zr in Fe (Table 1), corresponds to a negligible elastic enthalpy change in Eq. 

6.8. On the other hand, the interaction energy parameter (ω) of Ni + Zr solution is more 

negative than Fe + Zr solution (ωZrNi = -24.5 kJ/mol whereas ωZrFe = -12.5 kJ/mol). 

Therefore, the presence of Ni reduces the effectiveness of thermodynamic stabilization. In 

contrast, the ω	parameter of Cr + Zr solution is more positive than Fe + Zr solution (ωZrCr = -

6 kJ/mol whereas ωZrFe = -12.5 kJ/mol) and Cr addition increases the effectiveness of 

thermodynamic stabilization.  While these effects on the grain size stabilization can be 

anticipated intuitively, a model that incorporates both the chemical and elastic strain energy 

effects is needed to make definitive comparisons for thermodynamic stabilization of Zr 

solutes in the base binary alloys. As far as we are aware, the ternary regular solution model 

presented here is the first model capable of quantitative predictions using data available in  
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the literature. 

 

6.7 Summary and Conclusions 

 In summary, a new regular solution model was developed to evaluate thermodynamic 

grain size stabilization for nanocrystalline ternary alloys. This model incorporates elastic 

strain energies due to atomic size misfits along with chemical contributions for the both 

primary (base) and secondary solutes. The free energy is minimized with respect to the 

relevant variables and the temperature dependence of the grain size and solute excess can be 

determined using standard numerical evaluation methods and data available in the literature. 
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Chapter 7. Experimental Results for Fe-Ni-Zr 

Alloys 

 

7.1 Effect of Annealing on Microstructure, Grain Growth, and Hardness 

of Nanocrystalline Fe–Ni Alloys Prepared by Mechanical Alloying 

Hasan Kotan, Mostafa Saber, Carl C. Koch, Ronald O. Scattergood. 

Materials Science and Engineering A, 2012, Vol. 552, pp. 310-315. 

 

7.1.1 Abstract 

 Fe–xNi alloys from x = 0 to x = 15 with an as-milled grain size and hardness in the 

range of 8–11 nm and 8.5 – 9.5GPa, respectively, were synthesized by ball milling. 

Microstructural changes, hardness, and grain growth due to annealing were characterized 

using X-ray diffractometry, microhardness, focused ion beam channeling contrast imaging, 

and optical microscopy. It was found that the composition range of single bcc phase was  
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extended by ball milling. Subsequent annealing of MA samples resulted in reduction of 

hardness and extensive grain growth. It indicates that nickel has no significant effect on 

thermal stabilization of iron. Retained austenite was observed for Fe–8Ni and Fe–10Ni alloys 

annealed in the two-phase region and effect of as-milled structure on retained austenite 

formation was discussed. 

 

7.2 An In-situ Experimental Study of Grain Growth in a Nanocrystalline 

Fe91Ni8Zr1 Alloy 

Hasan Kotan, Kris A. Darling, Mostafa Saber, Ronald O. Scattergood, Carl C. Koch. 

Journal of Materials Science, 2013, Vol. 48, pp. 2251-2257. 

 

7.2.1 Abstract 

 Grain growth and microstructural evolution of thermally stabilized Fe91Ni8Zr1 were 

investigated by in situ and ex situ studies. Our investigations suggest that the microstructural 

evolution is fairly slow and the microstructure shows stabilization up to about 700oC. Above 

this temperature, a certain fraction of grains grow abnormally into the nanocrystalline matrix, 

resulting in a bimodal microstructure and causing the complete loss of thermal stability. The 

reason for abnormal grain growth and the loss of thermal stability is identified as the 

appearance of the fcc γ-phase and consequent reduction in the total area of grain boundaries  
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and the overall stored energy. 

 

7.3 Effect of Zirconium on Grain Growth and Mechanical Properties of a 

Ball-milled Nanocrystalline FeNi Alloy 

Hasan Kotan, Kris A. Darling, Mostafa Saber, Carl C. Koch, Ronald O. Scattergood. 

Journal of Alloys and Compounds, Vol. 551, 2013, pp. 621-629. 

 

7.3.1 Abstract 

 Grain growth of ball-milled pure Fe, Fe92Ni8, and Fe91Ni8Zr1 alloys has been studied 

using X-ray diffractometry (XRD), focused ion beam microscopy (FIB) and transmission 

electron microscopy (TEM). Mechanical properties with respect to compositional changes 

and annealing temperatures have been investigated using microhardness and shear punch 

tests. We found that the grain growth of the Fe91Ni8Zr1 alloy to be much less than that of pure 

Fe and the Fe92Ni8 alloy at elevated temperatures. The microstructure of the ternary 

Fe91Ni8Zr1 alloy remains nanoscale up to 700 oC where only a few grains grow abnormally 

whereas annealing of pure iron and the Fe92Ni8 alloy leads to extensive grain growth. The 

grain growth of the ternary alloy at high annealing temperatures is coupled with precipitation 

of Fe2Zr. A fine dispersion of precipitated second phase is found to promote the 

microstructural stability at high annealing temperatures and to increase the hardness and 

ultimate shear strength of ternary Fe91Ni8Zr1 alloy drastically when the grain size is above  
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nanoscale. 

 

7.4 Thermal Stability and Mechanical Properties of Nanocrystalline Fe-Ni-

Zr Alloys Prepared by Mechanical Alloying 

Hasan Kotan, Kris A. Darling, Mostafa Saber, Ronald O. Scattergood, Carl C. Koch. 

Manuscript submitted for publication. 

 

7.4.1 Abstract 

 The stability of nanostructured Fe100-x-yNixZry alloys during post processing at 

elevated temperatures has been investigated. Emphasis was placed on understanding the 

effects of composition and microstructural evolution on grain growth and mechanical 

properties at temperatures near and above the BCC-to-FCC transformation. Results reveal 

that microstructural stability is lost due to the BCC-to-FCC transformation (occurring at 700 

oC) by the sudden appearance of abnormally grown FCC grains. However it was determined 

grain growth can be suppressed kinetically at higher temperatures for high Zr content alloys 

by precipitation of intermetallic compounds. Eventually at high enough temperatures, and 

regardless of composition, the retention of nanocrystallinity was lost, leaving behind fine 

micron grains filled with nanoscale intermetallic precipitates. Despite the increase in grain 

size, the in-situ formed precipitates were found to induce an Orowan hardening affect 

rivaling that predicted by Hall Petch hardening for the smallest grain sizes. The overall  
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transition from grain size strengthening to precipitation strengthening is reported for these 

alloys. The large grain size and high precipitation hardening result in a material which 

exhibits high strength and significant deformation properties.  
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Chapter 8. Conclusions 

 This thesis investigated the thermal stability of nanocrystalline alloys by solute 

additions, and developed new models for thermodynamic stabilization. Non-equilibrium 

solid solutions of Fe-Cr-Zr and Fe-Ni-Zr alloys were produced by high energy ball milling. 

The temperature dependence of grain size and micro-hardness was investigated and the effect 

of Zr addition on thermal stability of these alloys was evaluated. A model for thermodynamic 

stabilization of nanocrystalline grain size in binary alloy systems was developed using a 

modified regular solution. This model was then extended to ternary nanocrystalline alloys. 

As an example, model predictions are compared to experimental results for selected alloys 

using data available in the literature. 

 The following conclusions were established on the basis of the results presented in 

this thesis: 

1- The results obtained in the Fe-Cr-Zr system show that: 

a. The addition of Zr up to 4 at% in Fe-10Cr-xZr and Fe-18Cr-xZr alloys can 

cause grain size stabilization up to 900 °C. 

b. Hardness results are maintained in the range of 7 GPa up to 900 °C for the 

alloys containing more than 2 at% Zr. This hardness value makes Fe-Cr-Zr 

alloys a candidate for developing high strength thermally stable  
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nanostructured ferritic alloys. 

c. Temperature dependences of grain size and micro-hardness are similar for 

both Fe-10Cr-xZr (with undergoing α → γ phase transformation) and Fe-

18Cr-xZr alloys (without undergoing α → γ phase transformation). These 

similar trends imply that the phase transformation does not affect 

stabilization mechanism in this alloy system. 

d. Thermal stabilization at elevated temperatures is attributed to Zener 

pinning of grain boundaries by Zr(FexCr1-x) intermetallic precipitates. 

e. Analysis on the basis of the Hall-Petch grain size strengthening and 

Orowan particle strengthening for Fe-10Cr-2Zr alloy annealed at 900 °C 

was used to calculate the volume fraction of intermetallic particles. The 

stable volume average grain size was 82 nm whereas the Zener pinning 

model predicts a grain size of 168 nm. The additional stabilization is 

ascribed to contributions other than the Zener pinning. 

f. No direct evidence for Zr segregation to the grain boundary was obtained 

within the scope of this investigation. 

2- The results reported in Fe-Ni-Zr alloys indicate that: 

a. Annealing treatments of Fe-Ni system with up to 15at% Ni lead to reduced 

hardness and extensive grain growth, suggesting that the nanostructure is 

not stable during annealing. 

b. Annealing studies show that up to 600 °C, the microstructure of Fe-8Ni-

1Zr alloy remains in the nanoscale range. At 700 °C annealing, grain  
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growth of the ternary alloy occurs in an abnormal manner. However, the 

average grain size is still nanoscale, that is, smaller than 100 nm. This 

stability is attributed to solute drag. 

c. The in-situ TEM study of Fe-8Ni-1Zr indicates that a certain fraction of 

grains grow abnormally into the nanocrystalline matrix, resulting in a 

bimodal microstructure. The reason for abnormal grain growth is 

identified as the appearance of the FCC γ-phase. 

d. It was determined that grain growth can be suppressed kinetically at 

higher temperatures for high Zr alloys by precipitation of intermetallic 

compounds. 

3- The thermodynamic modeling of grain size stabilization revealed that: 

a. On the basis of the TS model, a new regular solution model was developed 

to evaluate thermodynamic stabilization of nanoscale grain size in binary 

alloys where non-equilibrium solutes can segregate to grain boundaries. 

This model incorporates elastic strain energy due to size misfit in 

conjunction with chemical effects. 

b. The Gibbs free energy is properly minimized with respect to simultaneous 

variation in the grain boundary volume fraction and the solute 

concentration in the bulk and grain boundary regions. The Lagrange 

multiplier method was implemented to minimize the Gibb free energy. 

The equations can be readily solved using standard numerical solution 

methods, and an example was given. 
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c. Using data available in the literature, numerical results were obtained for 

several binary alloys system. Systems were selected that have been 

investigated experimentally and where thermodynamic stabilization might 

be expected. In strongly segregation system, it appears that the strain 

energy effect is more dominant than the chemical effect.  

d. Although it is not expected to make an exact prediction of temperature 

dependences of grain size and grain boundary solute excess, the trends are 

significant. The Zener pinning effect by nanoscale precipitates, competing 

with solute segregation to the grain boundaries, is the controlling kinetic 

mechanism at elevated temperatures.  

e. The numerical results for selected binary systems shows that model 

predictions are in good agreement with experimental results and 

thermodynamic stabilization is viable in certain systems. In cases that the 

model predictions are not even close to the experimental results, it follows 

that kinetic stabilization effects must be operative. 

f. A new model for thermodynamic stabilization of ternary nanocrystalline 

alloys is developed. This ternary model presented here is the first model 

enabling quantitative predictions. In a same manner as the binary model, 

this is based on a regular solution model such that both chemical and 

elastic strain energy are incorporated into the enthalpy of mixing. 

g. The Gibbs free energy is minimized with respect to the simultaneous 

variations of parameters governing grain growth and solute segregation.  
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Lagrange method is employed to obtain numerical solutions for 

minimization of ΔGmix. The temperature dependence of grain size and 

grain boundary solute excess was evaluated for selected ternary alloys. 

h. Model predictions for Fe-Cr-Zr and Fe-Ni-Zr ternary alloy systems are 

compared to the experimental results. The numerical results indicate that 

the model prediction and the experimental results are in qualitative 

agreement. Compared to the base Fe-4Zr alloy, a nanoscale grain size is 

retained up to higher temperatures with Cr additions. In contrast, Ni 

additions give an inverse effect and decrease the stability to lower 

temperatures. 
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Chapter 9. Suggestions for Future Work 

According to the results obtained in this thesis, the following are suggested for further 

studies. 

1- Since no direct evidence was obtained in this research to show segregation of Zr to the 

grain boundaries, further investigation using atomic scale resolution is essential to identify Zr 

concentration in the grain boundary. Atom probe tomography (APT), high resolution 

transmission electron microscopy (HRTEM), and scanning transmission electron microscopy 

(STEM) are suggested in this regard. 

2- Since damages caused by the FIB lift-out technique can produce artifacts in the TEM 

study, sample preparations such as Multi-Prep TM mechanical polishing technique or a 

combination of lift-out and mechanical polishing are recommended for electron microscopy 

investigations of ferritic nanostructured alloys. 

3- In alloys containing low amounts of Zr, coherency of the intermetallic particles to the 

lattice matrix influences thermal stability and strengthening. Using HRTEM or STEM, 

coherency identification of these particles as well as their crystal structure is highly 

recommended. 

4- According to the analysis of the results obtained in this thesis, the most probable  
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mechanism for stabilization at elevated temperatures is Zener pinning. Dispersoid particles in 

the nanoscale range of size such as Y2O3 or TiO2 might be good candidates to reach grain 

growth stagnation at elevated temperatures. Combinations of dispersoid particles and misfit 

solute additions are also recommended to investigate thermally stable nano-grains. 

5- Nanostructured stainless steels provide a new opportunity of ultra high-strength stainless 

steel with variety of applications. To obtain nancrystalline stainless steel, combinations of 

Fe-Cr-Zr and Fe-Ni-Zr alloys and investigation of the Zr effect on thermal stability of 

nanostructured Fe-Cr-Ni-Zr alloys is suggested. However, production of FCC nanocrystalline 

Fe-Cr-Ni-Zr alloy by high energy ball milling is more challenging than the BBC counterpart 

as a result of cold welding during the milling process. Therefore, using surfactant agents or 

cryomill methods are recommended. 

6- Chemical effects in conjunction with elastic strain energy were incorporated in the 

thermodynamic model expressing the Gibbs free energy change of mixing. It is suggested 

that the Gibbs free energy includes other thermodynamic contributions such as the enthalpy 

energy change due to secondary phase nucleation. This leads to a model with which second 

phase formation and solute segregation are taken into the account simultaneously. 

7- In chapter 6, the thermodynamic model was extended to a ternary model. In the same way, 

the regular solution model can be extended to quaternary alloy systems considering a 

complete series of solute-solute and solute-solvent pairs. Hence, extension of this 

thermodynamic model for quaternary alloy systems is recommended. This suggestion will 

then be applied for the nanostructured Fe-Cr-Ni-Zr alloys mentioned in suggestion 5. 
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Appendix II 

Analytical Treatment 

1. Internal Energy of Mixing, ΔUmix 

 The volume of the system is divided into grain interior and intergranular regions 

connected by transitional bonds. The total internal energy of the solution is obtained by 

adding the bond energies for the different regions. Assuming a ternary mixture of primary 

(base) solute A, secondary (size misfit) solute B, and solvent C atoms gives 

(1) 

 

 

 

Nkij is the number of bonds in each region and Eij is the bond energy where the superscripts 

(ij) distinguish the bond type in terms of like or unlike pairs of A, B, and C and the subscript 

(k) denotes the bulk (b), transitional (t), and intergranular (ig) regions. The α multiplier scales 

the bond energy in the intergranular and transitional regions with respect to the bulk region. 

The internal energy change of mixing (ΔUmix) is defined as the internal energy of the solution 

(Usol) subtracted from a an unmixed and interface-free state (Uref) 
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(2) 

∆  

The regular solution model for the reference state gives 

(3) 

2 2 2
 

NtotalA, NtotalB, and NtotalC are the total numbers of pure solutes A and B, and solvent C atoms 

in the system, respectively, and z is the coordination number of the solvent atom. In a system 

with a given composition, the total number of A, B, and C atoms is related to the number of 

bonds by 

(4) 

2 2 2  

2 2 2  

2 2 2  

The substitution of Ntotal	 A, NtotoalB, and NtotoalC from Eq. 4 into Eq. 3 followed by the 

substitution of Eq. 3 into Eq. 2 leads to 
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(5) 

∆
2 2

2 2

2

2

1  

ΔUmix is rearranged to 
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(6) 

∆
2 2

2 2

2

2

1
2

2 2

1
2

2 2
 

The regular solution interaction energy parameter ω is defined for each pair of AB, AC, and 

BC as 
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(7) 

2
 

2
 

2
 

Therefore, 

(8) 

∆

1
2

2 2

1
2

2 2
 

The total number of bonds in the bulk region (Nbij) is 
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(9) 

2
1  

Where, N0 is the total number of atoms in the system. The total number of transitional bonds 

(Ntij) is expressed as 

(10) 

 

The factor ν is defined as the effective bond coordination contributing to the transitional 

bonding region (which is assumed to be 1/2). 

Since, 

(11) 

2 2 2  

Therefore, the total number of intergranular bonds (Nigij) is obtained as 

(12) 

1 2
2

 

The existence probabilities Pkij for bonds can be given in terms of solute contents in the 

respective regions as follows 
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(13) 

2  

2 1  

2 1  

 

 

1 1  

 

1 1  

1 1  

 

 

1  

2  

2 1  
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2 1  

The number of bonds for like and/or unlike pairs can be calculated from the total number of 

bonds multiplied by the existence probability in each of the respective regions 

(14) 

1  

1 1  

1 1  

 

 

1 1  

 

1 1  

1 1  

1 2
2
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1 2
2

 

1 2
2

1  

1 2  

1 2 1  

1 2 1  

Substituting these into Eq. 8 gives ΔUmix per atom 
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(15) 

∆
1 1 1

1 1

1 1

1 1

1
2

1 1 1 2

1 2 1

1 2 1

1 1 2
2

1  

If the (α‐1)zEij terms are rearranged as follows 

(16) 

1
2 2 2

 

1
2 2 2

 

1
2 2 2
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They can be interpreted as differences in the energies between intergranular and bulk bonds. 

These can be related to the cohesive grain boundary energies of pure elements of A, B, and C 

(17) 

1
2

 

1
2

 

1
2

 

σ is defined as the molar grain boundary area, which is taken to be 

(18) 

 

NAvg is Avogadro’s number and VB is the atomic volume of the solvent atom. 

ΔUmix can then be reduced to  
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(19) 

∆
1 1 1

1 1

1 1

1 1

1 1 1 2

1 2 1

1 2 1

1 2 1  

 

2. Free Energy Change of Mixing, ΔGmix 

 The total elastic enthalpy change (ΔUels) is defined as 

(20) 

∆
∆ ∆  

The elastic internal energy change (ΔUels) due to the solute atom misfit is added to ΔUmix to 

obtain the total enthalpy of mixing. 



170 
 

(21) 

∆ ∆ ∆
 

ΔUmix from Eq. 19 and ΔUels from Eq. 20 combine to give the total enthalpy of mixing 

(ΔHmix). 

(22) 

∆
1 1 1

1 1

1 1

1 1

1 1 1 2

1 2 1

1 2 1

1 2 1 ∆

∆  

The entropy change due to mixing will be approximated by ideal solution entropy. 
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(23) 

∆
ln ln

1 ln 1 1 ln ln

1 ln 1  

The excess Gibbs free energy is obtained as 

(24) 

∆ ∆ ∆
 

Substitution of ΔHmix (from Eq. 22) and ΔSmix (from Eq. 23) into Eq. 24 lead to  
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(25) 

∆
1 1 1

1 1

1 1

1 1

1 1 1 2

1 2 1

1 2 1

1 2 1 ∆

∆

ln ln 1 ln 1 1

ln ln 1 ln 1  

 

Lagrange Multiplier Method 

The Lagrangian L is introduced using λ and μ 
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(26) 

∆
1 1  

λ and μ is the Lagrangian multiplier. Recognizing that Xb, Xig, Yb, Yig, fig, λ, and μ are treated 

as independent variables for L, the minimization equations are given by 

(27a) 

1 1 2 1 1

1 2

ln ln 1 1 1

0 

(27b) 

1 2

1 2 1 2 1 2

1 2 1 2 ∆

ln	 ln 1 0 
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(27c) 

1 1 1 2 1

1 2

ln ln 1 1 1

0 

(27d) 

1 2

1 2 1 2

1 2 1 2 1 2 ∆

ln	 ln 1 0 
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(27e) 

1 1

1 1

1 1

1 1

1 2 1 2 1

1 2 1

1 2 1 ∆ ∆

ln ln 1 ln 1

ln ln 1 ln 1

0 

(27f) 

1 0 

(27g) 

1 0 
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The solutions for Xb, Xig, Yb, Yig, and fig can be readily obtained from Eqs. 28 a-g using 

standard numerical methods. An example is given in the Appendix II using the Maple 

software.  
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Appendix III 
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