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Abstract 

Stainless steels and nickel-based superalloys are materials that have been widely used 

to manufacture components servicing at high temperatures. Creep strength is one of the most 

important properties in such conditions. High creep strength generally comes from a 

combination of solid solution hardening, precipitation hardening and dislocation hardening. 

However, some details of the mechanism of solid solution hardening are still not fully 

understood. The present thesis can be separated into two parts. 

In the first part, fundamental creep models are used in an investigation of creep rate of 

nickel-based alloys. The fundamental models are based on dislocation theories without using 

any adjustable parameters to describe the creep data. All parameters in the models have been 

derived from experimental data or using computational approaches such as ab initio methods. 

In the models, the effects of stacking faults, strain-induced vacancies and pipe diffusion have 

been taken into account.  

W is a vital element to create solid solution hardening and improve creep strength of 

nickel-based alloys. W readily dissolves in nickel to form a solid solution and to provide a 

significant effect on the creep strength. Moreover, many ternary and more complex systems 

of nickel-based alloys are developed starting from Ni-W solid solutions. The developed 

models can describe the dramatic reduction of the creep rate due to W, which has not been 

possible in the past. The reduction has a close correlation with the stacking fault energy and 

drag stress. 

In the second part, the exact muffin-tin orbital method combined with the coherent 

potential approximation has been interfaced with a quasi-harmonic Debye model to predict 

the elastic and other thermodynamic properties of selected metallic alloys at high temperature. 

The knowledge of such properties is very useful in modeling the behavior of materials 

servicing at high temperatures. However, few experimental studies have been focused on 

measurements of thermo-mechanical properties at such temperatures. Ab initio methods 

based on density functional theory is an alternative way to obtain information about thermo-

mechanical properties.  

Therefore, in the present work, ab initio based studies of the elastic and thermodynamic 

properties of pure nickel, nickel-based solid solutions and Fe25Cr20NiMnNb austenitic 

stainless steel have been performed. Although the modeling technique cannot fully reproduce 

the temperature dependencies in some of the considered cases where experimental data are 

available, the computed values of such properties as shear moduli, thermal expansion 

coefficients and entropy are close to the experimentally derived values. 



 
 

ii 
 

Keywords: 

Austenitic stainless steels, Nickel-based superalloys, Fundamental creep models, 

EMTO-CPA method, Quasi-harmonic Debye model, Thermo-mechanical properties, High 

temperatures.  



 

iii 
 

Sammanfattning 

Rostfria stål och nickelbaserade superlegeringar används i stor utsträckning för att 

tillverka komponenter som utnyttjas vid höga temperaturer. Kryphållfastheten är en viktig 

egenskap i dessa tillämpningar. En hög kryphållfasthet år i allmänhet resultatet av en 

kombination av bidrag från fast lösning, partiklar och dislokationer. Vissa aspekter av 

lösningshärdning är inte klarlagda tidigare. Denna avhandling utgörs av två delar. 

I den första delen används grundläggande krypmodeller för att undersöka 

kryphastigheten hos nickelbaslegeringar. De grundläggande modellerna är baserad på 

dislokationsteorier och inga justerbara storheter användes för att beskriva krypdata. Alla 

parametrar i modellen härleds från experimentella data eller med beräkningsmetoder som ab 

initio. I modellen beaktas effekter av staplingsfel, deformationsinducerade vakanser och 

diffusion längs dislokationer. I avhandlingen visas att de har stor inverkan på krypbeteendet 

hos nickelbaslegeringar.  

W har visats vara ett viktigt element för att skapa lösningshärdning och höja 

kryphållfastheten. Många ternära och mer komplexa nickelbaslegeringar är baserade Ni-W-

lösningar. Modellerna i avhandlingen kan beskriva hur W dramatiskt minskar 

kryphastigheten bl.a. på grund av inverkan av staplingsfelsenergin. 

I den andra delen görs beräkningar för egenskaper av betydelsen för kryphållfasthet med 

hjälp av ab initio metoder. Den exakta muffin-tenn-orbitalmetoden har kombinerats med den 

koherenta potentialapproximationen och en kvasi-harmonisk Debye-modell för att förutsäga 

elastiska och termodynamiska egenskaper vid höga temperaturer. Med hjälp av ab initio 

metoder kan värden för egenskaper erhållas där experimentalla data saknas.  

I avhandlingen studeras elastiska och termodynamiska egenskaper med hjälp av ab initio 

metoder hos ren nickel, nickelbaserade fasta lösningar och Fe25Cr20NiMnNb austenitiskt 

rostfritt stål. Även om modellerna inte kan reproducera temperaturberoendet i alla 

behandlade fall, så har värdena för skjuvmodulen, värmeutvidgningskoefficienten och 

entropi erhållits, som ligger nära dem från experimentella observationer.  
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Chapter 1 

Introduction 

1.1 Nickel-based alloys 

For components service at elevated temperatures, the excellent corrosion resistance, 

oxidation resistance and high creep strength are required. The nickel-based superalloy is an 

important candidate which have been widely applied to manufacture discs and blades of 

turbine engines[1-3].  In general, the strengthening mechanisms of creep are known as solid 

solution hardening, precipitation hardening and dislocation hardening. In polycrystalline 

nickel-based superalloys, the major microstructure is the � phase, which is usually solid 

solutions with a face-centered structure formed by nickel and alloying elements. Although 

various elements including aluminum (Al), titanium (Ti) and tantalum (Ta) will help to form 

�� particles with nickel, other transition elements such as chromium (Cr), tungsten (W), 

molybdenum (Mo) and cobalt (Co) preferentially dissolve in nickel to form solid solutions. 

Solid solution strengthening caused by the addition of alloying elements is a significant 

strengthening mechanism for polycrystalline nickel-based alloys[2]. Therefore, the 

mechanism of solid solution hardening should be understood. 

Based on Ni and additions of alloying elements, most superalloys are complex systems 

with more than five alloying elements, but some binary and tertiary solid solutions are their 

prototype. It has been confirmed that W is an essential element that will dissolve in nickel to 

form solid solutions, thereby producing a significant effect on the creep strength through 

solid solution strengthening. Moreover, many ternary and complex systems of nickel-based 

alloys are developed from Ni-W solid solutions. In the past, attempts have been made to 

explain the effect of W on the creep strength of nickel in the past[4-6]. Johnson et al. carried 

out investigations to understand the stationary creep behavior of several binary Ni-W 

alloys[4]. Their work showed that the variation of activation energy, diffusion coefficient and 

elastic modulus by the addition of W are the main contributions to the solid solution 

hardening and the improvement of creep strength. Tiearney et al. investigated the effect of 

W on the creep behavior of Ni-W solid solutions[7]. Their results revealed that the lower 

stacking fault energy, diffusion coefficients and higher elastic moduli caused by increasing 

W content are main factors that have a great influence on the creep rate of nickel solid 

solutions. 

Besides, Cr is a kind of popular elements commonly appear in nickel-based superalloys 
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such as Haynes 230, Inconel 625 and Hastelloy X, as well as stainless steels. Generally, the 

role of Cr in stainless steel and some non-ferrous alloys is considered to improve the 

corrosion resistance of materials. However, few attempts have been made to study the effect 

of Cr on high-temperature mechanical properties of nickel-based alloys. By comparing the 

experimental results of pure Ni and Ni-9.5at%Cr, Oikawa proved that Cr has a small effect 

on activation parameters of high-temperature creep [8]. Suto et al. investigated the effect of 

Cr and W on the creep behavior of nickel solid solutions through experimental testing, and 

the results were discussed using Sherby’s equation[9]. Their experimental results show that 

addition of Cr will increase Young’s modulus and decrease the stacking fault energy which 

will reduce the creep rate of Ni-Cr alloys. Despite the wide usage of Cr and W as reinforcing 

solutes in superalloys, the experiments to observe their influence on high-temperature 

properties are quite limited.  

1.2 Fundamental creep model 

In the past decades, the basic creep models have been formulated based on dislocation 

behaviors under external loading at elevated temperatures. The purpose of creep modeling in 

the present thesis is to apply fundamental creep models, without the use of adjustable 

parameters, to study the creep behavior of nickel-based alloys. Although some empirical 

models are usually used, which can fit well with experimental data, many parameters in such 

models cannot reflect the physical behavior of materials during plastic deformation. In 

contrast, the basic creep models used in the present work are developed based on dislocation 

theories and no parameters are set arbitrarily, therefore, they can describe the behaviors of 

dislocations during creep deformation at elevated temperature. This applied basic model has 

been successfully used for studies of stainless steel and copper that can describe creep 

properties without the use of adjustable parameters[10-15].  

All the important microstructural components that have been considered in fundamental 

creep model are described according to deformation mechanisms such as dislocation climb, 

stacking faults formation and solute-dislocation interaction. Recently, the influence of strain-

induced vacancies, which was excluded in previous calculations related to nickel-based 

alloys, is also introduced into the fundamental creep model. Besides, pipe-diffusion, which 

has been observed to influence creep of pure elements, especially at low temperatures, has 

been added to the basic creep model.  

The model description only involves parameters with clear physical meaning, such as 

elastic moduli, stacking fault energy and thermodynamic properties related to the 

microstructure. The values of all parameters used in the modeling are determined based on 
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experimental data or computational results. The developed fundamental models can help us 

to understand the mechanisms of creep deformation. The use of fundamental models can also 

improve the reliability of extrapolating the results to the long design lives needed in modern 

power plants.  

1.3 First-principles calculations 

It is known that temperature-dependent shear modulus and stacking fault energies have 

a great effect on the creep resistance of materials. The lattice misfit caused by alloying 

elements is another critical factor in the modeling of solid solution hardening. However, 

reliable experimental data on the temperature dependence of elastic properties and stacking 

fault energies are very scarce for metallic materials, especially the data on properties at 

elevated temperatures. First-principles calculation is an effective tool to predict the factors 

needed in the fundamental creep models when experimental data are not available. 

The temperature dependencies of elastic moduli, stacking fault energies and lattice 

parameters are directly related to thermodynamic properties such as entropy and heat capacity. 

Therefore, the prediction of thermodynamic properties is useful to analyze the temperature 

dependence of mechanical properties and to further modify the fundamental models of creep. 

Many of these parameters can be determined by performing first-principles calculations. 

Most first-principles calculations for metallic materials have so far considered properties at 

low temperatures, while just a few studies focused on high-temperature properties. However, 

for materials servicing at elevated temperatures, there will be a dramatic difference between 

room-temperature and high-temperature properties.  

In order to predict properties at high temperatures, thermal expansion should be 

considered, which mainly comes from lattice vibrations. This contribution can be most easily 

estimated in the quasi-harmonic approximation using the Debye model. In some previous 

versions of Debye model, adjustable parameters and empirical scaling factors were used, 

which introduced uncontrollable errors into the calculations of thermal properties. The quasi-

harmonic Debye model used in this work has been derived from the full set of elastic 

properties (not merely from the bulk modulus, but from the complete set of single-crystal 

elastic constants) without any empirical factors. Parameterized using density functional 

theory (DFT) calculations extended to non-zero temperature, the present quasi-harmonic 

Debye model has been used to predict high-temperature elastic and thermodynamic 

properties of nickel-based alloys and HR3C (Fe25Cr20NiMnNb) austenitic stainless steel[16, 

17]. 
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Chapter 2 

Fundamental models of creep strength 

2.1 Basic creep model 

When materials are exposed to external loadings at high temperatures, slow plastic 

deformation can be observed which is known as creep deformations. In general, the testing 

of creep deformation is conducted under a fixed load at high temperature, and the variation 

of strain will be recorded over time. The derivative of strain with respect to time is called the 

creep strain rate. The classical creep deformation shows three stages: primary, secondary and 

tertiary. During creep deformation, there is a competition between work hardening and 

recovery until a balance is reached [18]. Work hardening is the result of dislocation 

generation induced by creep strain. On the contrary, the recovery is the annihilation process 

of dislocations, which should be rapid enough to avoid the termination of creep strain. During 

the primary creep, the work hardening is dominating until the recovery rate gradually 

increases to the same value as work hardening, where a balance between work hardening and 

recovery is reached. Then the creep rate maintains a constant value for a long period of time, 

which corresponds to the secondary or stationary creep stage. Finally, in the tertiary stage, 

the formation of cavities and/or cracks leads to an apparent increase in creep rate.  

The secondary stage is more important than the other two stages because it occupies the 

major portion of the lifetime. Therefore, the creep rate of the stationary stage, as well as the 

stress exponent and activation energy, are usually used to describe the creep strength of a 

material. In conventional creep modeling, empirical models are commonly applied to 

represent steady-state creep, which includes a set of scaling parameters that can be adjusted 

arbitrarily. Although models with adjustable parameters fit well with the creep data, such 

parameters are usually independent of the deformation mechanisms. Moreover, empirical 

models mainly focus on mathematical flexibility rather than physical significance. In recent 

years, a fundamental model for the creep deformation has been entirely derived from basic 

knowledge of the controlling mechanisms without the use of adjustable parameters. All 

parameters are defined according to microstructural features and physical principles. The 

values of all parameters are definitely known and come from experimental data or 

computational studies.  

During primary creep, the competition between generation and annihilation process of 
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dislocations leads to a variation of dislocation density with strain, which should be considered 

to describe the creep process. Since the recovery is assumed to occur during dislocation climb 

and annihilation, dislocation climb is commonly assumed to be the rate-controlling 

mechanism during creep. In basic creep models, the dislocation climb is represented by the 

climb mobility of dislocations. The evolution of dislocation density during creep can be 

represented by models which have been available for a long time[19]. Recently, these models 

have been expanded and derived more precisely. The following formulation will be used [20]. 

Further details are available in Ref.[21]. 

	

	�� = �

��� 
� �⁄ − �
 − 2�����
�
���  (2-1) 


 is the dislocation density, �� the creep strain, ��� the creep rate, m the Taylor factor, b 

Burgers vector, �� the dislocation line tension, Mcl the dislocation mobility, �� and � are 

constants describing work hardening and dynamic recovery, respectively. The third term on 

the right side is the description of static recovery. The dislocation mobility Mcl is can be 

expressed as 

���( , ") = $%&'( exp("�,
'( )exp(− -%.�/01 )2��34� (2-2) 

here Ds0 the pre-exponential coefficient for self-diffusion, Qself the activation energy for self-

diffusion, kB Boltzmann’s constant, and 01 the gas constant. The factor fclimb introduces the 

contribution due to the formation of strain-induced vacancies. This will be described in 

section 2.3. The change in microstructures generally affects the dislocation climb and thus 

the dislocation mobility Mcl. The influence of microstructural features and deformation 

behaviours depend on dislocation mobility that will be introduced detailly within later 

sections. 

As mentioned above, the variation of the dislocation density during creep is a result of 

the competition between work hardening and recovery. The three terms on the right side of 

Eq. (2-1) represent the work hardening and recovery of dislocations, respectively. Since the 

balance between work hardening and recovery during steady-state creep, the dislocation 

density remains unchanged and the variation of dislocation density with time (strain), the 

left-hand side of Eq. (2-1), will vanish. With help of Taylor’s relation  

"536� = 7�8�
�/� = " − ": (2-3) 

the basic model for the stationary creep rate can be obtained from Eq. (2-1) [18] 

���; = 2�<���( "=:%�7�8�),2>?@/( �
��< − � "=:%�7�8�) (2-4) 

where  is the applied stress, α a constant, G the shear modulus, and ": is the internal stress 
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that can have contributions from the yield strength, solid solution hardening and particle 

strengthening. The factor 2>?@  accounts for the effect of stacking fault energy on the creep 

rate due to the dislocations split by stacking faults. The details will be provided in section 

2.2. The basic model has been successfully applied to aluminium alloys, copper and austenitic 

stainless steels [22, 23]. 

2.2 Stacking fault energy 

During plastic deformation, perfect dislocations will split into partial dislocations with 

stacking faults appear between them. The width between partial dislocations is directly 

related to the stacking fault energy SFE . The larger distance between partial dislocations 

corresponding to the smaller the stacking faults energy, thereby the reduced climb rate of the 

dislocations. Moreover, it has been confirmed that additions of alloying elements and their 

concentration variation will affect the stacking fault energy. Argon and Muffatt [24] 

formulated the split of the dislocations as a factor of stacking fault energy which takes into 

the decrease of the creep rate as follows. 

SFE

2 2SFE24 (1 )
2 (( )

2+
)

 


P

Pf
Gb

 (2-5) 

Since the creep is controlled by dislocation climb and stacking fault is assumed to affect the 

rate of dislocation climb, the dislocation mobility Mcl in Eq.(2-2) should be multiplied by this 

factor. Therefore, with increasing distance between partials and the reduced stacking fault 

energy SFE , the creep rate is reduced. 

2.3 Strain-induced vacancies 

In addition to vacancies activated by high temperatures, vacancies can also be generated 

by motion and interactions of dislocations during plastic deformations[25, 26]. For aluminum 

and copper, strain-induced vacancies have been verified to increase the climb rate of the 

dislocations and thereby the creep rate below 300ºC[27, 28]. The strain-induced vacancies 

can also be important to nickel. Relative to the concentration of thermal vacancies c0, the 

concentration of vacancies increased due to strain-induced vacancies can be expressed as 

follows [29]. 

∆�
�& = 0.5 √2F%GH� ����

$%.�/
8
" (2-6) 
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Ksub is a constant about the subgrain size dsub concerning the applied stress (dsub= KsubGb/σ). 

Ksub typically takes values between 10 and 20. The movement of strain-induced vacancies 

around dislocation will help to accelerate dislocation climbing. The enhancement of the climb 

rate caused by the relative increase of vacancy concentration can be represented as a factor 

fclimb. 

climb
0

1
c

f
c


   (2-7) 

From Eq. (2-7), it is evident that the enhancement of the climb rate is directly proportional 

to the strain rate. 

2.4 Pipe diffusion 

The migration of atoms along dislocation is known as pipe diffusion. Pipe diffusion is 

an important mechanism for creep of Ni, especially at low temperatures. The pipe diffusion 

coefficient (PDC) is assumed to be represented with an Arrhenius equation as Eq. (2-8) in 

the same way as for the lattice diffusion (also called bulk or volume diffusion), which refers 

to the atomic diffusion within a crystalline lattice. 

$= = $=&exp(− -=0= ) (2-8) 

Dd0 is the pre-exponential diffusion coefficient and Qd the corresponding activation energy. 

An effective pipe diffusion coefficient, shown as follows, has been used to make a direct 

comparison with lattice diffusion.  

$=IJJ = 
K=$= (2-9) 

where Ad is the cross-section area of the dislocation core. Experimental data for PDCs are 

quite limited [30], however, with help of molecular dynamics technique values for PDCs 

predicted for various elements in recent years [31]. Unlike lattice diffusion, which is known 

to be governed by the flow of vacancies, the flow of interstitial atoms and intrinsic diffusion 

without the presence of initial point defects are also important for pipe diffusion [31]. For 

pipe diffusion of Al, vacancy diffusion provides the main contribution for edge dislocations 

and intrinsic diffusion dominates for screw dislocations. The PDC for screw dislocations was 

about an order of magnitude larger than for edge dislocations [31]. Assume that intrinsic 

diffusion is also larger than other types of diffusion for Ni. Soltani et al. performed molecular 

dynamics calculations intrinsic diffusion of Ni, their results show that Dd0 = 5.3×10-7 m2/s 

and Qd = 152.4 kJ/mol with a core radius of 6×10-10 m was used to calculate the cross-section 

area Ad. [32].  
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2.5 Interaction energy 

The presence of solute atoms leads to the lattice distortion and creates a residual stress 

field around the solute atom. Since the stress field can be relaxed by 

the interstitial atoms diffusing towards a dislocation. Therefore, a lot of solute atoms will 

surround dislocation to form the so-called Cottrell atmosphere. The stress applied by solute 

atoms is often called drag stress or break stress. The solute-dislocation interaction energy 

will contribute to the increase of activation energy of creep. The maximum interaction energy 

can be expressed as follows[12]. 

max
0

(1 )1

3 (1 )
P

i i

P

U G
b

 


 


  


 (2-10) 

where Ω0 is the atomic volume, and δi is the volume misfit caused by solute i. The increase 

of activation energy caused by the maximum interaction energy is taken into account by the 

dislocation mobility Mcl, Eq. (2-2) multiply with the factor fQ 

2L = exp(− M:NOP
01 ) (2-11) 

2.6 Drag stress 

As mentioned above, the Cottrell atmospheres formed by solute atoms will give rise to 

a drag stress for the moving dislocations due to the lattice distortion. The drag stress along 

the opposite direction of applied stress prohibited the motion of dislocation and thereby slow 

down the macro-elongation. This is the origin of the solid solution hardening. The effect of 

solid solution hardening on creep was analysed in [11]. The drag stress from a slowly 

diffusing element i can be expressed as 

"35QR = S�:&T�
�$:'U V(W&) (2-12) 

v is the dislocation velocity, ci0 is the solute content of i, and Di the diffusion constant for 

solute i. I(z0) is an integral of z0=b/r0kBT where r0 is the dislocation core radius. I(z0) often 

takes values of around 3. The value of the constant T is defined in Eq. (2-10). The dislocation 

velocity v during creep can be expressed as [33] 

cl ( )   iv M b  (2-13) 

where Mcl is the dislocation mobility in Eq. (2-2). 
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Chapter 3 

Creep strength of nickel and Ni-W solid solutions 

3.1 Parameter values 

3.1.1 Lattice constant and size misfit 

Chapter 2 have introduced the basic creep models, in which several parameters such as 

atomic volume and Burgers vector length are directly related to the lattice parameter. Besides, 

the lattice misfit is a critical parameter to describe the lattice distortion and the corresponding 

strain energy variation. The lattice misfit can be determined from the concentration-

dependent lattice parameter. Generally, the lattice constant of a solid solution can be 

expressed as a linear function of solute content, which is known as the Vegard’s law [34-36], 

X6Y� = X& + [ \:]: (3-1) 

where X6Y� is the lattice constant of a solid solution, X& is the lattice constant of the pure 

solvent, ]3 is the atomic percent of the solute element i, and \: = =O
=P^ is the linear coefficient 

to describe the concentration dependence of the lattice parameter.  

 

Fig. 3-1 Lattice parameter of Ni-W solid solutions as a function of W content. Experimental 

data from[37, 38].  

The definition of linear misfit is the change of lattice constant caused by solute atoms relative 

to the lattice constant of the pure solvent [39], 
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�: = 1
X&

	X
	]: (3-2) 

where εi is the linear misfit due to the solute atom i. Generally, the volume misfit is about 

three times of the linear misfit [11], i.e. `: = 3�:. There are 4 atoms for FCC unit cell, thus 

the average atomic volume Ω& and Burgers vector b can be derived from the lattice constant 

according to the following relations [40]. 

Ω& = X6Y�,
4  (3-3) 

� = X6Y� √2⁄  (3-4) 

In present work, based on experimental data shown in Fig. 3-1, the lattice parameter of Ni-

W solid solutions was expressed in the form of Eq.(3-1) with a0=3.5239 Å and li=0.00429 

(Å/at%). Therefore, the derived linear and volume misfits are 12.17% and 36.51%, 

respectively. In comparison with data of King’s work[41], the linear and volume misfit are 

close to his experimental values of 11.04% and 36.93%, respectively.  

3.1.2 Diffusion coefficients 

In creep modeling, the diffusion coefficient is a factor used several times to calculate 

dislocation mobility, dislocation velocity and drag stress. As a temperature-dependent 

parameter, the diffusion coefficient is commonly expressed as the Arrhenius formula, as 

Eq.(2-8) shows. Pre-exponential coefficients and activation energies should be known since 

they have a great influence on the accuracy of the results. For the lattice diffusion of W atoms 

in Ni, pre-exponential coefficients and activation energies were obtained from Thermo-Calc 

package. The calculated values of pre-exponential factor Ds0 and activation energy Q are 

2.80 × 10fg  m� s⁄  and 282 kJ/mol, respectively. To evaluate the accuracy of the calculated 

values, the results were compared with experimental data from several sources. In Fig. 3-2, 

results obtained from Thermo-Calc were compared with experimental data. The value and 

temperature dependence of Thermo-Calc data fit satisfactory with experimental data.  
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Fig. 3-2 Diffusion coefficient of Tungsten(W) in Nickel. Experimental data from [42, 43] 

In terms of pipe diffusion coefficient, experimental data is quite limited for Ni. By 

performing molecular dynamics calculations, values of PDC for intrinsic diffusion of screw 

dislocations that given by Soltani et al. [32] were Dd0 = 5.3×10-7 m2/s and Qd = 152.4 kJ/mol 

with a core radius of 6×10-10 m was used to calculate the cross-section area Ad. When 

comparing the values of PDC with the established lattice diffusion coefficients (D0latt = 

1.56×10-4 m2/s  and Qlatt = 289 kJ/mol [43]), it is obvious to see the much lower Dd0 value 

reported in [32] than that of D0latt for Ni. With the values of pre-exponent factor and activation 

energy reported in [32], the pipe diffusion coefficient calculated by Eq. (2-9) is at least a 

factor of 5 larger than lattice diffusion coefficient. This gives a conclusion that the climb is 

primarily controlled by pipe diffusion in these experiments. However, it has been observed 

that Dd0 and D0latt should in the same size approximately, whereas Qd is 0.6 to 0.7 of Qlatt [31]. 

This is in contrast with the finding that the Dd0 value (reported in Ref. [32]) is 300 times 

lower than the established that of D0latt for Ni. For this reason, the D0latt value has been used 

for Dd0. Even if the value of D0latt is used as Dd0, the calculated PDC is dominating as well. 

The conclusion is the same.  

3.1.3 Shear modulus 

In several formulas of basic creep model, the shear modulus is of important for 

describing quantities such as creep rate, dislocation stress, stacking fault energy and strain-

induced vacancies. It is well known that the shear modulus and Young’s modulus of nickel 

decrease with growing temperature. Based on experimental data reported in Ref.[44], the 

temperature-dependent Young’s modulus was expressed as a second-order function of 
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temperature, as Eq. (3-5), and then the shear modulus was derived according to Eq. (3-6). 

j = j& + 7� k + 7� k� (3-5) 

2(1 )


 P

E
G  (3-6) 

where E0 is Young’s modulus at 0ºC, TC is the temperature in °C, 7�  and 7�  are 

coefficients, and lm is Poisson’s ratio. The values of parameters used in Eq. (3-5) and (3-6) 

are listed in Table 3-1. Fig. 3-3(a) also shows a comparison with observations from Ref.[7]. 

Similarly, as Fig. 3-3(b) shows, shear moduli of Ni-5W, Ni-15W and Ni-25W have also been 

described as functions of temperature in the form of Eq.(3-7).  

8n:o = 8& + T� k + T� k� (3-7) 

where G0 represents the shear modulus at 0ºC, TC is the temperature in °C, and T� and T� 

are coefficients. For the Ni-W alloys, parameters in Eq. (3-7) have been listed in Table 3-2. 

The polynomial fitting results can satisfactorily describe the experimental data. 

Table 3-1 Parameters in Eq. (3-5) and (3-6) for the shear modulus of pure nickel 

E0 [GPa] 7� [GPa/°C] 7� [GPa/°C2] υ 

226.2 -0.06956 -4.515×10-6
 0.31 

 

Fig. 3-3 The temperature-dependent shear modulus of nickel and Ni-W solid solutions. (a) 

shear modulus of nickel; (b) shear modulus of Ni-W alloys with the unit of W content in 

wt%. Experimental data from [7, 9, 44] 
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Table 3-2 Parameters for the temperature dependence of the shear modulus 

Alloys G0 [GPa] T� [GPa/°C] T� [GPa/°C2] 

Ni-5W 80.18 -7.341×10-3 -2.063×10-5 

Ni-15W 83.02 -13.52×10-3 -1.412×10-5 

Ni-25W 86.3 -16.42×10-3 -1.038×10-5 

 

3.1.4 Stacking fault energy 

Stacking faults are essential microstructural features during plastic deformations. 

Perfect dislocations split into partial dislocations and stacking faults are created between 

them [45]. Experimental observations have confirmed that the stacking fault energy plays an 

important role in high-temperature creep and varies with solute content[7]. Mohamed and 

Langdon [5] showed that the stacking fault energy provides a great effect on the stationary 

creep rate for Ni-W alloys. To consider the influence of stacking fault energy, a factor as 

Eq.(2-5) shows was multiplied by dislocation mobility. The stacking fault energy �>?@ is a 

vital parameter which changes with solute content. Experimental data of stacking fault 

energies for Ni-W solid solution were expressed respect to W content as Fig. 3-4 shows. At 

lower solute content, the stacking fault energy sharply decreases with increasing solute 

content. When the W content is higher than 3 at% approximately, the decrease rate of 

stacking fault energy reduces gradually. The difference between data from the three 

references is quite small when the content of W is less than 10%. The stacking fault energies 

for Ni, Ni-2W, Ni-4W and Ni-6W are applied to calculate steady-state creep rate.  

 

Fig. 3-4 Stacking fault energies of Ni-W solid solution as a function of W content. 

Experimental data from [4, 5, 7]  
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3.1.5 Parameters used in computations 

The parameter values used in this paper are listed in Table 3-3. All parameters are from 

experimental data or calculation results. 

Table 3-3 Parameters used in present work 

Parameter description Parameter Expression and 

value 

Unit Ref. 

Lattice constant of nickel a0 3.5239   Å [37] 

Burgers vector  b X6Y�/√2  m  

Atomic volume  Ω& Eq.(3-3) m3  

Boltzmann constant kB   
1.38 × 10f�, 

  
J/K  

Poisson’s ratio υ 0.31   

Gas constant 01 8.314     J/(mol·K)  

Shear modulus G Eqs.(3-6)-(3-7)  Pa  

Pre-exponent of lattice 

diffusion of nickel 
D0latt 1.56×10-4  m2/s [43] 

Pre-exponent of pipe 

diffusion 
Dd0 1.56×10-4  m2/s 

[32] 

mod. 

Activation energy of 

lattice diffusion of nickel 
Qlatt 28900 J/mol [43] 

Activation energy of pipe 

diffusion 
Qd 152.4 kJ/mol [32] 

Cross-sectional area Ad π(6 × 10f�&)� m2 [32] 

Stacking fault energy of 

nickel 
S F E  0.235 J/m2 [4] 

Taylor factor m 3.06   

Taylor equation constant α 0.19  [20] 

Work hardening constant cL Ksub/m  [21] 

Subgrain size constant Ksub 20  [46] 

Dislocation line tension  τL Gb2/2  N [47] 

3.2 Creep rate 

3.2.1 Pure nickel 

It is well established that creep of many pure elements has a stress exponent in the range 

from 3 to 7 at about half of their melting temperature [45]. Most basic creep models give a 
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stress exponent of 3. This is also the case for the fundamental model in Chapter 2 in its basic 

form. Mechanisms for higher stress exponents than 3 are poorly understood and are essential 

to investigate. This is also the case for pure nickel.  

Norman and Duran [48] performed the steady-state creep testing for a pure 

polycrystalline nickel under stresses ranging from 46 to 248 MPa at temperatures in the range 

of 260°C to 650 °C (i.e. 0.30-0.55 of Tm). They performed two types of tests at constant load 

and at loads varying in steps. The results from the two approaches were compared for a 

number of cases and were confirmed to be equivalent under the testing conditions.  

In Fig. 3-5, results for the creep rate of pure nickel are plotted as a function of the 1/T 

and T, respectively. The creep modeling was carried out for the same temperature range and 

stress levels as Norman’ tests, and the results are compared with the experimental data[48]. 

The activation energy of creep can be observed directly from the slope of curves in Fig. 3-5. 

The value of activation energy given by experiments is 171 kJ/mol, which was approximately 

constant over the considered range of temperatures and stresses. The activation energy of the 

modeling results was 152 kJ/mol which is equal to the activation energy of pipe diffusion. 

Since the pipe diffusion is much faster than the lattice diffusion, the agreement of activation 

energies between modeling and the observations illustrates that pipe diffusion is controlling 

the creep rate.  

For stress exponents, the model gave a value of 6.8, which is quite close to the 

experimental value of 6.7. This can be directly seen from Fig. 3-5 by comparing the 

experimental data and the model values at the lowest and the highest test temperatures. For 

bulk diffusion, the basic model gives a stress exponent of 3, which increased by 2 to 5 when 

pipe diffusion is considered. The reason is the contribution of dislocation density in Eq.(2-9) 

that corresponds to a contribution to the stress exponent of 2 [49]. In addition, the strain-

induced formation of vacancies gives an additional 2 to the stress exponent. This explains 

why the model gives a stress exponent of about 7 in agreement with observations. The 

agreement between observations and model values supports the assumption that climb is the 

controlling mechanism and governs the creep rate.  

In Fig. 3-6, the creep rate of pure nickel at high temperatures is shown as a function of 

stress. In this way, the stress exponent can be read directly from the slop of curves. Modeling 

results of creep rate are compared with experimental data at 900°C, 950°C and 1000°C. 

Although the model values of creep rate cannot reproduce the experimental data perfectly, a 

factor 5 to 10 lower than the experimental values, several features can still be interesting. The 

creep exponent, i.e. the slope is quite high at high temperatures with the value is about 5. In 

addition, the slope, i.e. stress exponent, increased when stress is larger than 20 MPa. The 
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modeling results reflect this characterization quite well. The reason for the variation of the 

stress exponent is primarily the strain-induced formation of vacancies, Eq. (2-6). The 

activation energy is represented by the vertical difference between the curves in Fig. 3-6. It 

can be seen that the activation energies in the experimental data and in the model are quite 

similar, and in fact, they are close to the activation energy of self-diffusion. 

 

Fig. 3-5 Creep rate versus 1/T (K-1) and temperature (°C) for pure nickel. Experimental data 

from [48] 

 

Fig. 3-6 Creep rate versus stress at different temperature for pure nickel. Experimental data 

from [50] 

3.2.2 Ni-W solid solutions 

Fig. 3-7 shows modeling results of creep rate at several stress levels as a function of 

temperature. The modeling values are compared with experimental results of Ni-2W and Ni-

4W. It can be seen that W has an obvious effect on the creep rate, which reduces the creep 

rate dramatically. This is mainly due to the effect of the reduced stacking fault energy caused 

by increased W content. The stacking fault energy as a function W content, Fig. 3-4, 
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decreases initially very rapidly but then much slower. In the model, the dislocation mobility 

is multiplied by a factor related to stacking fault energy, Eq.(2-5), which has a direct influence 

on the creep rate. Therefore, there is a relatively big difference between the creep rate of pure 

nickel and that of Ni-2W, but a smaller difference between the creep rate of Ni2W and Ni4W. 

The other effect is the interaction energy, Eq. (2-10), which gives an additional 30 kJ/mol to 

the activation energy for Ni-W but zero for pure Ni. It gives a contribution to the creep rate 

through Eq. (2-11).  

For Ni-2W and Ni-4W alloys, the similar slope between modeling results and 

experimental data indicates that the activation energy is predicted reasonably, even though 

the calculated activation energy is slightly larger. The difference between the three stress 

levels is underestimated. This means that the model stress exponent, which is 3.5, is lower 

than the observed value of 4.8.  

 

Fig. 3-7 Creep rate versus temperature at different stresses for Ni-W alloys. Experimental 

data from [4] 
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Chapter 4 

Theoretical background of first-principles calculations 

In this chapter we start with the many-body problem before considering the Hohenberg 

Kohn-Sham formulation of density functional theory (DFT) [51, 52]. The materials of this 

chapter is mainly based on Refs. [53, 54] 

4.1 Many-body problems 

Using principles of quantum mechanics, properties of a system consisting of many 

particles can be derived from the interactions between nuclei and electrons. The starting point 

is the description of the system by a time-independent Hamiltonian, 

s = − ℏ�
2�.  [ u:�

:
−  ℏ�

2  [ uv��wvv
+ 1

2 [ x�
yz: − z{y:|{

+ 1
2 [ }v}�x�

|0v − 0�|v|�

+ 1
2 [ }vx�

|z: − 0v|:,v
=  . +  w + �.f.+�wfw + �wf. 

(4-1) 

where  .  and  w are the kinetic energy operators for nuclei and electrons, respectively; 

�.f. , �wfw  and �wf.  represent electron-electron, nuclei-nuclei and nuclei-electron 

interactions; z: and 0v are coordinates of the ith electron and the kth nucleus, respectively; 

�. and �wv are the masses of an electron and of the kth nucleus, respectively; ℏ is the Plank 

constant and }v  represent the atomic number of kth atom.. Since the term 1/�wv  is very 

small relevant to 1/�., according to the Born-Oppenheimer approximation[55], the kinetic 

energy of nuclei will be ignored when setting mass of nuclei to be infinity. Then the term  w 

will be removed and the Hamiltonian will become s =  . + �.f.+�wfw + �wf.. Finally, the 

atomic units are ℏ = �. = x = 1 

In physics, electrons and nuclei are wave-like particles and their states can be described 

by wavefunctions �(z, �). In stationary states, the states of particles can be represented by 

position-dependent wavefunctions �(z). In the Hartree approximation, the electrons are 

assumed to be independent particles that do not interact with each other, so the wavefunction 

of N electrons can be expressed as the product of N single-electron wavefunctions, 

�(z) ≡ ��z�, z�, ⋯ , zn� = ��(z�)��(z�) ⋯ �n(zn) (4-2) 

The Hartree–Fock (HF)[56, 57] method is another famous approximation to determine 

the wavefunction and the energy of a quantum many-body system in a stationary state. In the 

HF method, the many-body wavefunction is not a product, but a more complex combination 
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(Staler determinant) of the single-electron wavefunctions that takes into account the Fermi 

statistics of electrons, related to the antisymmetry of their wavefunction.  

The states of the system can be obtained by solving the many-body Schödinger equation, 

s|�⟩ ≡ j|�⟩ (4-3) 

In order to get solutions of a many-body Schödinger equation, ways are needed to make the 

problem of computing the wavefunctions and energy levels of the system numerically 

tractable. The HF method provides such a possibility, but it is computationally heavy and has 

been mostly used in Quantum Chemistry in studies of rather small atomic systems.  Another 

possible way is provided by density functional theory. 

4.2 Density functional theory (DFT) 

Density functional theory (DFT) provides a quantum-mechanical basis for most ab initio 

methods in computational materials science. These methods made it possible to investigate a 

complex system. According to Hohenberg and Kohn theorem[51, 52], the ground state of an 

electron system in an external field (of the nuclei) can be described by the energy represented 

as a functional of electron density as follows, 

jI���r#� =  6���r#� + j����r#� + j�����r#� + � �I�r#��r#dr (4-4) 

where  6�n�r#�  is the non-interacting kinetic energy, j��n�r#�  is the Hartree energy, 

j���n�r#� is the so-called exchange-correlation energy, the fourth term in the right hand of 

Eq. (4-4) is the interaction energy with external potential, and ��r# is the electron density. 

The equilibrium energy can be obtained by minimizing of the Eq. (4-4).  

Within the Kohn-Sham (KS) scheme [52], the effective single-particle Schrödinger 

equations reads 

�− 1
2 u� + �.�z# + � ��z�#

|z − z�| 	z� + `jP�[�(z)]
`�(z) � �:(z) = �:�:(z). (4-5) 

The electron density is calculated from the single-electron orbitals according to the 

summation that runs overall energy levels �: below the Fermi level ϵ�, i.e.  

�(z) = [ |�:(z)|�
�^���

 (4-6) 

When the density is known, the Hartree energy, for example, can then be evaluated as 

j�[�(z)] = ∬ w(;)w(;�)
|;f;�| 	z�	z  (4-7) 

Self-consistent calculations are used to find the solution of the energy functional iteratively, 

to describe the ground state density and energy of the interacting system. In the self-
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consistent calculation procedure, the only unknown item is the exchange-correlation energy. 

The local density approximation (LDA)[58] and the generalized gradient approximation 

(GGA) [59] are the most popular approximations to the exchange-correlation energy. The 

accuracy of DFT calculations, in principle, is only limited by the employed approximate 

functional describing the exchange-correlation energy. 

4.3 The Exact Muffin-tin Orbitals (EMTO) method 

More detail and useful information about the EMTO method can be found in Professor 

Levente Vitos’s book [54]. In this section, a brief introduction to the EMTO method will be 

given. EMTO may be regarded as an improved screened Koringa-Kohn-Rostoker (KKR) 

method[60]. The single-electron potential is represented by the overlapping potential spheres, 

i.e. the effective single-electron potential is approximated by spherical potential wells 

���z�# − �& centered on the lattice sites R plus a constant potential �&. 

��z# ≈ �& + [����z�# − �&�
�

 (4-8) 

where z�  is the modulus of vector difference z� = |z − 0|. When r�  is larger than the 

radius of the potential sphere s�, the potential ��(z�) = �&.  

The Kohn-Sham orbitalψ3(r) can be expanded by exact muffin-tin orbitals � �<O (�:, z�), 

�:(z) = [ � �<O (�:, z�)S�<,:O
�<

 (4-9) 

where S�<,:O  is the expansion coefficients, ¡ = (\, �)  denotes a set of orbital quantum 

number l and magnetic quantum number m. The single-electron wave function and then the 

electron density can be found by solving the corresponding Kohn-Sham equation iteratively. 

By employing an optimized overlapping Muffin-Tin (OOMT) potential, EMTO can provide 

results with an accuracy close to that of full potential methods, but at a higher computational 

efficiency. 

4.4 The coherent potential approximation (CPA) 

The coherent potential approximation (CPA) is a method to find the Green’s function 

of an effective medium representing a disordered alloy on a regular periodic lattice. The 

concept is helpful to understand the electron wave scattering in concentrated random alloys, 

partially disordered compounds.  In the case of disordered substitutional alloys, the 

distribution of elements is random, so that the translational symmetry is broken. The basic 

idea of CPA is to consider this system as a regular periodic crystal in which the real atoms at 

all sites have been replaced with effective scatterers whose potential are such that the average 
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result of electron scattering by this periodic “effective medium” is the same as by the 

disordered alloy. 

Before the CPA, the so-called virtual-crystal approximation (VCA)[61, 62] was often 

used in order to describe the potential of a binary random alloy in a simple rule of mixture, 

i.e. VVCA = xAVA + (1 − xA)VB, where VVCA, VA and VB are potentials of the alloy species A 

and B, respectively. The VCA is only applicable to alloys of elements having a very similar 

electronic structure (neighbors in the Periodic table). Even in those cases, it cannot fully 

represent the decay of states characteristic of real disordered alloys and causing such effects 

as residual resistivity. An improved approximation was developed which is known as the 

average t-matrix approximation (ATA)[63, 64]. In the ATA, the t-matrix average is used to 

replace potential average, tVCA = xAtA + (1 − xA)tB, where t-matrix is a function to describe 

the electronic scattering from a potential. The ATA can reflect the majority of physical 

characteristics of random substitutional systems, but its applicability is limited to dilute alloys. 

Finally, based on the ATA, a more comprehensive description of electron scattering in 

concentrated random alloys was achieved using the CPA[65, 66], which was proven to be 

the best single-site approximation. Extensions of CPA beyond the single-site approximation 

also exist. 

4.5 Disordered local moments (DLM) 

At a temperature above the Curie temperature, the magnetic order will disappear, and 

the fluctuating local magnetic moments will be distributed randomly, which is known as the 

paramagnetic state. The disordered local moment (DLM) approach [67, 68] is an 

approximation to model the random distribution of local magnetic moments in paramagnetic 

states using the so-called “alloy analogy”. For a magnetic elemental solid A, the 

paramagnetic state (with all possible randomly distributed orientations of spin moments of A 

atoms) can be equivalently described as an alloy of two species, one with spin-up and the 

other with a spin-down orientation of magnetic moment, i.e. as A0.5↑A0.5↓. In this effective 

alloy, the distribution of alloy species over the lattice sites is also random and can be 

described using the CPA.  
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Chapter 5 

Computational methodology 

5.1 Partitioning of Helmholtz free energy  

Thermophysical properties of a material can be derived from its Helmholtz free energy. 

In first-principles calculations, the Helmholtz free energy of a system can be obtained as a 

function of volume and temperature. Contributions due to electrons (including magnetism) 

and lattice vibrations can be described separately as follows, 

¢��,  # = ¢.���,  # + ¢£:H��,  #   (5-1) 

where V is the atomic volume, ¢.� = j.� −  ¤.�  is the partial electronic free energy at 

temperature T which including the contributions due to partial occupancy of electron states 

and magnetic fluctuations, and ¢¥3� is the free energy caused by lattice vibrations (also 

known as phonons) which includes harmonic and anharmonic contributions. 

At elevated temperatures, some electrons get thermally excited from low-energy 

occupied levels below the Fermi level to high-energy empty level above the Fermi level. In 

the electronic free energy calculations, the effects of thermal electronic excitations were 

included by introducing the Fermi-Dirac distribution function that describes a partial 

occupancy of the valence electron states around the Fermi level at finite temperatures[69, 70]:  

2��# = ¦x��f§# v¨©⁄ + 1ªf�
 (5-2) 

where �  is the energy of an electron state, «  is the Fermi level, 'U  is the Boltzmann 

constant and T the electronic temperature. The contributions to energy and entropy due to 

partial occupancy of electron states around the Fermi level were evaluated as integrals over 

a piecewise-elliptical contour in the complex energy plane. The contour was chosen to begin 

some energy below the bottom of the valence band and to extend to some energy above the 

Fermi level, to envelope all substantially populated valence states together with 4 Matsubara 

poles of the Fermi-Dirac distribution function [69]. In particular, the electronic entropy was 

evaluated as, 

¤.� = −'( ��2\�2 + �1 − 2#\� �1 − 2#����#	� (5-3) 

where ���# is the electron density of states, f is the Fermi-Dirac distribution function shows 

in Eq. (5-2). 

At elevated temperatures, the directions of atomic magnetic moments in magnetic 
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materials are distributed randomly, so that the overall spin polarization of the valence electron 

density in the material is zero, which is known as the paramagnetic state. In the coherent 

potential approximation scheme, this disordered magnetic configuration is represented by 

considering each atom as an equivalent alloy of two species, one with a spin-up magnetic 

moment and the other with spin-down magnetic moment[71-74]. The magnetic free energy 

contribution due to disordered magnetic fluctuations can then be evaluated using a self-

consistent disordered local moment (DLM) approach[68] which implemented in the EMTO-

CPA package. The magnetic entropy is estimated from the calculated atomic magnetic 

moments as follows, 

¤NO1 = '( [ �:ln ��: + 1#:  (5-4) 

where mi is the CPA-averaged, the absolute value of spin moment on the ith atom (its value 

corresponding to temperature T was determined self-consistently by minimizing the free 

energy), 'U  is the Boltzmann constant. By combining the − ¤NO1  term with the free 

energy terms due to thermal excitations of electrons across the Fermi level, the electronic 

part of the Helmholtz free energy can be determined. The self-consistent treatment of 

paramagnetic disorder gives an additional spin-splitting contribution to the one-electron 

potential for the two magnetic species, 

∆M: = ± '( 
�: + 1  , (5-5) 

with the plus/minus sign corresponding to the minority/majority spin component in the local 

spin coordinate framework on an atom [75]. 

The major contribution of temperature comes from lattice vibrations, which are also the 

main reason for thermal expansion. Lattice vibrations provide additional free energy to the 

system, referred to as the vibrational free energy ¢¥3�, which can be evaluated by the quasi-

harmonic Debye model. It will be introduced in detail in Section 5.3 of the present thesis. In 

the model, the Debye temperature is considered as volume- and temperature-dependent and 

can be estimated from volume-dependent elastic constants computed ab initio as a function 

of temperatures. The methodology of elastic constants computations will be introduced in 

Section 5.2. 

5.2 Elastic moduli 

Results of the partial free energy ¢.���,  #, as the dashed curve shows in Fig. 5-1, can 

be fitted by the 4-parameter Murnaghan equation of state[76] at temperature T and expressed 

as a function of primitive cell volume V: 



 

27 
 

¢��,  # = ¢��&� #,  # + ®&� #�
®&�� # ¯�&� #

�
®&� � #

®&�� # − 1 + 1° − ®&� #�&� #
®&�� # − 1   , (5-6) 

where ®&� # is the bulk modulus and ®&� � # is its pressure derivative at the volume �&� # 

which is the corresponding volume of the minimum free energy. In accordance with Eq. (5-

6), the volume-dependent bulk modulus at temperature T can be expressed as follows,  

®��,  # = ®&� # ±�&� #
� ²(³��©#. (5-7) 

At this step, the volume-dependent bulk modulus B(V,T) does not include contributions 

due to phonons. In Section 5.3, the results of the volume-dependent bulk modulus B(V,T), 

together with volume-dependent shear moduli estimated by Hill averaging approach[77], will 

be used to evaluate the Debye temperature through the acoustic velocities along longitudinal 

and transverse directions in the solid [78]. To evaluate the volume-dependent shear moduli 

according to Hill approximation, more information about single-crystal elastic constants 

should be known.  

 

Fig. 5-1 Helmholtz free energy as a function of Wigner-Seitz radius. 

For a cubic structure, there are only three independent single-crystal elastic constants, 

C11, C12, and C44. At each volume V and temperature T, two shear elastic constants, ´’ =
� �́� − �́�#/2  and C44, can be calculated by applying two types of volume-conserving 

distortions (orthorhombic and monoclinic, respectively) to the FCC crystal lattice. The 

transformation matrices for the two distortions are given by  

1 + εY =
⎣⎢
⎢⎡
1 + δY 0 00 1 − δY 0

0 0 1
�1 − δY�#⎦⎥

⎥⎤ (5-8) 
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1 + ε4 =
⎣⎢
⎢⎡

1 δ4 0δ4 1 0
0 0 1

�1 − δ4� #⎦⎥
⎥⎤   . (5-9) 

The subscripts o and m refer to orthorhombic and monoclinic distortions, respectively. Five 

strain values (δY,4 = 0.00 − 0.04) were used in the calculations for each type of distortion 

given by Eqs. (5-8) and (5-9).  

The volume-dependent shear constants ´���,  # and C44��,  # at temperature T can be 

derived from the curvatures of the corresponding energy changes [79], 

¢.��`¼# − ¢.��0# = 2�´�`¼� + ½�`¼¾# (5-10) 

¢.��`N# − ¢.��0# = 2�´¾¾`N� + ½�`N¾ #  . (5-11) 

Thus, for a specific temperature T, with the results of volume-dependent ´���,  #  and 

´¾¾��,  # , the volume-dependent polycrystalline shear modulus G can be calculated 

according to Voigt-Reuss-Hill averaging method[77] according to Eq. (5-12)-(5-14).  

8¿��,  # = 2´���,  # + 3´¾¾��,  #
5  (5-12) 

8���,  # = 5´���,  #´¾¾��,  #
3´���,  # + 2´¾¾��,  # (5-13) 

8��,  # = 8���,  # = 8¿��,  # + 8���,  #
2     (5-14) 

where 8À��,  #  and 8���,  #  are the shear modulus estimates in the Voigt[80] and 

Reuss[81] approximations, which are upper and lower limits of the shear modulus, 

respectively; 8���,  # is the Hill-averaged shear modulus. Thus, together with the bulk 

modulus, we can get a full set of volume-dependent elastic moduli at a specific temperature 

T. Using B(V,T) and G(V,T), after evaluation of vibrational free energy Fvib (more details in 

Section 5.3), the Helmholtz free energy with contributions due to phonons will be obtained, 

as the solid curve shows in Fig. 5-1.  

In the second round, we can repeat the fitting procedure by the 4-parameter Murnaghan 

equation of state to the Helmholtz free energy (with the lattice vibration contribution now 

included), to get the equilibrium volume �&� # and bulk modulus ®&� # at temperature T. 

Additional calculations or interpolations can be applied to evaluate shear elastic constants 

´’� # and C44(T) at �&� # for a temperature T. From ®&� # and ´’�T# one finds: 

�́�� # = �3®&� # + 4´�� #� 3⁄   , (5-15) 

�́�� # = �3®&� # − 2´�� #� 3⁄   . (5-16) 

Then all other elastic properties such as shear modulus and Young’s modulus can be derived 

from these results as discussed above. It is worth mentioning that, since the Helmholtz free 

energy includes the contribution due to lattice vibrations, elastic properties obtained in the 
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second round of fitting also include contributions due to phonons. 

5.3 Quasi-harmonic Debye model 

As presented in previous sections, the vibrational free energy is important and should 

be included in the Helmholtz free energy. In this work, the vibrational free energy is 

estimated by the so called quasi-harmonic Debye model [70, 82] as 

¢£:H��,  # = 9
8 '(Ã + '( Ä3 \� Å1 − x]Æ ±− Ã

 ²Ç − $ ±Ã
 ²È   , (5-17) 

where Ã��,  # is the volume- and temperature-dependent Debye temperature calculated 

from the elastic moduli through Eqs. (5-19)-(5-22) and D is the Debye function, 

$ ±Ã
 ² = 3 ± 

Ã², � �,
xÉ − 1

Ê©
&

	�   . (5-18) 

With the vibrational free energy taken in the form of Eq. (5-17), the Helmholtz free energy 

in Eq. (5-1) will contain contributions from all degrees of freedom, electronic, magnetic and 

vibrational. The latter term in (5-1) is taken in the quasi-harmonic Debye model which 

neglects higher-order anharmonic effects such as effects due to the electronic structure 

changes caused by atomic displacements from the ideal lattice sites. Therefore, the present 

model is expected to perform well if the amplitudes of such displacements are small, typically 

at temperatures far below the melting temperature. 

The critical quantity in Eq. (5-17) is the Debye temperature Θ, which can be evaluated 

at every volume V and temperature T from the mean acoustic velocity as suggested by 

Anderson[78], 

Ã��,  # = ℏ
'( ¯6Ë�

� °
�, lN (5-19) 

3
lN,

= 1
l<,

+ 2
l©,

   , (5-20) 

where ℏ is the Planck constant, l4 is the mean acoustic velocity, and l� and lÌ  are the 

mean velocities of longitudinal and transversal acoustic waves, respectively. The longitudinal 

and transverse sound velocities can be determined from the volume- and temperature-

dependent bulk and shear moduli: 


l<� = ®��,  # + 4
3 8��,  # , (5-21) 


l©� = 8��,  #  . (5-22) 

where 
 is the density of the alloy. 
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5.4 Stacking fault energy 

During plastic deformation of some materials, planar defects of stacking fault type 

commonly appear in the microstructure. Stacking fault energy (SFE) has a close relationship 

with the deformation behavior. Prediction of stacking fault energy is a popular area in 

computational materials science. In this work, three approaches to calculate the intrinsic and 

extrinsic stacking fault energies have been tried. The first approach is known as the ANNNI 

(axial-next-nearest-neighbor) model, which is a widely used method in the stacking fault 

energy calculation of semiconductors, metallic materials, etc. [83-86]. This method is an 

efficient way to predict stacking fault energy avoiding the use of large supercells. In this 

model, the energies of intrinsic stacking fault (ISF) or extrinsic stacking fault (ESF) are 

approximated by certain combinations of the Helmholtz free energies of different short-

period stacking sequences of close-packed (111) atomic planes. The ISF and ESF energies 

can be estimated within the first- and second-order ANNNI models. In the first-order ANNNI 

model, the energies of extrinsic and intrinsic stacking faults are equal to each other, 

�36J��#��,  # = �I6J��#��,  # = 2¦¢Í�Î��,  # − ¢�ÏÏ��,  #ª
K� #  (5-23) 

The second-order ANNNI formulae read as follows: 

�36J��#��,  # = ¢Í�Î��,  # + 2¢5Í�Î��,  # − 3¢�ÏÏ��,  #
K� #  (5-24) 

�I6J��#��,  # = 4¦¢5Í�Î��,  # − ¢�ÏÏ��,  #ª
K� #  

(5-25) 

where ¢Í�Î , ¢5Í�Î  and ¢�ÏÏ  are the Helmholtz free energies (per atom) of the perfect 

hexagonal-close-packed (HCP) structure, double hexagonal-close-packed (DHCP) structure 

and face-centered-cubic (FCC) structure, respectively. The periodically repeating stacking 

sequence along the [111] direction is AB for HCP structure, ABAC for DHCP structure and 

ABC for FCC structure. The equilibrium volume of FCC structure at a given temperature T 

was used to calculate free energies for the three structures mentioned above. For HCP and 

DHCP structures, the c/a ratio was set to the ideal value of approximately 1.633. The interface 

area is related to the equilibrium lattice constant X&� # of the FCC structure as follows, 

K� # = √3
4 �X&� #�� (5-26) 

In the present thesis, the equilibrium lattice constants at any temperature have been derived 

from the calculated Helmholtz free energy. 

The second approach, which may be called a tilted-supercell model because of the tilted 

c-axis, is the most popular method in SFE calculations. In the present work, a supercell 

containing nine (111) layers with primitive lattice vectors a, b and c along the �1 10�, �01 1� 



 

31 
 

and [111] directions, respectively, was employed. The intrinsic and extrinsic stacking faults 

can be generated by shifting the primitive vector c along the [1 1 2] direction [87, 88], as Fig. 

5-2 shows. A 33 e 33 e 7  Monkhorst–Pack [89] grid of k-points has been used in the 

calculations by this model. 

 

Fig. 5-2 Tilted supercell model for SFE calculations. 

The third approach, the so-called slab-supercell method, is the most straightforward 

method to calculate SFE. As Fig. 5-3 shows, the intrinsic and extrinsic stacking faults are 

generated by, respectively, removing or inserting one atomic layer from/into the supercell. 

 

Fig. 5-3 Slab supercell model for SFE calculations. 
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Although the method of Anderson [78] allows one, in principle, to evaluate the Debye 

temperature from the elastic constants for any structure, in practice, the Debye model cannot 

accurately represent the differences in harmonic vibrational free energy between different 

close-packed structures. For large supercells, the numerical errors of elastic constant 

calculations (translated into Debye temperature uncertainty) may overshadow the sought-

after free energy differences with the FCC structure. In this work, to describe all close-packed 

structures on an equal footing, we approximate their harmonic vibrational free energies (per 

atom) by those calculated for the FCC structure at the same temperature and atomic volume. 

Within this approximation, the vibrational part of stacking fault energy is reduced to the 

anharmonic contribution due to thermal expansion. The harmonic contribution to SFE of Ni 

has been studied in detail in [85]. This work is focused on the anharmonic and magnetic 

contributions to the stacking fault energy. 
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Chapter 6 

Thermo-mechanical properties of nickel-based alloys 

6.1 Lattice constants and thermal expansion coefficients 

The total Helmholtz free energy in present work, Eq. (5-1), is the sum of the partial free 

energy ¢.�(�,  ) from the self-consistent calculation by exact muffin-tin orbitals method 

and the vibrational free energy ¢£:H(�,  ) given by the quasi-harmonic Debye model. Fitting 

by 4-parameter Murnaghan equation of state, Eq. (5-6), the equilibrium volume and 

isothermal bulk modulus can be determined from the total Helmholtz free energy[76]. The 

total Helmholtz free energy includes all contributions due to electronic excitation, magnetic 

fluctuations and lattice vibrations, therefore, the derived equilibrium volume and bulk 

modulus including all these degrees.  

The lattice parameter and thermal expansion coefficient (TEC) of paramagnetic nickel 

were plotted as a function of temperature. The results were compared with available 

experimental information in Fig. 6-1. It can be seen in Fig. 6-1(a) that the predicted lattice 

constants have similar values and temperature dependence with experimental data. The 

results of TEC show similar values with the reference information, but an overestimated 

temperature dependence. Although the result cannot reproduce the temperature dependencies 

of the lattice parameter and TEC perfectly, they agree with the observed trends at high 

temperatures.  
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Fig. 6-1 Lattice constants and thermal expansion coefficient of nickel as a function of 

temperature. (a) The lattice parameter of nickel; (b) thermal expansion coefficient of nickel. 

Experimental data are from refs. [90, 91]. 

The lattice parameters of Ni-Cr and Ni-W solid solutions were also plotted as a function 

of temperature (Fig. 6-2(a) and Fig. 6-3(a)). Within the considered range of concentrations 

and temperatures, the increase of temperature and solute content lead to expansion of lattice. 

This tendency is consistent with general observations in experiments. Thermal expansion is 

the main reason for the larger values of the lattice parameter at high temperatures. It is 

obvious to see in Fig. 6-2(a), the predicted lattice constants of Ni-Cr alloys are similar to 

measured values of Ni8Cr and Ni16Cr[92].  

In Fig. 6-2 (b) and Fig. 6-3 (b), the calculated thermal expansion coefficients (TEC) 

were expressed as a function of Cr and W content, respectively, and have been compared 

with experimental data at 1073K[93]. For Ni-Cr solid solutions, results of the TEC from our 

approach displays a positive concentration dependence for temperatures up to 1000 K. This 

trend matches the experimentally measured behavior of TEC in Ni-Cr alloys at 1073 K. 

However, the Ni-W solid solutions display an opposite trend. This results also fit well with 

the measured concentration dependence of TEC at 1073K. In addition, the theoretical values 

of TEC are quite close to reference data [92, 93]. This confirms that, by considering the 

effects of electronic excitations and lattice vibrations, the value and concentration 

dependence of thermal expansion coefficient can be reproduced satisfactorily. 
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Fig. 6-2 Lattice constants and thermal expansion coefficient of Ni-Cr as a function of 

temperature. Experimental data are from refs.[92, 93]. 

 

Fig. 6-3 Lattice constants and thermal expansion coefficient of Ni-W as a function of 

temperature. Experimental data are from Ref.[93]. 

6.2 Temperature-dependent elastic properties  

6.2.1 Paramagnetic nickel 

After the equilibrium volume and isothermal bulk modulus B0 derived from the total 

Helmholtz free energy, the shear elastic constants ´� and C44 can be evaluated by performing 

additional EMTO calculations at the equilibrium volume and temperature T. Then, with 

results of B0, ´�  and C44, the temperature-dependent equilibrium single-crystal elastic 

constants C11, C12 and the polycrystalline shear modulus G0 can be estimated. In addition, 

polycrystalline Young’s modulus Y can be calculated as follows: 
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Ñ = 9®&8&3®& + 8& (6-1) 

Thus, the whole set of elastic moduli was determined. 

The theoretical results of elastic properties are presented and compared with 

experimental data in Fig. 6-4.  The predicted isothermal bulk moduli fit well with the 

experimental data. Essentially, the same conclusion holds for the values of single-crystal 

elastic constants C11 and C12; however, temperature dependencies of these elastic constants 

are slightly different from experimental observations. Moreover, the EMTO calculations 

seem to substantially overestimate the value of C44, which can explain the unexpected high 

values of Young’s modulus and shear modulus. In addition, results at relatively low 

temperatures are closer to measured values. Except for these problems, the EMTO 

calculations combined with the quasi-harmonic Debye model can describe the tendency of 

elastic moduli at finite temperatures to decrease with increasing temperature. 

 

Fig. 6-4 Temperature-dependent elastic properties of paramagnetic nickel. (a) Polycrystal 

elastic moduli; (b) single-crystal elastic constants. Experimental data are from [44, 94-99]. 

6.2.2 Ni-Cr and Ni-W solid solutions 

The calculated elastic moduli of Ni-Cr were plotted as a function of temperature in Fig. 

6-5. While for Ni-W solid solutions, the results were presented with respect to temperature 

and solute content in Fig. 6-6. It can be observed that all elastic moduli of binary systems in 

present work decreased with increasing temperature. This softening phenomenon is 

consistent with the general findings. The Debye temperature evaluated by the quasi-harmonic 

approximation employed in the present calculations exhibits a strong volume dependence but 

weak temperature dependence. Therefore, the softening of elastic moduli is due to thermal 
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expansion of the lattice, which mainly results from the strong volume dependence of Debye 

temperature. All binary alloys studied in present work are mechanically stable according to 

the stability criteria: C11 > 0, C44 > 0, C11-C12 > 0, and C11+2C12 > 0. In Fig. 6-7, the predicted 

elastic moduli of Ni20Cr alloy were compared with experimental data of Ni19.6Cr. For bulk 

modulus, the theoretical values are similar to tested values at temperatures below 600 K. 

Moreover, the technique can reasonably reproduce the temperature dependencies of CL, C’ 

and C44 but overestimated or underestimated their values.  

The Influences of Cr and W on elastic properties can be reflected by their concentration 

dependencies. The elastic moduli of Ni-Cr solid solutions display a negative concentration 

dependence for most cases, although bulk moduli exhibit a non-monotonic concentration 

dependence at some temperatures. On the contrary, an increase in W concentration leads to 

a strengthening phenomenon of the bulk modulus B, �́� and �́�. The strengthening effect 

of W alloying agrees with the observed behavior reported in Refs. [9, 100]. However, for Ni-

W solid solutions, ´¾¾  exhibits a decreasing concentration dependence. Compare with 

results of bulk modulus, the softening of C44 is mainly caused by the negative volume 

dependence. This can be seen from the volume dependence of elastic moduli. Take the 

volume dependencies of B and C44 at 1000 K as examples,  the average derivative of bulk 

modulus ®  respect to lattice parameter X  is about 
Ò(
ÒO = 119.1 GPa/Å, while 

ÒkÓÓ
ÒO =

−84.68 GPa/Å for ´¾¾. By expressing the lattice parameter as a linear function of solute 

concentrations, the estimated concentration derivative of lattice parameter for Ni-W alloys at 

1000 K is 
ÔO

ÔPÕ = 0.007035 Å/at.%. This means the sign of derivative respect to lattice 

parameter will not change by 
ÔO

ÔPÕ. Then the concentration dependence of B and ´¾¾ can be 

approximated by multiplying the two derivatives, i.e. as 
Ò(

ÒPÕ = Ò(
ÒO ∙ ÔO

ÔPÕ ≈ 0.838 GPa/at.% 

and 
ÒkÓÓ
ÒPÕ = ÒkÓÓ

ÒO ∙ ÔO
ÔPÕ ≈ −0.596  GPa/at.%. It is clear to see that the concentration 

dependence has the sign same with the volume dependence, which gives the conclusion that 

the negative concentration dependence comes from the negative volume dependence.  
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Fig. 6-5 Elastic proeprties of Ni-Cr solid solutions. Different symbols are used to 

distinguish temperature. 

 
 Fig. 6-6 Elastic properties of Ni-Wsolid solutions. Change of color represents the value 

variation of elastic moduli.  
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Fig. 6-7 Comparsion between predicted elastic moduli of Ni20Cr and experimental 

data[101].  

The concentration dependence of bulk modulus for Ni-Cr alloys becomes non-

monotonic at temperatures above 1200K. The non-monotonic concentration dependence of 

bulk modulus is closely relevant to the Debye temperature and vibrational free energy. 

Taking the results for Ni10Cr as an example, Fig. 6-8(a) clearly shows a strong volume 

dependence but a weak temperature dependence of Debye temperature. To show the effect 

of Cr, the volume-dependent Debye temperatures at 1000 K have been compared for all Ni-

Cr alloys in Fig. 6-8(b), which displays that a change in Cr content will lead to a change in v 

Debye temperature because of its volume dependence. To show this, in Fig. 6-8(c), Debye 

temperatures for different Ni-Cr alloys at 1600K have been plotted versus Cr content. The 

concentration dependence of Debye temperature is quite similar to that of bulk modulus at 

1600K. At high temperature, as Eq.(5-17) suggests, the vibrational free energy can be 

approximated as Eq.(6-2). Then the vibrational contribution to the bulk modulus is given by 

the curvature of Fvib as a function of volume, i.e Eq. (6-3). 

Therefore, the concentration dependence of vibrational free energy, as Fig. 6-8(d) shows, 

is mainly the volume dependence (the equilibrium volume at 1600K for different Ni-Cr 

alloys). Finally, we can conclude that the non-monotonic concentration dependence of bulk 

modulus comes from the non-monotonic volume dependence of Debye temperature.  

¢£:H��,  # ≈ 3'( ln�Ã
 # (6-2) 

®£:H��,  # = � ×�¢£:H��,  #
×��  

(6-3) 
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Fig. 6-8 Debye temperature and vibrational free energy. (a) volume-dependent Debye 

temperature of Ni10Cr at different temperatures; (b) volume-dependent Debye temperature 

of different Ni-Cr alloys at 1000K, (c) Debye temperature a function of Cr content at 

1600K; (d) vibrational free energy as a function of Cr content at 1600K. 

The Pugh ratio B/G [102] is often used as a rough criterion for assessing the intrinsic 

ductility of materials. A higher value of B/G ratio indicates a more ductile behavior of the 

material. For Ni-W solid solutions, it is evident that the alloy is expected to show a 

completely ductile behavior within the considered range of temperatures and concentrations 

in present work. The temperature and W alloying provide the contrary effects on the ductility. 

The reason is the opposite concentration dependencies of the bulk modulus and the shear 

modulus. Similar to C44, 8 exhibits a negative concentration dependence, therefor, 1/8 is 

proportional to the increasing W content and give an additional reinforce to the rising 

tendency of ®. For Ni-Cr alloys, 8 exhibits a very weak concentration dependence, so that 

the relatively strong and non-monotonic concentration dependence of B mainly determines 

the concentration dependence of ®/8 ratio.  
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6.2.3 Anisotropy  

The presence of alloying elements and their concentration variations can influence the 

elastic anisotropy of crystalline materials. Elastic anisotropy is an important property which 

can affect other orientation-dependent properties, thereby influencing the design principles 

and manufacturing process [103]. For example, the favorable direction for creep resistance, 

flow and plastic behaviors is usually designed as the longitudinal direction of a single-crystal 

turbine blade [104-106]. For cubic systems, Zener anisotropy ratio KØ, which is defined as 

the ratio between two shear constants C44 and ´′, is a simple way to describe the elastic 

anisotropy of a single-crystal. When the crystal is isotropic, ´¾¾ = ´′ and KØ = 1. With 

predicted results of elastic moduli, the estimated Zener anisotropy ratio is KØ ≈ 3.5 − 4 for 

Ni-Cr solutions but slightly larger (KØ ≈ 3.6 − 4) for  Ni-W alloys. The anisotropy ratio of 

pure nickel is KØ ≈ 2.45 as reported in Ref. [107]. The difference between Zener factor of 

pure nickel, Ni-Cr and Ni-W alloys indicates that presence of Cr and W will evidently 

enhance the anisotropy of nickel alloys. The orientation-dependent Young’s modulus and 

shear modulus for a single-crystal oriented along the crystallographic direction [hkl] can be 

expressed as follows [108, 109]: 

1
Y�hkl� = S�� − 2�S�� − S�� − S¾¾2 #�n��n�� + n��n,� + n��n,�# (6-4) 

1
G�hkl� = S¾¾ + 4�S�� − S�� − S¾¾2 #�n��n�� + n��n,� + n��n,�# 

(6-5) 

S�� = C�� + C���C�� − C��#�C�� + 2C��# 
(6-6) 

S�� = − C���C�� − C��#�C�� + 2C��# 
(6-7) 

S¾¾ = 1
C¾¾ 

(6-8) 

Taking the Ni5Cr and Ni3W alloys at 1000 K as examples, the anisotropic Young’s and 

shear moduli have been plotted as three-dimensional surfaces in Fig. 6-9. If the metal is 

isotropic, the plot should be a spherical surface. The change in shape indicates the variation 

of elastic moduli in different directions. At 1000 K, the Ni5Cr and Ni3W alloys exhibit 

similar elastic anisotropy since the similar values of the Zener factor. The effects of alloying 

elements on the elastic anisotropy are shown in Table 6-1, where the calculated values of 

elastic moduli along the [100], [110] and [111] directions for several alloy compositions have 

been compared. The elastic anisotropy facilitates itself rather dramatically in the orientation 

dependence of Young’s modulus, which takes on the maximum value for the [111] crystal 

orientation. This value is significantly larger than that along the other two orientations. In 
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contrast, the shear modulus is largest for the [100] orientation. The difference between the 

shear modulus values for the [110] and [111] orientations is relatively smaller. In applications, 

the elastic anisotropy will strongly influence the deformation behavior in different directions. 

 

Fig. 6-9 Three-dimentional surface of anisotropic Young’s moduli and shear moduli for 

Ni5Cr and Ni3W alloys at 1000 K: (a) Young’s modulus of Ni5Cr; (b) shear modulus of 

Ni5Cr; (c) Young’s modulus of Ni3W; (d) shear modulus of Ni3W(dashed lines). Different 

colors represent the magnitude of elastic moduli. 

Table 6-1 Young’s moduli and shear moduli at 1000 K along with different orientations.  

 Young’s modulus Y, GPa  Shear modulus G, GPa 

 [100] [110] [111]  [100] [110] [111] 

Ni5Cr 101.0912 205.2710 312.6831  133.3611 57.0147 47.8783 

Ni10Cr 100.8394 204.1578 310.0475  132.4218 56.8544 47.7680 

Ni15Cr 101.0767 202.5425 304.3996  130.3889 56.8769 47.8790 

Ni20Cr 100.6664 201.2071 301.6225  129.8163 56.7189 47.7555 

Ni25Cr 98.8641 199.0239 300.5051  129.6187 55.8794 46.9720 

Ni3W 98.3096 203.8067 317.3094  134.8519 55.7221 46.6061 

Ni6W 97.4611 201.8929 314.0709  132.1672 55.0027 46.0422 

Ni9W 97.6217 201.5770 312.5032  130.9780 54.9440 46.0359 

Ni12W 95.4158 198.4033 309.9010  129.2972 53.7215 44.9613 
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6.2.4 Local relaxation 

The local relaxation was introduced into the calculations by changing the coordinates of 

atoms around the impurity. The equilibrium position, i.e., the most appropriate relaxation, 

was determined by minimizing the partial free energy varied with the changing coordinates. 

The configurations of 32-atom supercells with one or two W atoms can be seen in Fig. 6-10. 

The small cube that is the 1/8 wedges of the supercells in Fig. 6-10 was taken out for better 

visualization. The labels 1NN and 3NN indicate the radii of the first and third nearest-

neighbor shells around the solute atom. Moreover, the positions of second nearest Ni atoms 

are not affected by the presence of W due to the periodic boundary condition of superalloys. 

The `� and  `, labels indicate the components of local displacements (relaxations) along 

with axis directions for 1NN and 3NN atoms, respectively. By computing and minimizing 

the partial free energy of the system as a function of local displacements `� and `,, the 

equilibrium relaxed atomic positions with the minimum energy was found. This means at this 

situation the system will become more stable. The displacements of Ni atoms around W 

represented by two parameters `� and `, are shown in Fig. 6-10(a) for the system with 

3.125 at.% W. There are fewer degrees of freedom for local relaxation for the system with 

6.25 at.% W as Fig. 6-10(b) shows, because the first and third nearest-neighbor shells for the 

W atoms sitting in the corner and in the body-center positions overlap. The components along 

axis directions for local relaxation are `� − `, in the system with two W atoms as indicated 

in Fig. 6-10(b). The partial free energy is plotted as a function of `�, `, and `� − `, in Fig. 

6-11. By minimizing the results shown in Fig. 6-11, values of the equilibrium relaxation were 

determined, specifically `� = 1.214%, `, = 0.1% and `� − `, = 1.126% of the original 

coordinate (0.25 along any directions). The same distortion values were used throughout the 

calculations of elastic properties. 
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Fig. 6-10 Configuration of supercell model. (a) Ni31W; (b) Ni30W2. Red spheres are W 

atoms and grey spheres are Ni atoms. 

 
Fig. 6-11 Energy changes vs coordinate changes. (a) Ni31W; (b) Ni30W2. The upper figure 

of (a) is energy changes as a function of 1NN atoms’ movement; another figure of (a) is 

energy changes as a function of 3NN atoms’ movement. 

The binary Ni-W alloys were regarded as random substitutional solid solutions with 

FCC structure. Three concentrations 3, 6 and 9 at.% of W were considered to study the 

influence of W content on elastic properties. The equilibrium lattice parameter was expressed 

as a function of W content at different temperatures in Fig. 6-12. The lattice parameter 

increased linearly with growing W content. This tendency agrees with experimental 

observations. In addition, the difference between theoretical results and the measured values 

at room temperature is mainly due to thermal expansion. This has been confirmed in our 

work for HR3C steel[17]. Therefore, Ni-W has a similar situation. Moreover, the slop of the 

black dashed line is more similar to the red dashed line in Fig. 6-12. This means the 

concentration dependence of results with local relaxation is more reasonable and can also be 
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confirmed by the value of lattice misfit in Table 6-2.  

 

Fig. 6-12 Lattice parameter of Ni-W binary solid solutions as a function of W content. 

Solid lines with different symbols are results without local relaxation; open squares with 

the dashed line are results with local relaxations. The experiment results from Ref.[37]. 

From the concentration dependence, the slope of straight lines presented in Fig. 6-12, 

the linear lattice misfit can be estimated. Linear misfit caused by solute atoms is a parameter 

to describe interaction energy caused by interactions between solute atoms and dislocations 

in alloys[10-12, 110, 111]. According to Vegard’s law, the lattice parameter varied linearly 

with solute content [34-36]. Then the linear misfit ε� caused by a W atom in the solid 

solution can be expressed as Eq. (3-1). Generally, the volume misfit δ� is three times the 

linear misfit [11]. In Table 6-2, the calculated values of linear misfit and volume misfit are 

compared with available reference data at the room-temperature[41]. It is obvious that, 

although the predicted values still slightly larger than experimental data, the results with local 

relaxation are more reasonable and closer to the measured values by King[41]. 

 Table 6-2 Lattice misfit ε� and δ� calculated in this work, in comparison with 

reference data, unit in % 

 Without local relaxation 
With local 

relaxation 

Reference 

data 

Temperature 800 K 1000 K 
1200 

K 
1400 K 

1600 

K 
800 K RT[41] 

��, % 19.9 19.6 19.1 18.5 17.3 14.6 11.0 

δ�, % 59.7 58.8 57.4 55.5 52.0 43.8 36.9 
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As Fig. 6-13 shows, the predicted elastic moduli are expressed as functions of W content 

and they all decrease with increasing temperature. The concentration dependencies of elastic 

properties are shown to be different: the bulk modulus and elastic constants C11 and C12 

exhibit a positive concentration dependence at all temperatures, while the shear elastic 

constant C44 displays the opposite trend. Experimental data at room temperature were taken 

as a reference since experimental data at such high temperatures are very rare. The positive 

concentration dependencies of bulk modulus, C11 and C12 agree with experimental data 

reported in Refs. [100, 112].  

Furthermore, to highlight the effect of local relaxation on elastic properties, the results 

with and without local relaxation have been compared in Fig. 6-13. A dramatic effect of local 

relaxation on the values and concentration dependence of elastic properties can be observed. 

In Table 6-3, the results for shear modulus and Young’s modulus, calculated with and without 

local relaxation, are compared with experimental reference data of Young’s modulus for Ni-

5%W alloy at two temperatures around 800 K [9]. Although the results from primitive cell 

calculations have a small difference with the experimental values, results of Young’s 

modulus predicted by considering with local relaxation are closer to the reference data. We 

also note that the small difference in W content between the primitive cell and supercell 

models cannot be responsible for the difference in Young’s modulus. Thus, the main effect 

should come from the local relaxation.   

 

Fig. 6-13 Elastic moduli as function of W content: (a) isothermal bulk modulus B0; (b) C11; 

(c) C12; and (d) C44. Experimental data from Ref.[112] 
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Table 6-3 Young’s and shear moduli of Ni-W solid solutions at 800 K, in comparison with 

reference data, unit in GPa 

  Ni3W Ni6W Ni9W Ref. 

G 
no relax. 71.800 70.510 69.351  

relax. 69.732 68.071   

Y 

no relax. 188.812 186.304 183.805  

relax. 184.714 181.475  
184.00 (at 787K)[9] 

181.29 (at 827K)[9] 

*no relax. means the results without consideration of local relaxation. 

*relax. means the results with consideration of local relaxation. 

6.3 Thermodynamic properties  

6.3.1 Entropy  

Since all elastic properties were derived from the Helmholtz free energy, their 

temperature dependencies are closely correlated with entropy. In the present work, the 

electronic and magnetic entropies were obtained directly from the EMTO calculations, while 

the vibrational entropy was estimated in the Debye model [69] as 

¤á.Hâ. = '( Ä4$ ±Ã ² − 3 \� Å1 − x]Æ ±− Ã
 ²ÇÈ (6-9) 

where Θ(V,T) is the Debye temperature, kU is the Boltzmann constant. In the present work, 

the total entropy ¤É¼ÉO� = ¤.� + ¤NO1w + ¤á.Hâ. + ¤�¼w/. Here,¤�¼w/is the configurational 

entropy caused by the chemical disorder. For the paramagnetic nickel, ¤�¼w/ = 0. 

In order to assess the relative effects of the electronic, magnetic, and vibrational 

contributions on the total entropy, the corresponding parts and the total values have been 

plotted in Fig. 6-14. The total entropy has also been compared with experimental values for 

paramagnetic nickel. Although the values of the total entropy are slightly smaller than the 

experimental values, the temperature dependences are very similar. 
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Fig. 6-14 Entropy of FCC nickel as a function of temperature. Experimental data from 

[113]. 

Fig. 6-15 shows, as a function of temperature, the calculated total entropy including the 

contributions due to electronic excitations ¤.�, magnetic disorder ¤NO1, lattice vibrations 

¤£:H, and chemical disorder (configurational entropy) ¤�¼w/ for the considered Ni-Cr and 

Ni-W alloys with different alloying concentrations. The total entropy increases with 

increasing temperature as well as the growing alloying concentrations. The Figure also 

indicates that the effect of composition (mainly due to ¤�¼w/) is small relative to the total 

entropy of Ni-Cr and Ni-W solid solutions. The entropies of Ni-Cr and Ni-W alloys have also 

been separated into different parts according to corresponding contributions in Fig. 6-16. 

Contributions from electrons and magnetic fluctuations are relatively small. In Fig. 6-16, we 

have compared our results with values calculated by Thermo-Calc package. The temperature 

dependences are extremely similar. Although there is a difference between our predicted 

values with calculated data of Thermo-Calc, the effects of alloying elements are similar. This 

can help us to conclude that our technique can predict the influences of alloying elements on 

thermodynamic properties reasonably. 
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Fig. 6-15 Total entropy of Ni-Cr and Ni-W solid solutions as a function of temperature 

(including the configurational entropy). Different colors of bars are used to distinguish 

alloys with different Cr and W content.  

 

Fig. 6-16 Entropy of different contributions for selected Ni-Cr and Ni-W alloys as a 

function of temperature (configurational entropy is included): (a) entropies of Ni5Cr (solid 

lines) and Ni25Cr(dashed lines); (b) entropies of Ni3W(solid lines) and Ni9W(dashed 

lines). Results labelled with TC are values calculated by Thermo-Calc software. 

Results show that vibrational entropy provides a major contribution to the total entropy. 

Compared to the influence of phonons, the contributions due to electronic excitations and 

magnetic fluctuations are smaller. This means that a good model description of the vibrational 

free energy contribution is a key point in the modeling of temperature-dependent properties. 

In the present work, we have demonstrated that the EMTO–CPA method calculations, 
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including the Fermi–Dirac distribution, employing self-consistent DLM formalism and 

combined with a quasi-harmonic Debye model, can reasonably well describe the 

contributions from electronic excitations, magnetic disorder, and lattice vibrations. This 

makes the EMTO-based approach a powerful and efficient tool for predicting the 

thermodynamic properties of materials. 

6.3.2 Heat capacity 

Knowing the thermal expansion coefficient, bulk modulus and entropy, the isobaric heat 

capacity can be estimated as follows [114], 

´ä = ´¿ + �37#�®� # � (6-

10) 

´¿ =  ±×¤� #
× ²¿ 

(6-

11) 

where Cä is the isobaric heat capacity, C¿  is the isochoric heat capacity, α is the linear 

thermal expansion coefficient, B(T) is the isothermal bulk modulus calculated at the 

equilibrium lattice parameter corresponding to temperature T, and S(T) is the entropy. 

Similarly, the relative effects of the electronic, magnetic, and phonon contributions have 

been assessed separately and the corresponding parts have been plotted together with the total 

values in Fig. 6-17. The total isobaric heat capacity has also compared with measured values 

for the paramagnetic nickel. The predicted values and temperature dependences very similar 

to measured data. 

 

Fig. 6-17 Isobaric heat capacity of FCC nickel as a function of temperature. Experimental 

data from [113]. 

6.4 Stacking fault energy 

The solid lines in Fig. 6-18 represent formation energies for intrinsic stacking fault (ISF) 
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and extrinsic stacking fault (ESF) that have been calculated respect to temperatures at the 

calculated equilibrium volumes shown in Section 6.1. The calculations were performed 

through the different models described in Section 5.4. It can be observed that the difference 

between the results of tilted supercell and slab supercell approaches is negligible so that some 

results overlap with each other. In some previous studies, a vacuum layer was added to the 

slab supercell geometry to yield stress-free boundary conditions [85, 88, 115]. However, in 

the present work, the slab supercell model can satisfactorily predict the stacking fault energies 

even without the vacuum layer. At 1000 K, the ISF energy is calculated to be 113 mJ/m3 

which is close to the value 118 mJ/m3 in the work of Zhao et al. [87], where the paramagnetic 

state of nickel was treated as a nonmagnetic state; the smallness of the magnetic contribution 

should be the reason for the small difference between the ISF energy value obtained in the 

present work and the result of Zhao. 

As presented in Section 5.4, the intrinsic and extrinsic stacking fault energies can be 

calculated by the first-order and second-order formulas [83, 85, 86], Eqs. (5-23)-(5-25). For 

both ISF and ESF, results of SFE estimated by ANNNI (axial-next-nearest-neighbor) models 

display lower values than those from supercell calculations. Additionally, as can be observed 

in Fig. 6-18, compared to the first-order ANNNI model, second-order ANNNI model 

provides more accurate results that are closer to those obtained by supercell calculations. 

Therefore, the second-order ANNNI model is a computationally efficient way to estimate the 

ISF energy with an satisfactory accuracy. 

To illustrate the effect of thermal expansion on the temperature dependence of stacking 

fault energy, in Fig. 6-18 we also performed SFE calculations at a fixed atomic volume, 

which is the calculated equilibrium volume of paramagnetic Ni at 1000 K. In this way, the 

relative thermal expansion above 1000 K has been excluded. From the different slopes of 

dashed and solid lines in Fig. 6-18, it is clear to show that thermal expansion provides a 

dramatic influence on the negative temperature dependence of stacking fault energy. This is 

mainly due to the fact that the stacking fault energy is inversely proportional to the square of 

the equilibrium lattice parameter which includes the thermal expansions, according to Eqs. 

(5-23)-(5-26). Moreover, lattice vibration is the major contribution to thermal expansion, 

therefore, the dominant contribution to the negative temperature dependence of SFE comes 

from lattice vibrations. This finding coincides with the conclusion made in Ref. [116]. In 

both studies, the harmonic phonon contribution is neglected because it cannot be fully 

captured by the Debye model which assumes a model phonon spectrum. For close-packed 

lattices, that contribution is often assumed to be small, although recent ab initio studies show 

that it is quite substantial for Cu [117] and Ni [85] metals. 
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Fig. 6-18 Temperature-dependent intrinsic and extrinsic stacking fault energy along [112] 

direction of FCC paramagnetic nickel. (a) Intrinsic stacking fault energy; (b) extrinsic 

stacking fault energy. 

The temperature derivatives of ISF and ESF energies are still negative even if thermal 

expansion has been excluded. This phenomenon indicates that the effect of electronic and 

magnetic fluctuations also contribute to the reduction of SFE with temperature. The ANNNI 

model allows us to trace this effect back to the difference in entropy (electronic and magnetic) 

of Ni in the FCC and HCP structures. Indeed, Fig. 6-19 shows that the paramagnetic moment 

of HCP Ni is higher than that of FCC Ni, and this translates into the higher magnetic entropy 

of Ni atoms at the stacking fault. The electronic contribution is roughly proportional to the 

density of states near the Fermi level [116]. Similar to the magnetic entropy, because of the 

higher density of states at the Fermi level, the electronic entropy of paramagnetic HCP Ni is 

higher than that of FCC Ni, as Fig. 6-19 shows. This entropy effect lowers the stacking fault 

energies in paramagnetic Ni. The decreasing tendency of SFE found in the present work 

agrees with the DFT result obtained by Zhang’s et al. [85]. 
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Fig. 6-19 Magnetic moments and electronic entropy as a function of temperature for FCC 

and HCP Ni. 
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Chapter 7 

Elastic and thermodynamic properties of HR3C stainless 

steel 

HR3C (Fe25Cr20NiNbN) is a kind of heat-resistant austenitic steel that has been 

developed from TP310 alloy steels [118-120]. Additions of Nb and N are introduced to form 

solid solutions with Fe and improve the strength of austenitic matrix through solid solution 

strengthening. Five-component Fe-Cr-Ni-Mn-Nb system with variable Nb content was used 

to represent HR3C stainless steel. The chemical composition was expressed as Fe0.52-

xCr0.26Ni0.20Mn0.02Nbx in terms of atomic fraction and alloys were considered as random 

substitutional solid solutions with the FCC crystal structure. To investigate the influence of 

Nb content, four concentrations of Nb were considered, 0.5, 1.0, 1.5, and 2.0 at.%. 

7.1 Lattice constants and thermal expansion coefficients 

The equilibrium lattice parameter was plotted as a function of temperature and Nb 

content in Fig. 7-1. Within the considered range, the lattice parameter increases linearly with 

temperature and Nb content. The results were compared with the regression analysis 

conducted by Dyson and Holmes[121], who formulated the lattice parameter of austenitic 

steel as a linear function of alloying element contents. The regression analysis, which 

considered elements including Fe, Cr, Ni, Mn and Nb, was based on experimental data of X-

ray diffraction at the room-temperature [121, 122]. Thus, the lattice parameter as ta function 

of alloying content was derived.  

a�Å� = 3.577 + 0.0010Mn − 0.0002Ni +  0.0006Cr + 0.0079Nb (7-1) 

The dashed line in Fig. 7-1(b), labeled as Fe25Cr20NiMnxNb, is the lattice parameter 

at room-temperature estimated by Eq.(7-1) for the system whose chemical composition is 

same as described above. To evaluate the error of DFT calculation, the theoretical values at 

300 K (results with asterisks Fig. 7-1(b)) were compared with results of regression analysis 

(dashed line in Fig. 7-1(b)). The difference is less than 1% approximately. This small 

difference should partially come from the usual DFT functional error (GGA, in this case) and 

approximations such as coherent potential and quasi-harmonic approximation used in the 

present theoretical modeling.  
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Fig. 7-1 Lattice parameter of Fe25Cr20NiMnNb austenitic stainless steel: (a) as a function 

of temperature and Nb content. The upper layer shows the lattice parameter calculated 

including all contributions. The middle layer shows the results obtained without the 

contribution of electronic excitation. The bottom layer shows the results obtained without 

the contribution of lattice vibrations; (b) as a function of Nb concentration. The dashed line 

represents room-temperature lattice parameter estimated from Eq. (7-1) assuming the 

chemical composition to be Fe0.52-xCr0.26Ni0.20Mn0.02Nbx in the unit of mole fraction. 

The top layer shows in Fig. 7-1(a) are results of lattice parameter calculated including 

all contributions due to electronic excitation, magnetic fluctuations and lattice vibrations. The 

middle layer represents results of lattice parameter obtained without the contribution of 

electronic excitations and the bottom layer display results obtained excluding the contribution 

of lattice vibrations. It is obvious to see that exclusion of electronic excitations and lattice 

vibrations lead to smaller values of lattice constants. Moreover, the effect of lattice vibrations 

on the lattice parameter is larger than that of electronic excitations, which still induced a 

small variation of thermal expansion. This can be seen more clearly in Fig. 7-2, where the 

TECs calculated with and without electronic excitations are compared.  

The results in Fig. 7-1b clearly exhibit a linear relationship between the lattice parameter 

and Nb content, which is known Vegard’s law [34-36] and the slope of the curves can be 

used to estimate the linear lattice misfit according to Eq.(7-2).  

�nH = 1
X&  	X

	] (7-2) 

where X& is the lattice parameter at 0 at.% Nb and x is the concentration (atomic fraction) 

of Nb in the solid solution. The values of predicted linear misfit have been listed in Table 7-

1. The results are compared with reference data from the regression analysis [121, 122] and 

a theoretical value from an ab initio calculation of Sanicro 25 steel [11]. Various reasons can 
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explain the differences between the lattice misfit values obtained in this work and reference 

data. Firstly, there is a difference in chemical composition between the matrix phase of HR3C 

and Sanicro 25, which may lead to a variation of lattice parameter and then cause changes of 

lattice misfit. Next, thermal expansion was not included in the reference data at room 

temperature, which may have an impact on the lattice misfit. Finally, similar to the reason 

presented in Ref. [11], the major influence is that the coherent potential approximation 

ignored the local lattice relaxation around impurities, and the distortion generated by solute 

atoms will be overestimated. 

Table 7-1 Linear misfit ��� calculated in this work, in comparison with reference data 

 Theory, this work Reference data for similar steels 

T 800 K 900 K 1000 K 1100 K Exp.* 1000 K[11] 1200 K[11] 

Nb 0.294 0.286 0.290 0.282 0.223 0.253 0.261 

* the value derived from room-temperature experimental data[121, 122] 

In Fig. 7-2, the results of thermal expansion coefficient (TEC) are plotted versus  Nb 

content and temperature. Similar to Fig. 7-1a, the top layer is the results of TEC including all 

contributions. While the middle layer deducted the contribution of electronic excitations and 

the bottom layer excluded the contribution of lattice vibrations. It can be seen that increasing 

Nb concentration lead to smaller values of TEC. Moreover, Fig. 7-2 clearly shows that both 

electronic excitations and lattice vibrations contribute to the thermal expansion of lattice. The 

major contribution comes from lattice vibrations at high temperatures.  

Taking the results for the alloy with 0.5 at.% Nb as an example, comparing with 

experimental data on HR3C, larger values and negative temperature dependence can be seen 

for calculated TEC results. As can be seen from Table 7-2, the experimental TEC shows a 

positive relationship with increasing temperature, while the calculated results show the 

opposite tendency. Both differences should come from the neglect of higher-order 

anharmonic vibrational contributions to the free energy.  
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Fig. 7-2 Thermal expansion coefficient of Fe25Cr20NiMnNb austenitic stainless steel as a 

function of Nb concentration and temperature. The upper layer shows the results including 

all contributions. The intermediate layer shows the results without the contribution due to 

electronic excitations. The bottom layer shows the results without the contribution due to 

lattice vibrations. 

Table 7-2 Thermal expansion coefficient (TEC), 10-6 K-1. 

Calculations, 

0.5 at.% Nb 

Temperature, K 800 900 1000 1100 

TEC 27.1 26.3 25.6 24.8 

Experiment* 
Temperature, K 773 873 973 1073 

TEC 18.35 19.09 19.95 20.53 

*Experimental TEC data of Ref.[123] have been converted from 

mean to instantaneous values. 

7.2 Temperature-dependent elastic properties 

For systems with various considered Nb concentrations, shear modulus gets smaller 

values at higher temperatures, but bulk modulus shows a nonlinear variation with temperature. 

Pugh ratio B/G [102] is a simple empirical criterion to judge the ductility of materials. A 

larger value of B/G ratio usually indicates an improved ductile behavior of materials. Fig. 7-

3 shows that, in the considered range of temperatures and concentrations, the ratio of B/G is 

found to increase with increasing temperature, which indicates an improved ductility at high 

temperatures. In addition, the bulk modulus, as well as other elastic moduli, all decrease with 

increasing temperature.  

To compare the effect of lattice vibrations and electronic excitations on the shear 

modulus, the corresponding contributions have been separated and can be seen in Fig. 7-3(d). 



 

59 
 

The exclusion of electronic excitations and lattice vibrations all will lead to underestimated 

thermal expansion and hence higher values of shear modulus. The magnitude of contribution 

due to electronic excitations smaller than that of lattice vibrations. Subtracting the 

contribution of lattice vibrations, the shear modulus increased by more than 15 GPa. This 

indicates that, at high temperatures, lattice vibrations and thereby the thermal expansion has 

a dramatic influence on elastic properties.  

In addition, the theoretical values of shear moduli were compared with experimental 

data of similar alloys in Fig. 7-3(d). Although the temperature dependence was 

underestimated, when all contributions due to electrons, magnetism, and phonons are taken 

into account, the theoretical values are in the same range as experimental data. Therefore, the 

comparisons above are sufficient to show the significance of lattice vibrations for prediction 

of high-temperature properties.  

 

Fig. 7-3 Elastic moduli of Fe25Cr20NiMnNb austenitic stainless steel. (a) Bulk modulus B, 

(b) Shear modulus G, (c) B/G ratio. Change of color represents the value variation of elastic 

moduli. (d) Shear modulus G as a function of temperature. Experimental data are from 

Refs. [124, 125]. Different symbols represent different Nb content. Solid lines represent 

results of calculations with all contributions; dashed lines represent the results without the 

contribution due to electronic excitations, and dotted lines represent the results without the 

contribution due to lattice vibrations. 
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In terms of the Nb-concentration dependence, at all temperatures, growing Nb content 

results in the higher values of the bulk modulus. However, a softening phenomenon with 

increasing Nb content can be observed for calculated shear modulus and B/G ratio. The 

softening behavior mainly comes from volume expansion caused by the presence of Nb 

impurities. Although the temperature dependence of bulk modulus is nonlinear for alloys 

with higher Nb content, the technique in the present thesis can reasonably predict the 

decreasing tendency of elastic moduli with increasing temperature and the softening 

phenomenon caused by lattice expansion due to Nb additions. 

7.3 Thermodynamic properties 

Similar to thermodynamic results of nickel-based alloys, as Fig. 6-14 and Fig. 6-17 

shown, the entropy and heat capacity have been divided to show the magnitude of different 

contributions for the considered Fe25Cr20NiMnNb alloys with different Nb content. The 

total entropy increases with increasing temperature, while the influence of Nb content is 

nearly negligible.  

In Fig. 7-5, the lattice vibrations show the major contribution to the total values. 

Although both electrons and phonons affect the entropy and heat capacity of metals, the 

magnitude of contribution due to electronic and magnetic are relatively small. For this reason, 

the model used to describe lattice vibrations will have a great influence on the accuracy of 

predicted temperature-dependent properties. In the present work, the temperature 

dependencies, i.e. the slopes of curves, of the vibrational and total entropy shown in Fig. 7-

5(a) become smaller at high temperature. This phenomenon is more obvious for the results 

of heat capacity in Fig. 7-5(b). The thermal expansion coefficient and bulk modulus in the 

second term of Eq. (6-10) lead to a decreasing trend of the heat capacity at high temperatures. 

The present model seems to underestimate the temperature dependence of entropy, especially 

at high temperature, which is probably the main reason for the underestimated temperature 

dependencies of other calculated thermal properties.  
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Fig. 7-4 Total entropy of Fe25Cr20NiMnNb austenitic stainless steel as a function of 

temperature (including the configurational entropy). Different colors of bars are used to 

distinguish alloys with different Nb content.  

 

Fig. 7-5 Entropy and isobaric heat capacity of Fe25Cr20NiMnNb alloy with 0.5 at% Nb as 

a function of temperature. (a) Entropy; (b) isobaric heat capacity. 
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Chapter 8 

Conclusions and future work 

8.1 Creep modeling 

A fundamental creep model based on dislocation theories has been applied to analyze 

the creep behavior of pure nickel and Ni-W solid solutions. The fundamental models 

considered the effect of stacking faults, strain-induced vacancies, pipe diffusion and solute-

dislocation interaction energy. No adjustable parameters are involved in the model. 

Dislocation climb has been verified to be the controlling mechanism of the creep rate.  

(a)  Creep rate of pure nickel in the temperature interval from 0.3 to 0.55 Tm has been 

modelled by the fundamental creep model. The reason for a value of the stress exponent 

larger than 3 has been analysed. For lattice diffusion, the basic model gives a stress 

exponent of 3. When the pipe diffusion added in the model, it increased the stress 

exponent by a value of 2 to 5, a feature that is well established. The contribution due to 

formation of strain-induced vacancies gives another addition of 2 to the stress exponent 

that has not been considered in the past. Therefore, the model can explain why the stress 

exponent is about 7 in the observations. It has been demonstrated that strain-induced 

vacancies and pipe diffusion influence the stress exponent and pipe diffusion also the 

activation energy.   

(b)  Influence of W on creep strength of nickel has been studied by the fundamental creep 

model. The reduction of creep rate caused by W mainly comes from the decreased 

stacking fault energy. The stacking fault energy directly affects the dislocation mobility. 

Increasing the W content results in a decrease of the stacking fault energy and thereby 

also a reduction of the creep rate. The interaction energy and drag stress caused by W 

atoms provided additional contributions to the lowering of the creep rate.  

8.2 First-principles calculations 

The techniques combined with the Exact Muffin-tin Orbitals (EMTO) method, coherent 

potential approximation and quasi-harmonic Debye model, have been applied to predict high-

temperature properties such as lattice parameter, thermal expansion coefficient, elastic 

moduli and thermodynamic properties of nickel-based alloys and HR3C stainless steel. 

Effects due to electronic excitations, magnetic disorder, and lattice vibrations have been 



 
 

64 
 

analyzed separately.  

(a)  For pure nickel, the technique can reasonably predict the lattice parameter and thermal 

expansion coefficient. Theoretical values of other thermodynamic properties including 

entropy and isobaric heat capacity are similar to experimental data. Lattice vibrations 

provide the major contribution to the thermal expansion and total entropy. Moreover, 

the results of stacking fault energy show that lattice vibrations lead to a dramatic 

decrease of stacking fault energy with temperature. Although the technique can 

reproduce the decreasing tendency of elastic moduli with increasing temperature, the 

temperature dependence is underestimated. 

(b)  For HR3C (Fe25Cr20NiNbN) stainless steel, the effects of electronic excitation and 

lattice vibrations on high-temperature properties have been analyzed separately. The 

results clear to show that exclusion of the contributions due to electronic excitations and 

lattice vibrations underestimate the lattice parameter and overestimates the elastic 

moduli. When all degrees of freedom are included, the theoretical values of elastic 

moduli fall in the same range with experimental data. 

(c)  The local relaxation around impurities, which is neglected in the coherent potential 

approximation, has been modelled using a 32-atom supercell approach. The results with 

and without the effect of local relaxation have been compared. The results show that 

local relaxation results in smaller values of lattice parameter and lattice misfit that are 

much closer to experimental data. Moreover, local relaxation results in a stronger 

concentration dependence of elastic moduli. The predicted value of Young’s modulus 

at 800 K, with consideration of local relaxation, fits the experimental data satisfactorily.  

(d)  Because of very limited experimental information, first-principles calculations have 

been conducted to analyze the effect of Cr and W on the high-temperature properties of 

Ni. Increasing Cr or W content in the Ni-based alloy leads to an increase of the lattice 

parameter, while for the thermal expansion coefficient (TEC) our calculations for Ni-Cr 

and Ni-W alloys predict two opposite trends. An increase in the Cr content increases the 

value of thermal expansion coefficient, but increase in the W content decreases the value 

of TEC. Besides, changes in the Cr and W concentration are found to have a small 

influence on the entropy of alloys. In addition, both Cr and W increase the elastic 

anisotropy of nickel alloys. 

Overall, although the calculated temperature dependencies of thermal properties are 

found to differ from experimental observations, the EMTO-CPA method combined with the 

quasi-harmonic Debye model successfully reproduces the tendency of elastic moduli to 

decrease with increasing temperature. The contributions due to electronic excitations and 
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lattice vibrations should be included in the calculations at finite-temperature. The developed 

first-principles technique is an efficient method to evaluate the temperature-dependent 

properties of metallic materials. It provides researchers with a possibility to analyze thermal 

properties of metallic alloys and compounds in terms of contributions due to magnetic, 

electronic and vibrational degrees of freedom. 

8.3 Future work 

In the presented thesis, the effects of Cr and W on the thermal properties have been 

investigated. The results for the lattice parameter will be used in calculations of stacking fault 

energy for Ni-Cr and Ni-W alloys; the effects of Cr and W alloying on the stacking fault 

energy will be analyzed. Moreover, the study of local relaxation effects will be extended to 

temperatures above 800 K. In addition, the harmonic contribution of stacking fault energy, 

omitted in the present study, will be considered within the framework of ANNNI model. This 

step requires a generalization of the present computational methodology to the cases of 

hexagonal and trigonal crystal lattices. 
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