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Abstract 

Thermodynamic Modelling and Experimental Investigation of 3D Printed Inconel 718 

Superalloy 

Xinzhao Mu 

In recent years, with the constant maturity of metal 3D printing technology, the additive 

manufacturing of IN718, nickel-base superalloy, has attracted very strong attention in the 

aerospace field. Additive manufacturing, especially the laser powder bed fusion (LPBF) of 

IN718, has several advantages over the conventionally manufactured IN718 (cast and wrought) 

because additive manufacturing is more time-saving with lower cost and a lower buy-to-fly 

ratio. However, 3D printed IN718 components still exhibit defects due to thermal gradient 

during printing. This thermal gradient affects the mechanical properties of printed parts to a 

large extent. Performing some special post-processing heat treatment could minimize this 

problem. However, only heat treatments designed for conventionally manufactured IN718 are 

currently applied to the printed material. Therefore, establishing and optimizing a 

thermodynamic database representing the 3D printed IN718 alloy is essential to effectively 

guide the heat treatment and obtain information on phase formation and transformation. 

In this work, firstly, a customized database was constructed by optimizing the phases 

presented in IN718, starting with the lower-order binary systems, followed by extrapolation to 

higher-order systems. The customized database is used to calculate the thermodynamic 

properties and predict phase formation in the IN718 alloy. Furthermore, to validate this 

database, experimental investigations, including differential scanning calorimetry (DSC) and 

scanning electron microscopy (SEM), are done to determine the temperature of different phase 

transitions and the microstructure of the printed IN718 alloy. The modelling results obtained 

in the current work are more consistent with the current experimental results and the 

experimental results from the literature than the results obtained using two commercial 

databases
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Chapter 1 Introduction 

This chapter briefly introduces some details of the Inconel 718 superalloy. Different 

manufacturing methods of the Inconel 718 alloy are discussed briefly. Especially the 

improvement of additive manufacturing technology in recent years makes it possible to further 

improve the properties of this alloy. The thermodynamic modelling of IN718 is also introduced. 

Finally, the objectives of this research work are presented. 

1.1 Inconel 718（IN718）Superalloy 

Inconel 718 (IN718) is one of the most widely used nickel-based high-temperature 

alloys. In the year 1959, Inconel 718 (IN718) was developed by the International Nickel 

Company [1]. In the following years, IN718 was massively used in commercial engines, 

especially gas turbines. Nickle-based superalloys generally contain six main phases (gamma, 

gamma prime, gamma double prime, delta, Laves and carbides) [2]. It is worth noting that the 

primary strengthening mechanism of IN718 is precipitation strengthening. The main 

strengthening phase is γ' complemented by metastable γ'' phase) with body-centered tetragonal 

(BCT) D022 structure [3]. The metastable γ'' transfers to the equilibrium δ phase (Ni3Nb) with 

an orthorhombic structure under certain conditions [4]. Compared to other types of 

precipitation hardening alloys, the precipitation of the γ'' phase in the γ matrix makes the IN718 

alloy more stable [5] in the temperature range within which the alloy is normally used. Hence, 

IN718 is widely used in the fabrication of high-temperature resistant parts and engines for aero 

and space rockets because of its high strength and resistance to oxidation, corrosion, and fatigue 

even at elevated temperatures. The main elements and their weight percentages are listed in 

Table 1-1, and the different effects are also included. 
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Table 1-1 The alloying elements, mass fraction, and their effect in IN718 [5,6,7] 

Element Weight % Effect  

Ni 50-55 Solid solution base 

Cr 17-21 Solid solution strengthener, improve hot corrosion and oxidation 
resistance, M23C6 carbides former 

Nb 4.75-5.5 Strengthening phase former γ" (Ni3Nb), M6C and MC carbides former 

Ti 0.65-1.15 Strengthening phase former γ' (Ni3(A1,Ti)), MC carbides former 

Al 0.2-0.8 Strengthening phase former γ' (Ni3(A1,Ti)), improves hot corrosion and 
oxidation resistance  

Mo 2.8-3.3 Solid solution strengthener, M23C6 and MC carbides former, improves 
the tribological properties and wet corrosion resistance   

Co < 1.0 Solid solution strengthener, increases the solvus temperature of γ' phase 

C < 0.08 Grain boundary strengthener 

Fe Balance Solid solution strengthener 

 

1.2 Manufacturing Method of IN718 

In general, conventional manufacturing methods of IN718 include casting and bulk 

deformation such as forging. In particular, following the emergence and development of 

vacuum melting, the processing and composition control of superalloys became relatively 

easier. Most of the IN718 parts used in high-temperature applications are in the form of cast or 

forged products [7]. However, IN718 casting can produce defects in microstructure, such as 

coarse grains, and is prone to macro-segregation, which is harmful to mechanical properties. 

On the other hand, wrought IN718 parts tend to be more homogenous because cast structure is 

dissolved and dispersed, as the parts undergo repeated heating and deformation during 

processing [6]. However, when complex structural parts (such as turbine blades) need to be 
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machined, it is difficult to complete the process only by traditional casting and forging methods. 

Therefore, this wastes a lot of high-value forged raw materials due to machining. This has led 

to an interest in additive manufacturing of IN718. 

Additive manufacturing (AM) is a group of manufacturing processes that use the layer-

by-layer concept to fabricate near-net-shape 3D components from a digital 3D model [7]. 

Additive manufacturing has many advantages, such as reduced manufacturing time, low 

production cost, and a low buy-to-flight ratio [8,9]. Therefore, AM has gained a lot of attention 

in various industries such as aerospace, automotive, and medical. According to the ASTM F42 

standard, additive manufacturing is roughly divided into seven categories [10]. Each category 

is different because of the material used, the heating source, the deposition technique, or the 

way the material melts or solidifies. Among them, powder bed fusion (PBF), Direct energy 

deposition (DED), binder jetting (BJ), and sheet lamination (SL) are the manufacturing 

processes used for metals. In the PBF process, the metallic powder is selectively melted and 

fused using either a high-intensity laser beam or electron beam to form three-dimensional (3D) 

objects. The laser-based powder bed fusion (LPBF) process generally includes selective laser 

melting (SLM) and selective laser sintering (SLS) techniques [11,12]. Compared with other 

processes, LPBF has a higher cooling rate (105℃/s) and better surface finishing [13]. 

Therefore, finer structure and higher mechanical properties can be obtained. Figure 1-1 shows 

the increasing research interest in recent years in additive manufacturing of IN718 (The 

statistics are extracted from Scopus and Google Scholar). 
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Figure 1-1. Number of publications per year on AM of Inconel 718 

1.3 Laser-based Powder Bed Fusion (LPBF) Printed IN718 

A schematic of the LPBF operation is shown in Figure 1-2 [14]. Before the printing 

process, the CAD modelling of the part is required. The CAD model is sliced into uniform 

cross-sections which will be set equal to the layer thickness used in the LPBF process. During 

the printing process, the powder on the building platform is preheated to mitigate thermal 

gradients and minimize thermal stress. In addition, the building chamber is evacuated and filled 

with argon gas during the printing process to reduce oxidation. Meanwhile, rotating powder 

levelling rollers on both sides control the required metal powder for each layer of the printing 

process. After a single layer is printed, the building platform is moved down one layer in 

thickness. Then, one of the side rollers will rotate to provide the required powder for a new 

layer. This process is repeated until the final 3D part is built [14].  
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Figure 1-2. Schematic drawing of the laser powder bed fusion process [14] 

1.4 Thermodynamic Modelling 

When referring to thermodynamic description, the CALPHAD (CALculation of PHAse 

Diagrams) technique [15] has to be mentioned. CALPHAD combines data from 

thermodynamics, phase diagrams, and physical properties such as magnetism into a unified 

and consistent model, represented as Gibbs energy which could be further used to calculate the 

thermodynamic properties and phase transformation of multi-component materials. For 

example, the solidification process of the entire system can be simulated computationally to 

obtain thermodynamic information such as phase fractions, elemental segregation, and even 

information about metastable phases [16]. 

The most commonly used thermodynamics software are FactSage, Thermo-Calc, and 

Pandat. Each one has its advantages and disadvantages in terms of thermodynamic calculation 

and modelling, but they all contain an embedded calculation module for calculating different 

types of phase diagrams and thermodynamic properties of different phases. Although different 
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software packages use different thermodynamic databases, there is little influence on the 

calculation results of binary and, to a lesser extent, on the ternary phase diagrams. But when it 

comes to higher-order systems, such as quaternary or higher-order alloy systems with more 

elements (such as nickel-based alloys), existing databases are generally unverified due to a lack 

of experimental data. This means that the simulation results are not as accurate. It is also 

possible to have some missing phases. Fortunately, thermodynamic software allows users to 

build a user database. Most software packages also include an assessment module to optimize 

the thermodynamic functions of phases based on experimental data. This capability provides 

support for developing more accurate models for high-order systems that help understand 

complex alloys. In the present work, the customization of the database has been done using all 

the available resources from the literature along with the experimental finding from our 

research group. This will be explained elaborately in chapters 3 and 4. 

1.5 Aim of this Work 

With the development of additive manufacturing for metals, significant interest has 

been directed to printed nickel-based superalloys. Therefore, it becomes essential to establish 

accurate thermodynamic models for these superalloys. The current work provides a better 

understanding of the formation and transformation of the main phases (γ, γ’, γ’’, δ and Laves 

phase) in the 3D printed IN718 alloy. A database describing the main phases in Inconel 718 

has been established in this work to generate a more accurate thermodynamic description of 

the main phases in this alloy. The specific goals of this thesis include: 

 Identifying and evaluating the main phases present in the IN718 alloy as well as 

reassessing the binary systems of the alloying elements (Ni, Nb, Fe, Al, Ti, C, Cr) in 

which these phases are presented.  
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 Optimizing the thermodynamic models to describe the Gibbs free energy of IN718 

phases in the binary systems.  

 Establishing a customized database including these phases in the higher-order IN718 

alloy through extrapolation and merging assessment. 

 Obtaining phase formation and transformation information of the IN718 alloy by 

performing equilibrium and non-equilibrium calculations using the customized 

database. 

 Verifying and adjusting the customized database and thermodynamic calculations 

through key experiments, including DSC and SEM tests. 

It is worth mentioning here that this work aims at building the thermodynamic database for 

printed IN718 because currently, there is no optimized database for calculating printed 

IN718 alloy with correct phase formation and transformation information. This is a first 

step necessary to obtain the Time-Temperature-Transformation (TTT) diagram in order to 

understand the kinetics of the printed IN718 alloy and to design a better heat treatment 

process for IN718 printed components. The printed IN718 shows different mechanical 

properties and phase assemblage compared with the cast and wrought IN718 alloys. 

Therefore, the heat treatments used for the cast and wrought materials are not suitable for 

the printed one. Nevertheless, so far, most of the research has been using the cast and 

wrought standard heat treatments to improve the microstructure and mechanical properties 

of the printed IN718. However, the research [6,8,14] is showing that these treatments do 

not work and different ones need to be designed specifically for the printed material. The 

research included in this thesis is a first step in building computation tools to simulate and 

understand the processing and structure of 3D printed IN718. 
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Chapter 2 Literature Review 

This chapter reviews some previous studies on the main phases in Inconel 718, 

including the main elemental composition of each phase and the different attributes of these 

phases. In addition, the original forms of these phases in binary systems are described. The 

findings based on this literature review highlight the need for further research to address the 

lack of an accurate thermodynamic description of this alloy. Due to the lack of some relevant 

thermodynamic assessments in the higher-order subsystems, such as the ternary subsystems, 

which included gamma prime phase, Laves, etc., it becomes difficult to extrapolate to the 

complex multi-components IN718 alloy by traditional assessment. Therefore, the current 

research starts from the binary subsystems and directly extrapolates to higher-order systems 

containing all the elements that are present in the phase, to build the Gibbs free energy of the 

corresponding phase. The explanation of this process and evaluation of the higher-order 

systems is described in chapter 3.  

2.1 Phases in IN718 

IN718 is a multiphase alloy with γ matrix as the primary phase and a variety of 

secondary phases such as γ′ and γ″ strengthening phases, δ, Laves and carbides [17, 18]. 

Different phase has different chemical formula and crystal structure, which provides different 

property for the superalloy. The chemical composition and crystal structure of these phases are 

shown in Table 2-1. The details of the different phases will be discussed later in this chapter. 
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Table 2-1 Crystal structure and chemical formula of the different phases in the IN718 

superalloy [19] 

Phase Chemical formula Crystal structure Space group 

γ Ni, Cr, Fe, etc. FCC Fm-3m 

γ′ Ni3(Al, Ti) FCC (ordered L12) Pm-3m 

γ″ Ni3Nb BCT (ordered D022) I4/ mmm 

δ Ni3Nb Orthorhombic Pmmn 

Laves (Ni, Fe, Cr)2(Nb, Mo, Ti) Hexagonal P63/ mmc 

MC Carbides (Nb, Ti) C Cubic Fm-3m 

 
 

2.2 Gamma Phase   

The matrix of IN718 is the γ phase, which is a solid solution with a face-centered cubic 

lattice structure. The γ phase mainly contains Ni and Fe along with trace elements (Cr, Fe, Nb, 

Ti, etc.). The trace elements dissolved in the lattice cause distortion, resulting in solid solution 

strengthening [20]. In addition, alloying elements form a variety of secondary phases, which 

affect the microstructure and mechanical properties of the alloy. 

2.3 Gamma Prime Phase  

γ' phase is an intermetallic phase with an ordered face-centered cubic (L12) structure, 

which is one of the strengthening phases in the IN718 alloy. Its main chemical formula is 

Ni3(Al, Ti). As shown in Figure 2-1, Al and Ti atoms are located in the corner of the unit cell, 

while Ni atoms are in the center of each face. 
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Figure 2-1 Crystal structure of the γ' phase [20]  

Generally, the structural stability of the γ' phase is relatively high, and the more γ' in 

the system, the higher the mechanical properties it has. However, because the wt. % of Al and 

Ti in the IN718 alloy are relatively small as mentioned earlier, the amount of the γ' phase is 

less than that of the γ" phase, which makes it a secondary strengthening phase. The precipitation 

temperature of the γ' phase is about 650 °C, while the solidus temperature is about 850-870 °C 

[20].  

The relevant binary systems associated with the elements detected in the γ' phase in the 

IN718 alloy are: Al-Ni, Al-Ti, and Ni-Ti systems. Among them, only the Al-Ni binary system 

exhibits a stable γ' phase (Ni3Al (L12)). The relevant compound with the same atomic ratio in 

the other two binaries shows a different crystal structure. For example, Ni3Ti has HCP (D024) 

structure; Pearson = hP16; Space group = P63/mmc.  Ni3Al in the Al-Ni system has a tetragonal 

FCC (D022) structure, which is the same as the γ" phase. For a binary system that does not show 

a stable γ', adding a positive value to its Gibbs free energy in the sublattice model is necessary 

to ensure that it does not occur in that binary system. The details of this part will be explained 
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in the next chapter. Nevertheless, it is still necessary to review the literature for the Al-Ti and 

Ni-Ti binary systems in which the γ' phase does not stably exist. This is because in order to 

model this phase, Ni, Al, and Ti need to be included in the sublattice model of the γ' phase to 

represent it in the higher-order system. As mentioned above, although the solid solution of 

Ni3Ti, Ni3Al and Ni3Al have the same atomic ratio, it exhibits different crystal structures and 

thermodynamic behaviour. Therefore, it is necessary to be extremely careful when modelling 

and optimizing hypothetical end-members related to these elements, which is also the reason 

for the literature review of all the binary phase diagrams of the constituent elements. 

Kaufman and Nesor [21] were the first to model the Al-Ni phase diagram, while they 

treated the γ' phase as stoichiometric for simplification. Later they also reported the Al-Ni phase 

diagram using two Gibbs energy equations to model the γ' phase with less accuracy based on 

the experimental results from Hilpert et al. [22]. Ansara et al. [23] first used the sublattice 

model to describe this phase. The sublattice model became more acceptable and widely used 

to describe phases with solubility in this system. Subsequent studies continue while improving 

the model description following the guidelines reported by Ansara et al. [23]. For example, 

Huang and Chang [24] used the sublattice model with the same lattice ratio but different 

parameters to produce the Al-Ni phase diagram which is shown in Figure 2-2 [24], where the 

γ' phase is highlighted with a red dotted frame. 
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Figure 2-2 The Al-Ni phase diagram calculated by Huang and Chang [24] 

As mentioned before, although the Ai3Ti and Ni3Ti in the Al-Ti and Ni-Ti system show 

a different crystal structure compared with the γ' (L12) phase in IN718 alloy, it is still necessary 

to carefully review this solid solution and pertaining binary system when modelling and 

optimizing hypothetical end-members. 

For the Al-Ti system, Kaufman and Nesor [21] were the first to calculate this system. 

They assumed all the intermetallic compounds to be stoichiometric. Then, Murray [25] applied 

the unified sublattice model to describe Ti3Al (D019) and α-Ti (A3) in this system. But Al3Ti 

(D022) was still treated as a line compound. After that, more experimental results became 

available. Saunders [26] worked on this system based on their experimental data and the 

experimental results from Svendsen et al. [27], while the homogeneity range of Al3Ti (D022) 

was still ignored in the phase diagram because of its small solubility. Kattner et al. [28] 

performed a more accurate thermodynamic assessment combined with the experimental result 

from Zdziobek et al. [29], and then they proposed a Gibbs energy description of the ordered 
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phases, in which the narrow phase region of Al3Ti (D022) was also reproduced. The results of 

these calculations were consistent with the experimental data, and the diagram reported by 

Kattner et al. [28] is shown in Figure 2-3. 

 

Figure 2-3 The Al-Ti phase diagram calculated by Kattner et al. [28] 

For the Ni-Ti system, it was evaluated by Kaufman [30], Murrary [31], and Dupin [32].  

These assessments simplified the NiTi and Ni3Ti intermediate compounds as line compounds. 

Later, Saunders [26] used the sublattice model to take into account the homogeneity ranges, 

but some invariant reactions were not accurately reproduced compared with the experimental 

data. Then, Bellen et al. [33] used a different sublattice model for the Ni3Ti compound, 

combining it with the disordered counterpart, the β-Ti (A2) phase, which improved the 

description of the system. The Ni-Ti phase diagram reported by Bellen et al. [33] is shown in 

Figure 2-4. 
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Figure 2-4 The Ni-Ti phase diagram calculated by Bellen et al. [33] 
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2.3 Gamma Double Prime Phase 

The γ" phase is the primary strengthening phase in IN718 alloy, which has an ordered 

body-centered tetragonal BCT (D022) structure as shown in Figure 2-5 [7]. Its main 

composition is Ni3Nb, while some other research showed that it might include Ti [34]. 

Generally, Nb atoms are located at the corners of the tetragonal cell, while Ni is situated at the 

center of each face of the unit cell. Sometimes, Ti replaces Nb in the lattice or takes up some 

space in the cell. It is a metastable phase that normally precipitates during aging and has a 

tendency to coarsen and transform into the δ phase at high temperature [35]. Thus, this limits 

the operating temperature of IN718 alloys below 650°C. In addition, it has been proved that 

the driving force for transferring to the δ phase is reduced by adding Al and Ti in IN718 [7]. 

The morphology of the γ" phase is disc-shaped that grows coherently within the γ-matrix. 

 

Figure 2-5 Crystal structure of the γ" phase [7]  
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The main binary subsystems related to the gamma double prime phase with D022 

structure are Al-Nb and Al-Ti systems with relatively small homogeneity ranges. Meanwhile, 

the ternary Al-Nb-Co and Al-Nb-Ti are pertinent systems as they both contain γ'' with D022 

structure type. However, due to the incomplete experimental data, thermodynamic models of 

these ternary systems need more verification and reassessment. 

For the Al-Nb phase diagram, Baron and Savitskii [36] studied it via thermal analysis 

(TA), building the foundation of the experimental Al-Nb phase diagram. After that, Jorda et al. 

[37] refined the Nb side region via differential thermal analysis (DTA), levitation thermal 

analysis (LTA), and electron probe microprobe analysis (EPMA). Their experimental data are 

considered to be more accurate and reliable since several experimental methods were 

performed. Al3Nb was simplified as a line compound in the earlier calculated phase diagram 

as well as in the ternary phase diagram containing Al-Nb. Witusiewicz et al. [38] reassessed it 

by describing three intermediate phases with homogeneity ranges, especially, Al3Nb (D022 with 

TiAl3 tetragonal prototype） 

 

Figure 2-6 The Al-Nb phase diagram calculated by Witusiewicz et al. [38] 

γ" 
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The Al-Ti system has four intermediate phases, in which Al3Ti is the phase with the 

D022 structure type. It is important to note that in some other assessments of this system, the 

Al3Ti phase is separated into HT and LT parts because the crystal structure changes with 

temperature [39]. In addition, different authors used different denotations to represent this 

phase. For example, Witusiewicz denoted it as ɛ [38], while Cupid et al. [40] used the η phase. 

The range of homogeneity of TiAl3 is relatively small in the binary system. Therefore, a 

sublattice model of Al3Ti following the lattice ratio of 3:1 would be acceptable. However, when 

modelling it in a higher-order system, for example, adding Nb or B into the system, the 

homogeneity range of this phase will be increased. In this case, based on the experimental data, 

added elements shall be included in the first lattice to form a new sublattice model [40].  

2.4 Delta Phase 

The δ is a stable phase with an orthogonal D0a structure [41]. It has the same chemical 

composition as the γ'' phase; Ni3Nb, but the crystal structure is different. Its unit cell is shown 

in Figure 2-7 [42]. Generally, there are two different types of morphologies of the δ phase, 

needle-like and spherical. The morphology stability of the δ phase is dependent on temperature 

[43]. There is some debate about the nucleation temperature of this phase, and some authors 

mentioned it to be between 700 to 1000 °C [44], while others mentioned it to be from 750 to 

1020 °C [45]. The solvus temperature of the δ phase is also uncertain due to the fluctuations in 

the chemical composition of the studied alloys, with the Nb content having the most influence 

on the solvus temperature [46]. The δ phase is more stable than γ ", although its formation is 

slower. Therefore, if the alloy is exposed to high temperature for a long time, the δ phase forms 

as a transformation product of the γ" phase [47].  
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Figure 2-7 Unit cell of the δ phase [42] 

The Ni-Nb binary system is the most important binary system related to the IN718 alloy 

since it contains elements included in γ " and δ phases. Most noticeably, in this binary system, 

Ni3Nb shows stability with the D0a crystal type, rather than the D022 of the metastable γ" phase 

[48]. This phase also precipitates in some higher-order systems under certain conditions. For 

example, the Co-Al-Nb ternary system includes the γ " (D022) phase, as shown in the work of 

He et al. [49]. There are three significant assessments of the Ni-Nb system that were carried 

out successively. Bolcavage and Kattner [41] revised the calculation of Ni-Nb. They included 

realistic enthalpy of formation values for the intermetallic phases. Besides, the Wagnar-Schotty 

defect model was applied to describe and accommodate crystallographic assessment for the μ 

phase. Then Joubert et al. [42] reassessed this system taking into account new experimental 

data. Three independent sublattices were used to model the μ phase. The new experimental 

data are discussed in their paper [42], along with the formation energy of the Ni3Nb compound 

calculated from the first-principles calculation, which is very close to the results obtained from 
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their reaction calorimetry experiment. After that, Chen and Du [43] published new 

experimental data that included the phase relation associated with the Ni8Nb line compound. 

In addition, in their work [43], DTA, XRD, EPMA, and optical microscopy analyses were all 

performed to obtain more comprehensive data. This improved the accuracy of the calculated 

solubility range of the δ phase to some extent. Below, Figure 2-8 shows the calculation Ni-Nb 

phase diagram by Chen and Du [43]. 

 

Figure 2-8 The Ni-Nb phase diagram calculated by Chen and Du [43] 

2.5 Laves Phase 

Laves phase is a common brittle precipitate in IN718, and it often appears as a bright 

superficial white particle [50]. As shown in Figure 2-9 shows below [51], small white particles 

in globular and irregular shapes precipitated along the interdendritic boundaries in IN718. They 

are identified as the Laves phase, and some of them might mix with the minor carbide (MC) 

phase that is segregated during the fast solidification process. When the alloy contains a large 

number of refractory elements such as Mo, W, and Ta, the formation of Laves phase is 

promoted [34]. Besides, the Laves phase consumes a large amount of solution strengthening 

δ 
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element Nb, which is an important element for the strengthening phases and the matrix. Hence, 

the alloy’s mechanical properties, such as creep and fatigue, are seriously reduced when Laves 

phase forms [50].  

 

Figure 2-9 high-magnification SEM picture of the as-deposited IN718 sample [51] 

According to the chemical composition of Laves phase, binary systems containing 

Laves phase are identified. It should be noted that the Laves phase in IN718 appears as a C14 

hexagonal structure. Therefore, the binary systems discussed here also focus on the Laves 

phase with this particular structure. There are four main binary systems that contain Laves 

phase (C14): Cr-Ti, Cr-Nb, Fe-Nb, Fe-Ti.  

Cr-Ti system is a relatively complex system, which includes three different structures 

(C14, C15, and C36) of Laves phase. This system had been critically assessed by Murray [52]. 

The presence of the C36 Laves phase prototype (the β-TiCr2 phase) has been controversial in 

the literature [53]. Chen et al. [54] only took into account the C14 and C15 Laves phases in 

this system and modified the homogeneity ranges of these phases. McQuillan et al. [55] then 

measured the congruent transformation temperature of the γ-TiCr2 to β-TiCr2 at 1633 K. As for 

the thermodynamic description, the substitutional model is used to describe the liquid phase 

Laves
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and the terminal solid solution, and the sublattice model was used to describe the intermediate 

solid solution. Ghosh [57] then also built his assessment for Laves in the Cr-Ti and Cr-Ti-V 

systems. The Laves phase (C14, C15, and C36 are described by a two-sublattice model 

assuming antistructure atoms on both sublattices in his modelling [57]. The calculated 

thermodynamic quantities and phase diagrams are in good accord with the corresponding 

experimental data. Recently, Pavlu et al. [56] established a new description of the phases. In 

their report [56], the enthalpies of formation of all end-members of the three Laves phases at 0 

K were calculated using the first principal method and combined with a CALPHAD based 

optimization to determine the Gibbs energy descriptions of each phase. They reported Cr-Ti 

phase diagram is shown in Figure 2-10 where C14 Laves is highlighted with a red dotted frame. 

 

Figure 2-10 The calculated Cr-Ti phase diagram [56] 



22 
 

The Cr–Nb binary system has Laves phase with C15 and C14 forms. Elyutin et al. [58] 

studied the solid phase boundaries in this system. Then, Venkatraman and Neumann [59] 

determined the phase boundaries of the Laves phases. It is worth noting that Pan et al. [60] 

proposed for the first time that the C14 Laves phase exists in the system when the temperature 

is higher than 1858 K. Then, Thoma and Perepezko [61] verified the presence of C14 using X-

ray diffraction. Recently. Pavlu et al. [62] reassessed the Laves phases in the system using the 

first-principles results at 0 K, which also included Laves with C14 and C15 structural forms. 

They reported the phase diagram is shown in Figure 2-11 [62]. Later, Hai-Jin Lu et al. [63] 

reported a thermodynamic description of the system using pseudo-potential VASP code to 

calculate the total energies of Laves phases. They also performed the phonon calculations for 

the C14 Laves to analyze the phase stability at elevated temperatures, which helps get the more 

accurate calculated melting temperature of C14 Laves. However, they did not mention C15 

Laves in their calculation Cr-Nb phase diagram. 

 

Figure 2-11 The calculated Cr-Nb phase diagram with superimposed experimental 

results [62] 
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As for Laves phase in the Fe-Ti and Fe-Nb systems, they both show typical C14 

hexagonal structure. A first assessment of the Fe-Ti system was performed in 1978 by Kaufman 

and Nesor [64], followed by Murray [65], who assessed the same system in 1987. After that, a 

limited number of new phase diagram data were reported. With the improvement of 

experimental means, phase boundary and solubility data become accessible. In 1998, 

Dumitrescu and Hillert [66] comprehensively compared the previous experimental data and the 

modelling phase diagram of this system. They established a new assessment with particular 

attention to the properties of volatile solutions of Ti in liquid Fe. In 1999, Kumar [67] evaluated 

the system and used a three sublattice model for the Laves phase in the system, including a 

better description of its homogeneity range compared with experimental data. The phase 

diagram reported by Kumar [67] is shown in Figure 2-12. For the Fe-Nb system, Paul and 

Swartzendruber [68] were the first to evaluate the system and included a C14-type Laves phase. 

Recently, the homogeneity range of the Laves phase Fe2Nb was determined at 1100 °C [69] 

and 1200 °C [70] by electron probe microanalysis (EPMA). Then, Balam et al. [71] observed 

the Laves phase by EDS analysis of diffusion couples between 950 and 1200 °C. Laves phase 

in this system was also initially modeled as a line compound, and then the sublattice model 

was performed to obtain more accurate results. In the work by Lu et al. [72] on the Fe-Nb-Zr 

ternary system, the Laves phase was described by two sublattices to simplify the extrapolation 

to ternary. Moreover, in the recent work by Vob et al. [73], they performed an electron probe 

microanalysis (EPMA) to obtain more precise data about the homogeneity range of C14 and 

also reported the re-calculated phase diagram of Fe-Nb. The re-calculated phase diagrams by 

Vob et al. [73] is shown in Figure 2-13. 
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Figure 2-12 The calculated Fe-Ti phase diagram [67] 

 

Figure 2-13 The calculated Fe-Nb phase diagram with an overlay of the previous 

thermodynamic assessment [73] 

C14 

C14 
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2.6 Carbides 

The carbides that exist in the IN718 alloy are mainly NbC with a face-centered cubic 

lattice structure. In addition, there are small amounts of M23C6, M6C, and M7C3 carbides 

reported in the literature [6,7]. Carbides form as gray particles within the grain and the grain 

boundaries with ‘blocky’ irregular shapes. Some articles [7,34,74] pointed out that intra-

granular and inter-granular carbides can enhance strength by limiting dislocation movements, 

but their contribution is small compared to that of γ″. However, the precipitation of MC carbide 

may cause the dislocations to concentrate at the interface between the matrix and the MC 

carbide leading to the formation of microcracks which result in the inter-granular fracture [7]. 
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Chapter 3 Thermodynamic Modelling 

In this chapter, basic theories of thermodynamic modelling and extrapolation to high-

order systems are described.  

The CALculation of PHAse Diagrams (CALPHAD) method, which was initially 

introduced by Kaufman et al. [75] in the 1970s, and then with the development of computer 

technology and related software, became a very useful approach for materials thermodynamic 

calculations. In this study, FactSage [76] is mainly used for modelling and calculations. The 

core idea of CALPHAD is that the phase diagram is a representation of the equilibrium phases 

of the system. Hence, according to the known thermodynamic phase equilibrium data, the 

thermodynamic descriptions of phases in low-order systems can be determined and optimized 

using Gibbs energy minimization method. Moreover, the Gibbs free energy of these phases can 

be extrapolated further to high order system. Therefore, the CALPHAD method could be 

applied to model the thermodynamic properties of each phase and predict the behaviour of 

multi-component system. The final purpose of CALPHAD is to advance computational 

thermodynamics by developing self-consistent thermodynamics databases based on critical 

assessments of existing data, which will help to design new materials and understand various 

industrial processes. The CALPHAD method is one of the most effective methods for 

predicting complex thermochemical processes in multi-component systems. Figure 3.1 shows 

a flow chart summarizing the CALPHAD method [77].  
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Figure 3-1. Flow chart of the thermodynamic optimization using the CALPHAD 

method [77] 

3.1 Basic Thermodynamic Principle  

The key to the thermodynamic calculation is to find an accurate Gibbs free energy 

equation to describe each phase in the system. By minimizing the total Gibbs free energy, the 

phase diagram at equilibrium can be calculated. In general, according to the second law of 

thermodynamics, the criterion for the system to reach equilibrium at constant temperature and 

pressure can be obtained. Suppose that the system contains total C components and total φ 

phases coexisting in equilibrium. The thermodynamic equilibrium is reached under constant 

temperature and pressure, when the total free energy of the system reaches the minimum value 

(𝑖=1,2, 3... C; 𝛷=α, β…ψ), i.e.,  

 𝐺 =෍ ෌ 𝐺௜
ఃట

ఃୀఈ

௖

௜ୀଵ
= 𝑚𝑖𝑛 ................................................ (3.1) 

 In addition, from the chemical potential perspective, the 𝑖 component in the system has 

the same chemical potential in each phase. This means that the system is in equilibrium when, 
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 𝜇௜
ఈ = 𝜇௜

ఉ
= ⋯ = 𝜇௜

ట  ...................................................... (3.2) 

In the formula above 𝜇௜
ఈ =

பீഀ

ப௡೔
ഀฬ
்,௉⋅௡ೕ

ഀஷ௡೔
ഀ
, G denotes the free energy of the phase in the system, 

and n is the number of moles of the components in the different phases. According to the above 

two equilibrium criteria, two ways can be used to calculate the phase diagram. One of those is 

the Gibbs free energy minimization method, which considers species in each phase of the 

system as the variable and calculates the total minimized energy of the system at certain 

pressure and temperature. Another method is using the chemical potential of components in 

each phase, which solves the nonlinear equations to seek the state for components having equal 

chemical potentials in their phases. No matter which method is used to calculate the phase 

diagram, the Gibbs free energy expression of the thermodynamic function of each phase must 

be established first, i.e., to establish a thermodynamic model. 

3.2 General Thermodynamic Model  

When discussing the Gibbs free energy of a phase, especially for multicomponent 

systems, it can be defined as the following: 

 𝐺௠ = 𝐺௠
௥௘௙

+ ௜ௗ𝐺௠ + ா௫𝐺௠ ............................................ (3.3) 

Where ‘ref’ means the reference state of the mechanical mixing of pure components. It can be 

further described by the sum of pure components’ Gibbs free energy in equation 3.4, where 0Gi 

represents the standard Gibbs free energy of pure component i. When performing the 

thermodynamic modelling, 0Gi is generally taken from the European Thermodynamic research 

Group (SGTE), which is the database of pure components established by Dinsdale [78] for 

describing the relationship between the molar free energy of most pure elements and 

temperature. 

 ௥௘௙𝐺௠ = ∑  ௖
௜ୀଵ 𝑥௜

଴𝐺௜ ................................................... (3.4) 

 ௜ௗ𝐺௠ = RTln∑  ௖
௜ୀଵ 𝑥௜ ln 𝑥௜ ................................................ (3.5) 
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‘id’ in equation 3.3, denotes the ideal mixing contribution, which is the contribution of 

ideal entropy of mixing to free energy as in equation 3.5. And ‘Ex’ is the excess Gibbs free 

energy contribution when the interactions happen between the components. In general, the 

excess term of the Gibbs free energy also indicates the deviation of the thermodynamic 

properties of the phase from the ideal solution. The proper description of this term is significant 

to the thermodynamic model. Various expressions about this excess term have been proposed 

by making some approximations and assumptions regarding the behaviour of real systems.  

3.3 Solution Model 

If the interaction between the components in the solution is very weak, both mixing 

enthalpy (ΔH) and excess entropy of mixing (ΔSex) are negligible. This solution can be 

described by the ideal solution model, and its excess free energy is zero, i.e., ExGm = 0. However, 

the reality is often complicated, and additional terms need to be added to describe the excess 

Gibbs free energy, so as to model the phase more accurately. Based on this, the following 

models are generally adopted for different purposes. 

3.3.1 Regular Solution Model 

The regular solution model was first proposed by Hildebrand et al. in 1929 [79] and is 

the most widely used. The main characteristics of the model are as follows: firstly, it is assumed 

that any atom in the solution has Z nearest neighbour atoms, Z is constant and independent of 

the type of central atom. In addition, the model assumes that the distribution of atoms in 

solution is completely disordered (excess entropy is equal to zero). Therefore, excess Gibbs of 

mixing can be expressed as: 

 ா𝐺௠ = ∑  ஼ିଵ
௜ୀଵ ∑  ஼

௝ୀ௜ାଵ 𝐿௜௝𝑥௜𝑥௝ .............................................. (3.6) 

Where Lij is the interaction parameter for the excess Gibbs free energy term. For example, for 

simple binary systems 1-2, EGm = 𝐿ଵଶ𝑥ଵ𝑥ଶ. 
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3.3.2 Associated Solution Model 

The model of association solution is mainly used to describe the solution with short-

range order. For example, in a binary system containing association compound ApBq, the molar 

Gibbs free energy of mixture can be expressed by the following equation 

 

𝐺௠ = ௥௘௙𝐺௠ + ௜ௗ𝐺௠ + ௟௜𝐺௠

𝐺௠ = ቀ𝑦஺ ∗
଴ 𝐺஺ + 𝑦஻ ∗

଴ 𝐺஻ + 𝑦஺೛஻೜𝐺஺೛஻೜ቁ

+𝑅𝑇 ቀ𝑦஺ ln 𝑦஺ + 𝑦஻ ln 𝑦஻ + 𝑦஺೛஻೜ ln 𝑦஺೛஻೜ቁ

+ ቀ𝑦஺𝑦஻𝐿஺஻ + 𝑦஺𝑦஺೛஻೜𝐿஺஺೛஻೜ + 𝑦஻𝑦஺೛஻೜𝐿஻஺೛ோ೜ቁ

 ............................... (3.7) 

  

Where X represents the molar fraction of elements A and B, and their total should be 

equal to 1 (XA+XB = 1). G represents the Gibbs free energy of the corresponding element and 

the associated substance; L is an interaction parameter. It is important to note that y denotes 

the mole fractions of the associated compound ApBq, and A and B are the elements. If 1 mole 

of A and 1 mole of B produces n(ApBq) moles of ApBq, then nA and nB are the moles of A and 

B that are present in the association. And at the same time, the total number of moles in the 

system is N = nA + nB + n(ApBq). Thus, yA = nA/N, yB = nB/N, y(ApBq) = n(ApBq)/N 

3.3.3 Sublattice Model 

The sublattice model was first proposed by Hillert et al. [80] in 1970. Because in many 

phases, the arrangement of different kinds of atoms is ordered, and one special atom tends to 

go into a particular lattice position. The sublattice model subdivides the lattice into several 

sublattices based on crystallographic information. For example, NaCl can be described as a 

simple cubic lattice, and it also can be treated as two intersecting face-centered cubic lattices, 

one of which is occupied by Na and the other by Cl. In order to use the sublattice model to 

accurately describe the solid solution, especially the solid solution with a special solubility 

range, each sublattice can be set containing multiple elements. The concept of dot matrix 
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fraction is introduced for calculating the Gibbs free energy because different lattices could 

contain more than one element. At the same time, attention need to be given the features and 

assumptions of the sublattice model when doing the modelling. First, it was assumed that each 

atom in one single sublattice is only adjacent to atoms in the other sublattice, and the 

interactions between each sublattice are ignored. The excess free energy is only related to the 

interactions between atoms in the same sublattice and the type of atoms in another sublattice. 

This means that the interactions between the lattices do not affect the excess free energy [81]. 

Due to the importance of this model to the current thesis, example of a simple binary 

sublattice model (A, B)p (C, D)q is discussed below to explain the sublattice model in more 

details. The first lattice is occupied by A and B with the number of atoms NA and NB, and the 

second lattice is occupied by C and D with the number of atoms NC and ND. Where P and Q 

represent the ratio of the two lattices, from this, the lattice fraction can be calculated:  

 
𝑦஺ =

ேಲ

ேಲାேಳ
= 1 − 𝑦஻

𝑦஼ =
ே೎

ே೎ାேವ
= 1 − 𝑦஽

 ..................................................... (3.8) 

Based on the above discussion, the ideal molar entropy of mixing can be deduced as: 

 Δ𝑆௠ = 𝑝𝑅𝑇∑  ௡
௜ୀଵ 𝑦௜

ᇱ ln 𝑦௜
ᇱ + 𝑞𝑅𝑇∑  ௡

௝ୀଵ 𝑦௝
ᇱᇱ ln 𝑦௝

ᇱᇱ ................................. (3.9) 

Where superscripts ' and '' represent the first and second sublattices, respectively. For example, 

𝑦௜
ᇱ Represents the fraction of the components in the first sublattice [80]. 

Since in the sublattice model, entropy of mixing is ideal, so the excess free energy is 

only related to configurational entropy. Meanwhile, according to the previous hypothesis, there 

is no interaction between each lattice. So, the Gibbs free energy can be deduced [82]: 

 
𝐺 = ∑  ௡

௜ୀଵ ∑  ௡
௝ୀଵ 𝑦௜

ᇱ𝑦௝
ᇱᇱ𝐺௜௝ + 𝑝𝑅𝑇 ∑  ௡

௜ୀଵ 𝑦௜
ᇱ ln 𝑦௜

ᇱ + 𝑞𝑅𝑇∑  ௡
௝ୀଵ 𝑦௝

ᇱᇱ ln 𝑦௝
ᇱᇱ

+∑  ௡
௝ୀଵ 𝑦୅

ᇱ 𝑦୆
ᇱ 𝑦௝

ᇱᇱ𝐿୅,୆:୨ + ∑  ௡
௜ୀଵ 𝑦େ

ᇱᇱ𝑦ୈ
ᇱᇱ𝑦௝

ᇱᇱ𝐿௜:஼,ୈ
 ............... (3.10) 
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The last two terms in the above equation represent the excess Gibbs free energy, where the 

parameter 𝐿୅,୆:୨  is the interaction parameter between A and B in the first lattice when the 

second sublattice is completely occupied by element j. The parameter 𝐿௜:஼,ୈ  has a similar 

meaning [80]. In addition, it is essential to note that in the above equation, the compound 

represented by 𝐺௜௝ , can be for either an actual or a hypocritical compound. 

3.3.4 Interaction Parameters 

In the regular solution model and the sublattice model, Lij is the interaction coefficient 

between components, which is the vital term for thermodynamic modelling. In order to 

accurately describe the properties of the solution, Lij can be expressed as a function of 

temperature and the components that make up the system. The relationship between Lij and 

temperature can be written as follows [80]:  

 𝐿௜௝ = 𝑎 + 𝑏𝑇 + cTln(𝑇).................................................. (3.11) 

 

In some thermodynamic modelling and phase diagram assessment, to reduce the 

limiting conditions and the number of parameters, the above equation is simplified as:  

 𝐿௜௝ = 𝑎 + 𝑏𝑇........................................................... (3.12) 

The common mathematical expressions for the relation between Lij and components 

include Margules power function polynomials, Redlich-Kister polynomials, and Legendre 

polynomials. Many studies show that the Redlich-Kister polynomial has certain quasi-

orthogonality, and its mathematical form is relatively simple, which is beneficial to building 

the model of a complex system [83]. Therefore, this representation has been widely used in 

recent years, and its specific mathematical expression is: 

 𝐿ଵଶ = ∑  ௡
௝ୀ଴

௝𝐿(𝑥ଵ − 𝑥ଶ)
୨ ............................................... (3.13) 
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Substitute equation (3.12) into equation (3.13) and then expand the polynomial to obtain the 

equation below [83]: 

𝐿௜௝ = (𝑎଴ + 𝑏଴𝑇) + (𝑎ଵ + 𝑏ଵ𝑇)(𝑥ଵ − 𝑥ଶ) + (𝑎ଶ + 𝑏ଶ𝑇)(𝑥ଵ − 𝑥ଶ)
ଶ +⋯⋯ ...... (3.14) 

 

3.4 Extrapolation and Assessment of Higher-Order Systems 

Due to the difficulty of experimental measurement, the thermodynamic model of the 

multi-components system (i.e., ternary systems and higher) is usually obtained by extrapolation 

from the binary subsystems. This should give a reasonable first approximation for the higher-

order system. Experimental data of multi-components systems are much less available than 

that of the binary system and ternary systems, so the information in the experimental phase 

diagram is difficult to meet the needs of practical material development. A large number of the 

experimental phase diagram and thermodynamic data of the sub-systems are required for the 

evaluation of the multi-component system of interest. Also, it is necessary to verify and 

optimize the phase diagram and thermodynamic data of the subsystem in order to establish a 

more accurate database. Extrapolation techniques include the well-known symmetric Kohler 

and Muggianu model also the asymmetric Toop model. Each model has its own advantages 

and disadvantages [84]. Usually, the choice of models is based on experience and the type of 

components and their chemical interactions. Different models will have some influence on the 

assessment results. For example, Chartrand and Pelton [76] reported that for dilute solutions, 

the Kohler or Toop model gives better descriptions for partial properties in the ternary system 

than the Muggianu model. Lukas et al. [84] explained the above three extrapolation methods 

graphically, as shown in Figure 3-2. Additionally, another symmetrical Colinet model is similar 

to Kohler and Muggianu models, but treats the three contributions from the three binary 

systems with different ratios.  
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Figure 3-2 Graphical explanation about four different ternary extrapolation methods [84] 

Since IN718 alloy contains at least eight elements, it is difficult to build a fully 

validated database from scratch, which requires a lot of experimentation and validation. In 

addition, if the assessment of each subsystem is established and then extrapolated to higher-

order systems, there will be quite a lot of redundant assessment. Thus, in this work, is 

established by merging of the corresponding Gibbs energies of the phase from the binary 

systems. For example, the Laves phase exists in two binaries systems, A-B and A-C. 

Meanwhile, it is assessed via sublattice models: (A, B)2(A, B) and (A, C)2(A, C). When Laves 

phase needs to be modeled in the ternary A-B-C model, it can be modeled as (A, B, C)2(A, B, 

C). At this time, the parameters GB:C and GC:B are unassessed. It can be treated as zero in most 

cases, or if there is assessed data about the B-C subsystem, it can be applied. This approach 

proved to be reliable, especially when modelling higher-order systems in the absence of some 

experimental data (e.g., solubility range and activity) 
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Chapter 4  Calculation Results of the Binary Systems in the IN718 Alloy 

This chapter explains the process of building a modified, customized database for 3D-

printed IN718 and explains the modelling results of each phase. In addition, some calculation 

results of Thermo-Calc for IN718 are included for comparison. Finally, relevant experiments 

are carried out to verify the current models. 

4.1 γ' Phase 

As mentioned in chapter 3, the main form of the γ' phase in IN718 is Ni3(Al, Ti). Al 

and Ti have a reciprocal substitution in the lattice. The stable phase only exists in Al-Ni with 

the form of Ni3Al (L12), while the relevant compound with the same elemental ratio (A3B) in 

the remaining two subsystems shows other crystal types. For modelling this phase, the 

sublattice model is suitable due to the solubility range of this phase, as discussed earlier. In the 

binary alloy, the configuration of the sublattice model is that both two elements dissolve into 

each of the lattices, i.e. (A, B)3(A, B). It is worth noting that, in the higher-order system, there 

is a lack of experimental solubility data, especially for the IN718 system. Therefore, in this 

work, three elements are introduced to dissolve in each lattice by default, i.e. (Ni, Al, Ti)3(Ni, 

Al, Ti). It is necessary to review the crystallographic information of the stable γ' phase to ensure 

that the correct phase present in the IN718 alloy. The available crystallographic information of 

the stable γ' phase is summarized in Table 4-1.   
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Table 4-1. Crystallographic information of γ' phase 

Phase Crystal information Reference 

γ' 

Prototype AuCu3 

[85] 

[51] 

Pearson Symbol cP4 

Strukturbericht Designation L12 

Space Group Pm3m 

Space Group Number 221 

Lattice Parameters 

a=b=c=3.92447; 

==γ=90° 

 

Table 4-2 lists the calculated phase equilibria transitions related to the γ' in the Al-Ti 

system. The calculated eutectic and peritectic temperatures in this work are 1650.6 K and 

1651.9 K, respectively, which show good agreement with all the available data listed in Table 

4-2. In particular, it is important to note the close agreement between these values and the 

measurement of Verhoeven et al. [86].  
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Table 4-2 Comparison between this work and the different experimental results from the 

literature of the γ' invariant equilibria in the Al-Ni system 

Reaction Type Compositions of Ni (at. %) Temperature (K) Reference 

Liquid + Al_FCC→ γ' Peritectic 

0.7606; 0.7950; 0.7725 1651.9  This work 

0.7560; 0.7880; 0.7600 1643.4   [87] 

0.7600; 0.7880; 0.7700 1649  [88] 

0.7583; 0.8128; 0.7644 1643.2   [89] 

0.7550; 0.7850; 0.7616 1645   [90]  

Liquid → AlNi_BCC + γ' Eutectic 

0.7554; 0.7057; 0.7703 1650.6 This work 

0.7460; 0.7070; 0.7500 1642.2  [87] 

0.7555; 0.7180; 0.7660 1646  [88] 

0.7571; 0.6946; 0.7647 1642.9  [89] 

0.7520; 0.7100; 0.7600 1642  [90] 
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The optimized thermodynamic parameters for γ' phase are shown in Table 4-3, where 

the Gibbs energy of pure elements Ni, Al, and Ti are all taken from the SGTE database [78], 

as mentioned earlier. Except for the γ' phase, the rest of the phases in the Al-Ni system are 

taken from the FTlite database. The parameters of the hypothetical and real end-members of 

the γ' phase were optimized in this work. In addition, when describing the excess Gibbs free 

energy of a phase, it was necessary to use the minimum number of interaction parameters (L) 

to avoid complicating the model as complex models result in less accurate extrapolation to 

higher order systems [24,28]. Figure 4-1 shows that the calculated phase diagram agrees 

reasonably with the available experimental data in the literature. In some of the earlier work, 

the γ' phase is considered as a stoichiometric compound which is not correct and hence not 

compared with this work. The phase without homogenous range will affect the liquidus 

temperature and result in a steeper liquidus and inaccurate phase transformation temperatures. 

Attention was paid to have the homogeneity range of γ' in the Al-Ni (Figure 4-1) consistent 

with the work of Hilpert et al. [90] and Bremer et al. [91] because they are the most recent. 
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Table 4-3 Optimized thermodynamic parameters of the γ' phase in the IN718 alloy  

Phase 
End-

members 

Thermodynamic description & parameter 

ΔG (J/mol-atom) Interaction parameter 
L (J/mol-atom) 

γ'  
(Ni,Al,Ti)3 

(Ni,Al,Ti) 

Ni:Ni 
𝐺ே௜:ே௜
ே௜ଷே௜ − 3 ∗ 𝐺ே௜

ி௖௖ − 1 ∗ 𝐺ே௜
ி௖௖ = 20000 

 

LAl : Ni, Al = -155700 
 

LNi : Ni, Al = -155700 
 

LAl ,Ni: Ni = -7500 
 

LAl ,Ni: Al = -7500 
 

Ni:Ti 
𝐺ே௜:୘୧
ே௜ଷ்௜ − 3 ∗ 𝐺ே௜

ி௖௖ − 𝐺்௜
ு௖௣

= −151504 + 24.15 ∗ 𝑇 
 

Ni:Al 
𝐺ே௜:୅୪
ே௜ଷ஺௟ − 3 ∗ 𝐺ே௜

ி௖௖ − 𝐺஺௟
ி௖௖

= −184944 + 34.5 ∗ 𝑇 
 

Ti:Ni 
𝐺்௜:୒୧
்௜ଷே௜ − 3 ∗ 𝐺்௜

ு௖௣
− 𝐺ே௜

ி௖௖ = 2885 + 1.17 ∗ 𝑇 
 

Ti:Al 
𝐺்௜:୅୪
்௜ଷ஺௟ − 3 ∗ 𝐺்௜

ு௖௣
− 𝐺஺௟

ி௖௖ = 20000 + 1.05 ∗ 𝑇 
 

Ti:Ti 
𝐺୘୧:୘୧
்௜ଷ்௜ − 3 ∗ 𝐺்௜

ு௖௣
− 𝐺்௜

ு௖௣
= 20000 

 

Al:Ti 
𝐺୅୪:୘୧
஺௟ଷ்௜ − 3 ∗ 𝐺஺௟

ி௖௖ − 𝐺்௜
ு௖௣

= −135344 + 37 ∗ 𝑇 
 

Al:Ni 
𝐺୅୪:୒୧
஺௟ଷே௜ − 3 ∗ 𝐺஺௟

ி௖௖ − 𝐺ே௜
ி௖௖

= −114744 + 34.55 ∗ 𝑇 
 

Al:Al 
𝐺୅୪:୅୪
஺௟ଷ஺௟ − 3 ∗ 𝐺஺௟

ி௖௖ − 𝐺஺௟
ி௖௖ = 20000 
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Figure 4-1 The calculated Al-Ni phase diagram using the optimized parameter of γ' combined 

with the FTlite database. Phase boundaries of γ' (highlighted with red dotted frame) are 

compared with the relevant data from the literature. 

γ' 

Kaufman and Nesor [24] 

Bremer et al. [91] 

Hilpert et al. [90] 
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4.2 γ'' Phase 

From previous research, it is understood that γ'' is a metastable phase with a BCT crystal 

structure based on Ni3Nb. It has been mentioned that a small amount of Ti to stabilizes this 

phase [34]. According to the investigation of the binary phase diagrams, γ'' with the crystal 

structure of BCT in the binary system exists in Al-Ti and Al-Nb binary system, but it has a 

narrow solubility, almost a linear compound. The γ'' (Al3Ti) in the Al-Ti system is described 

by the sublattice model, which allows elements to be dissolved into two lattices, namely, (Ti, 

Al)3(Ti, Al) [49]. For the thermodynamic description of Al3Nb in the Al-Nb system, He et al. 

[49] also adopted the same approach, randomly mixing each element into two lattices. However, 

an alternative approach has been proposed instead of using the complete mixing in two 

sublattices, Zhu et al. [92] used the (Al, Nb)3(Nb) model to represent γ'' in the Al-Nb system, 

which changes the homogeneity range 25-100% Nb. This can reduce the number of adjustable 

parameters in the model. However, Du et al. [88] reverted to the (Ni, Nb)3(Al, Nb, Ni) model 

to describe γ'' (Ni3Nb) in the ternary Al-Nb-Ni system. It is worth noting here that, there is also 

a stable γ'' phase in the ternary Al-Nb-Ti system. Cupid et al. [40] modeled it using a sublattice 

model that allows the three elements to uniformly dissolve into two lattices resulting in an 

accurate assessment. They also reported that experiments show a significant widening of the 

range of homogeneity with respect to the Al concentration in the ternary Al-Nb-Ti system. The 

elemental composition of the IN718 alloy used in the 3D printing contains a large amount of 

Fe along with many other trace elements, including Ti and Al. Therefore, including these 

elements in the sublattice model improves the high-order thermodynamic model and makes it 

more suitable for the IN718 alloy. In the current work, the (Al, Nb, Ni, Ti)3(Al, Nb, Ni, Ti, Fe) 

model is used to describe γ'' in the IN718 alloy. The crystallographic information for the γ'' is 

summarized in the Table 4-4.   
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Table 4-4 Crystallographic information of the γ'' phase 

Phase Crystal information Reference 

γ'' 

Prototype Al3Ti 

[34] 

[93] 

Pearson Symbol tI8 

Strukturbericht Designation D022 

Space Group I4/mmm 

Space Group Number 139 

Lattice Parameters 

a=b=3.62; c=7.41; 

α=β=γ=90° 

 

Table 4-5 lists the phase equilibria transitions of the γ" phase in the Al-Nb binary system. 

The congruent melting temperature of the γ" phase is calculated to be about 2005 K in this 

work. Additionally, the eutectic and peritectic reactions related to the γ" phase are also listed 

in Table 4-5.  Compared with the experimental results from the literature, it can be seen that 

they are in good agreement. Especially, the pyrometric results of γ'' from Witusiewicz et al. 

[94] and the DTA results measured by Stein et al. [95] both show close values to this work. 

Also, the LTA (levitation thermal analysis) + DTA results measured by Jorda et al. [96] are 

consistent with this work. For the Al-Ti system, it is worth noting that although the same model 

was used for describing γ'', the literature [97] modeled the adjacent phases γ'' differently, which 

affected the phase boundary of γ'' to a certain extent. For example, when Saunders [97] modeled 

the adjacent line compound as Al11Ti5, the γ''-related peritectic reaction occurred at about 

1627.7 K (Liquid + Al11Ti5 → γ''). However, Kattner et al. [28] set the line compound as Al5Ti2, 

so that the peritectic reaction takes place at about 1663 K (Liquid + Al5Ti2 → γ''). Thus, only 

the experimental results from the literature [88-90,92] were used to compare in this work, as 
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shown in Table 4-6. The peritectic temperature calculated in this work is close to the 

temperature obtained from the literature, and the error is within ± 10 K.  

 

Table 4-5 Comparison between this work and the different experimental results from 
the literature of the γ'' invariant equilibria in the Al-Nb system 

Reaction Type Compositions of Al (at. %) Temperature (K) Reference 

Liquid → γ'' Congruent 

0.75 2005  This work 

0.75 1953 ± 5   [96] 

--- 1988 ± 6   [94] 

--- 2000  [95] 

Liquid → γ''+Nb2Al Eutectic 

0.56; 0.44; 0.74 1851 This work 

0.55; 0.42; --- 1863 ± 5  [96] 

---; 0.46; --- 1845 ± 7  [94] 

Liquid + γ'' →Al_FCC Peritectic 

0.99; 0.75; 0.98 936 This work 

---; 0.75; --- 931 ± 5  [94] 

---; ---; 0.99 934 ± 0.5  [92] 
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Table 4-6 Comparison between this work and the different experimental results from the 
literature of the γ'' invariant equilibria in the Al-Ti system  

Reaction Type Compositions of Al (at. %) Temperature (K) Reference 

Liquid + Al17Ti8 → γ'' Peritectic 

0.73; 0.68; 0.76 1655 This work 

0.75; 0.71; 0.78 1698  [98] 

0.75; 0.71; 0.81 1660  [94] 

Liquid + γ'' →Al_FCC Peritectic 

0.99; 0.75; 0.98 935 This work 

0.99; 0.75; 0.98 938.7  [94] 

0.99; 0.75; 1 938  [100] 

 

The optimized thermodynamic parameters of γ'' in the IN718 alloy are shown in the 

following Table 4-7, where the Gibbs energy of pure elements are all taken from the SGTE 

database [78] as mentioned earlier. Except for the γ'', the rest of the phases in the Al-Nb phase 

diagram are taken from the FTlite database. Parameters of the hypothetical and real end-

members of the γ''phase were adjusted and optimized in this work. For the Al-Nb binary system, 

the calculated and enlarged phase diagrams (Figure 4-2 and 4-3) show detailed comparison of 

the γ'' phase by superimposing with the experimental data points from the literature [94-96,98]. 

Especially in the recent year 2019, Silva et al. [98] used electron probe microanalysis (EPMA) 

measurements to confirm the composition of this system. Their work [98] is given high weight 

and the current work is consistent with their measurement. For the Al-Ti binary system, 

although the experimental solubility range of the γ'' phase in high order systems is still uncertain, 

there are some accurate thermodynamic descriptions of the γ'' phase in the Al-Ti binary system 

[40,47,90,92]. Similar sublattice structure to assess γ'' has been adopted in the present work. 

The only difference is that other elements in IN718 have been added to describe the γ'' phase. 

The calculated phase diagram and enlarged part in the vicinity of γ'' are shown in Figure 4-4 
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and 4-5, which exhibits great agreement with the most recent available experimental data 

reported by Palm et al. [99].  

Table 4-7 Optimized thermodynamic parameters of γ'' in the IN718 alloy 

Phase 
End-

members 

Thermodynamic description & parameter 

ΔG (J/mol-atom) 
Interaction 

parameter L  
(J/mol-atom) 

γ'' 
 

(Al,Nb,Ni,Ti)3 

(Al,Nb,Ni,Ti,Fe) 

Ni:Ni 𝐺ே௜:ே௜
ே௜ଷே௜ − 3 ∗ 𝐺ே௜

ி௖௖ −∗ 𝐺ே௜
ி௖௖ = 40000 

 
LAl: Nb, Ti = -5000 

 
LNb, Al: Nb = 120000 

 
LAl, Ti: Nb = -50000 

 

Ni:Fe 𝐺ே௜:୊ୣ
ே௜ଷி௘ − 3 ∗ 𝐺ே௜

ி௖௖ − 𝐺ி௘
஻௖௖ = 14666.66 + 19.32 ∗ 𝑇 

Ni:Nb 𝐺ே௜:୒ୠ
ே௜ଷே௕ − 3 ∗ 𝐺ே௜

ி௖௖ − 𝐺ே௕
஻௖௖ = 5517.21 + 9.74 ∗ 𝑇 

Ni:Ti 𝐺ே௜:୘୧
ே௜ଷ்௜ − 3 ∗ 𝐺ே௜

ி௖௖ − 𝐺்௜
ு௖௣

= −151504.79 + 24 ∗ 𝑇 

Ni:Al 𝐺ே௜:୅୪
ே௜ଷ஺௟ − 3 ∗ 𝐺ே௜

ி௖௖ − 𝐺஺௟
ி௖௖ = −153134.4 − 3.8 ∗ 𝑇 

Ti:Ni 𝐺்௜:୒୧
்௜ଷே௜ − 3 ∗ 𝐺்௜

ு௖௣
− 𝐺ே௜

ி௖௖ = 2885.11 + 1.17 ∗ 𝑇 

Ti:Al 𝐺்௜:୅୪
்௜ଷ஺௟ − 3 ∗ 𝐺்௜

ு௖௣
− 𝐺஺௟

ி௖௖ = 20000 + 1.05 ∗ 𝑇 

Ti:Ti 𝐺୘୧:୘୧
்௜ଷ்௜ − 4 ∗ 𝐺்௜

ு௖௣
= 40000 

Ti:Fe 𝐺்௜:୊ୣ
்௜ଷி௘ − 3 ∗ 𝐺்௜

ு௖௣
− 𝐺ி௘

஻௖௖ = 9194.45 + 9.6 ∗ 𝑇 

Ti:Nb 𝐺்௜:୒ୠ
்௜ଷே௕ − 3 ∗ 𝐺்௜

ு௖௣
− 𝐺ே௕

஻௖௖ = 20000 + 1.05 ∗ 𝑇 

Al:Ti 𝐺୅୪:୘୧
஺௟ଷ்௜ − 3 ∗ 𝐺஺௟

ி௖௖ − 𝐺்௜
ு௖௣

= −144592 − 36.98 ∗ 𝑇 

Al:Ni 𝐺୅୪:୒୧
஺௟ଷே௜ − 3 ∗ 𝐺஺௟

ி௖௖ − 𝐺ே௜
ி௖௖ = −192095.8 + 45.9 ∗ 𝑇 

Al:Nb 𝐺୅୪:୒ୠ
஺௟ଷே௕ − 3 ∗ 𝐺஺௟

ி௖௖ − 𝐺ே௕
஻௖௖ = −136008 − 24.13 ∗ 𝑇 

Al:Fe 𝐺୅୪:୊ୣ
஺௟ଷி௘ − 3 ∗ 𝐺஺௟

ி௖௖ − 𝐺ி௘
஻௖௖ = −107465.5 + 24 ∗ 𝑇 

Al:Al 𝐺୅୪:୅୪
஺௟ଷ஺௟ − 3 ∗ 𝐺஺௟

ி௖௖ − 𝐺஺௟
ி௖௖ = 40000 

Nb:Al 𝐺୒ୠ:୅୪
ே௕ଷ஺௟ − 3 ∗ 𝐺ே௕

஻௖௖ − 𝐺஺௟
ி௖௖ = 20000 + 1.5 ∗ 𝑇 

Nb:Nb 𝐺ே௕:ே௕
ே௕ଷே௕ − 4 ∗ 𝐺ே௕

஻௖௖ = 40000 

Nb:Ni 𝐺୒ୠ:୒୧
ே௕ଷே௜ − 3 ∗ 𝐺ே௕

஻௖௖ − 𝐺ே௜
ி௖௖ = 1839 + 3.27 ∗ 𝑇 

Nb:Ti 𝐺୒ୠ:୘୧
ே௕ଷ்௜ − 3 ∗ 𝐺ே௕

஻௖௖ − 𝐺்௜
ு௖௣

= 20000 + 1.5 ∗ 𝑇 

Nb:Fe 𝐺୒ୠ:୊ୣ
ே௕ଷி௘ − 3 ∗ 𝐺ே௕

஻௖௖ − 𝐺ி௘
஻௖௖ = 9500 + 10.2 ∗ 𝑇 
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Figure 4-2 The calculated Al-Nb phase diagram using the optimized parameter of γ' 

combined with the FTlite database. Phase boundaries of γ'' are compared with the relevant 

data from the literature. 

 

Figure 4-3 Enlarged area in the vicinity of γ'' shown in Figure 4-2. 

γ" 

γ" 

Silva et al. [98] 

Witusiewicz et al. [94] 

Jorda et al. [96] 

Stein et al. [95] 

 

Silva et al. [98] 

Witusiewicz et al. [94] 

Jorda et al. [96] 

Stein et al. [95] 
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Figure 4-4 The calculated Al-Ti phase diagram using the optimized parameter of γ'' combined 

with the FTlite database. Phase boundaries of γ'' are compared with the relevant data from the 

literature. 

 

Figure 4-5 Enlarged area in the vicinity of γ'' shown in Figure 4-4. 

γ" 

γ" 

Palm et al. [99] 

Waterstrat [101] 

Froes et al. [102] 

Schuster et al. [103] 
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4.3 Laves Phase 

The Laves phase is a common brittle precipitate in IN718 with bright white particles. 

A high proportion of it is detrimental to the mechanical properties of IN718. In addition, due 

to the complexity of its composition and uncertainty of its occurrence, detailed experimental 

and modelling results of this phase are lacking. Hence, it is necessary to build a thermodynamic 

description for this phase. According to the discussion earlier, the Laves phase has (Ni, Cr, 

Fe)2(Nb, Ti, Mo) chemical composition. However, Ferreri et al. [34] described the Laves phase 

with the (Ni, Cr, Fe)2(Nb, Ti) model. Qi et al. [51] reported the elemental distribution of the 

interdendritic Laves phase using EDS analysis of printed IN718, and found that it is rich in Ni, 

Nb, Mo, and Cr but with very low Al content.  A stable Laves phase exists in the Cr-Ti, Cr-Nb, 

Fe-Nb and Fe-Ti systems. As discussed in chapters 2 and 3, to describe the homogenous ranges 

of this phase accurately, the two respective elements are set to mix within each lattice. 

Following this approach, the (Ni, Nb, Fe, Ti, Cr)2(Ni, Nb, Fe, Ti, Cr) model is used in the 

current work to describe the Laves phase in the IN718 alloy. The model is consistent with all 

the literature and reproduces the homogeneity range. The Mo element has conflict when doing 

calculations via FactSage and has been found to be a trace element in the IN718 system. 

Therefore, it has not been included in the customized database. However, another 

thermodynamic calculation software Thermo-Calc [104] was used to calculate equilibrium and 

non-equilibrium conditions of the IN718 alloy with Mo. These results will be discussed in 

chapter 5. The crystallographic information for the Laves phase is summarized in Table 4-8 

below.   
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Table 4-8 Crystallographic information of the Laves phase 

Phase Crystal information Reference 

Laves 

Prototype MgZn2 

[34] 

[51] 

Pearson Symbol hP12 

Strukturbericht Designation C14 

Space Group P63/mmc  

Space Group Number 194 

Lattice Parameters 

a=b=5.15; c=8.48; 

α=β=90°; γ=120° 

 

The optimized thermodynamic parameters of Laves phase (C14) are shown in Table 4-

9, where the Gibbs energy of pure elements are all taken from the SGTE database [78] as 

mentioned earlier. Similarly, when doing the phase diagram calculation, except for the Laves 

phase, the rest of the phases in the following sub-binary systems are taken from the FTlite 

database [76]. Parameters of the hypothetical and real end-members were adjusted and 

optimized in this work.  
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Table 4-9. Optimized thermodynamic parameters for the Laves phase in the IN718 alloy 

Phase 
End-

members 

Thermodynamic description & parameter 

ΔG (J/mol-atom) 
Interaction 

parameter L 
 (J/mol-atom) 

Laves 
(Ni,Nb,Fe,Ti,Cr)2 

(Ni,Nb,Fe,Ti,Cr) 

Ni:Ni 𝐺ே௜:ே௜
ே௜ଶே௜ − 2 ∗ 𝐺ே௜

ி௖௖ −∗ 𝐺ே௜
ி௖௖ = 15000 

 
LFe: Nb, Fe = 

 -2379+13.92*T 
 

LNb: Nb,Fe =  
-2379+13.92*T  

 
LFe, Nb: Nb =  

114+44.22*T 
 

LFe, Nb: Fe =  
114+44.22*T 

 
LFe, Ti: Ti = 10500 

 
LFe: Ti, Fe = 4200 

 
LCr, Ti: Cr = 47634.9 

 
LCr, Ti: Ti= 47634.9 

 
LCr: Ti, Cr= 23360 

  
LTi: Ti, Cr= 23360 

 
LCr, Nb: Nb= 88673 

 
LCr, Nb: Cr= 88673 

 
LNb: Nb, Cr= 18511 

 
LCr: Nb, Cr= 18511 

 

Ni:Fe 𝐺ே௜:୊ୣ
ே௜ଶி௘ − 2 ∗ 𝐺ே௜

ி௖௖ − 𝐺ி௘
஻௖௖ = 12827.59 + 1.32 ∗ 𝑇 

Ni:Nb 𝐺ே௜:୒ୠ
ே௜ଶே௕ − 2 ∗ 𝐺ே௜

ி௖௖ − 𝐺ே௕
஻௖௖ = 3878.14 + 5.31 ∗ 𝑇 

Ni:Ti 𝐺ே௜:୘୧
ே௜ଶ்௜ − 2 ∗ 𝐺ே௜

ி௖௖ − 𝐺்௜
ு௖௣

= 3678.14 + 2.05 ∗ 𝑇 

Ni:Cr 𝐺ே௜:େ୰
ே௜ଶ஼௥ − 2 ∗ 𝐺ே௜

ி௖௖ − 𝐺஼௥
஻௖௖ = 13319.62 + 5.86 ∗ 𝑇 

Ti:Ni 
𝐺்௜:୒୧
்௜ଶே௜ − 2 ∗ 𝐺்௜

ு௖௣
− 𝐺ே௜

ி௖௖

= −70305.59 + 8.57 ∗ 𝑇 

Ti:Cr 𝐺்௜:େ୰
்௜ଶ஺௟ − 2 ∗ 𝐺்௜

ு௖௣
− 𝐺஼௥

஻௖௖ = 15009.68 + 1.05 ∗ 𝑇 

Ti:Ti 𝐺୘୧:୘୧
்௜ଶ்௜ − 2 ∗ 𝐺்௜

ு௖௣
− 𝐺்௜

ு௖௣
= 15000 

Ti:Fe 𝐺்௜:୊ୣ
்௜ଶி௘ − 2 ∗ 𝐺்௜

ு௖௣
− 𝐺ி௘

஻௖௖ = 9194.45 + 9.6 ∗ 𝑇 

Ti:Nb 𝐺்௜:୒ୠ
்௜ଶே௕ − 2 ∗ 𝐺்௜

ு௖௣
− 𝐺ே௕

஻௖௖ = 20000 + 1.05 ∗ 𝑇 

Cr:Ti 𝐺େ୰:୘୧
஼௥ଶ்௜ − 2 ∗ 𝐺஼௥

஻௖௖ − 𝐺்௜
ு௖௣

= −1879.79 − 5.91 ∗ 𝑇 

Cr:Ni 𝐺େ୰:୒୧
஼௥ଷே௜ − 2 ∗ 𝐺஼௥

஻௖௖ − 𝐺ே௜
ி௖௖ = 1858.43 + 5.9 ∗ 𝑇 

Cr:Nb 𝐺େ୰:୒ୠ
஼௥ଶே௕ − 2 ∗ 𝐺஼௥

஻௖௖ − 𝐺ே௕
஻௖௖ = −5430 − 10.57 ∗ 𝑇 

Cr:Fe 𝐺େ୰:୊ୣ
஼௥ଶி௘ − 2 ∗ 𝐺஼௥

஻௖௖ − 𝐺ி௘
ி௖௖ = 9168.81 + 24 ∗ 𝑇 

Cr:Cr 𝐺େ୰:େ୰
஼௥ଶ஼௥ − 2 ∗ 𝐺஼௥

஻௖௖ − 𝐺஼௥
஻௖௖ = 15000 

Nb:Cr 𝐺୒ୠ:େ୰
ே௕ଶ஼௥ − 2 ∗ 𝐺ே௕

஻௖௖ − 𝐺஼௥
஻௖௖ = 229560 − 4.46 ∗ 𝑇 

Nb:Nb 𝐺ே௕:ே௕
ே௕ଶே௕ − 2 ∗ 𝐺ே௕

஻௖௖ −∗ 𝐺ே௕
஻௖௖ = 15000 

Nb:Ni 𝐺୒ୠ:୒୧
ே௕ଶே௜ − 2 ∗ 𝐺ே௕

஻௖௖ − 𝐺ே௜
ி௖௖ = 1839.07 + 1.27 ∗ 𝑇 

Nb:Ti 𝐺୒ୠ:୘୧
ே௕ଶ்௜ − 2 ∗ 𝐺ே௕

஻௖௖ − 𝐺்௜
ு௖௣

= 20000 + 1.46 ∗ 𝑇 

Nb:Fe 𝐺୒ୠ:୊ୣ
ே௕ଶி௘ − 2 ∗ 𝐺ே௕

஻௖௖ − 𝐺ி௘
஻௖௖ = 103200 − 17.45 ∗ 𝑇 

Fe:Fe 𝐺୊ୣ:୊ୣ
ி௘ଶி௘ − 2 ∗ 𝐺ி௘

஻௖௖ − 𝐺ி௘
஻௖௖ = 15000 

Fe:Ti 
𝐺୊ୣ:୘୧
ி௘ଶ்௜ − 2 ∗ 𝐺ி௘

஻௖௖ − 𝐺்௜
ு௖௣

= −103200 + 25.41 ∗ 𝑇 
Fe:Cr 𝐺୊ୣ:େ୰

ி௘ଶ஼௥ − 2 ∗ 𝐺ி௘
஻௖௖ − 𝐺஼௥

஻௖௖ = 18308.58 − 1.45 ∗ 𝑇 
Fe:Ni 𝐺୊ୣ:୒୧

ி௘ଶே௜ − 2 ∗ 𝐺ி௘
஻௖௖ − 𝐺ே௜

ி௖௖ = 20137.97 − 0.5 ∗ 𝑇 
Fe:Nb 𝐺୊ୣ:୒ୠ

ி௘ଶே௕ − 2 ∗ 𝐺ி௘
஻௖௖ − 𝐺ே௕

஻௖௖ = −73200 + 17.45 ∗ 𝑇 
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The Cr-Ti binary system includes three different structures (C14, C15, and C36) of 

Laves phase, but only C14 exists in IN718. Thus, this work mainly focuses on the modelling 

of the C14 phase to include it in the customized database, while the other two types of Laves 

are taken from the FSstel database [76] from FactSage software. It is worth noting that FSstel 

has ambiguous naming of these three phases. As Lukas et al. [16] mentioned in their book, in 

some thermodynamic databases, the phase names used for several important crystal structures 

do not belong to any of the general nomenclature systems. For example, the names FCC 

structure and BCC were initially designated for Bravais lattices (face-centered cubic and body-

centered cubic), but they are very commonly used as names for the crystal structures denoted 

by prototype, Strukturbericht, and Pearson symbols as Cu-type, A1, cF4, and W-type, A2, cI2, 

respectively. For instance, in some thermodynamic modelling software, “ordered bcc” is used 

for the CsCl-type (B2, cP2) and FeAl3-type (cF16) structures that in fact have cubic primitive 

or face-centered cubic Bravais lattices, respectively; “ordered fcc” on the other hand is used 

for the CuAu-type (L10, tP2) and Cu3Au-type (L12, cP4) structures which have tetragonal or 

cubic primitive Bravais lattices, respectively. Based on this, when employing phase modelling, 

crystal structure and nomenclature of specific phases should be examined in detail to avoid 

mistakes.  

When optimizing this phase diagram, not enough experimental data is available about 

the enthalpy of formation for end-members, especially, Cr2Ti. And the standard enthalpy of 

formation of the stable end-member Cr2Ti of the Laves phases is assessed differently in 

different articles. For example, Cupid et al. [105] used -2741 J/mol, which is significantly 

larger than the values obtained from the ab-initio work of Pavlu et al. (-30486 J/mol) [56]. 

Thus, in this work, the value -1789 J/mol is adopted, which is within the assessment range of 

suggestion from Cupid et al. [105] (from -1779 J/mol to -29569 J/mol).  
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Due to lack of experimental descriptions of the homogeneity ranges and polymorphic 

transformation of C36 and C15, only C14 can be compared with experimental data as shown 

in Figure 4-6. Additionally, there are also missing experimental data about some of the 

reactions related to C36 and C15. Thus, only some of the other calculated invariant reaction 

data are listed in Table 4-10 and marked as calculation results from the literature. It could be 

concluded that calculation of the Cr-Ti phase diagram and the invariant reactions are consistent 

with the experimental results from the literature. Especially, the Cr_BCC →  Laves_C14 

reaction that is shows great consistent with the data from the literature. By comparing with the 

latest studies on this reaction, Ghosh [106] and Cupid et al. [105] reported this reaction to occur 

at about 1642 K and 1643 K respectively, which is also close to the calculated value in this 

work at about 1645 K. For the peritectoid reaction (Cr_BCC + Laves_C14 → Laves_C36), the 

temperature is found as 1542 K in this work, which is also close to the results of Minaeva et al. 

[107] as 1545 K. 
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Table 4-10 Comparison between this work and different experimental results from the 

literature of the C14-Laves invariant equilibria in the Cr-Ti system  

Reaction Type Compositions of Cr (at. %) Temperature (K) Reference 

Cr_BCC → C14 Congruent 

0.65 1645  This work 

0.65 1647 ± 1  [108] 

0.65 1639     [109] * 

0.65 1648 [110] 

0.65 1642    [106] * 

0.65 1643    [105] * 

C14 + Cr_BCC → C36 Peritectoid 

0.64; 0.46; 0.64 1542 This work 

0.64; 0.44; 0.64 1544    [106] * 

0.63; 0.41; 0.63 1545    [105] * 

0.63; 0.42; 0.63 1543 [109] 

Note: * calculation results from the literature 
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Figure 4-6 The calculated Cr-Ti phase diagram using the optimized parameter of C14 Laves 

combined with the FTlite database. Phase boundaries of C14 Laves are compared with the 

relevant data from the literature. 

The Cr-Nb binary system has two types of Laves phase with structures C14 and C15. 

There are not enough experimental data of the two eutectic reactions related to C14. Thus, 

some of the other calculated invariant equilibria reaction data are listed when comparing with 

the current results. The details are shown in Table 4-11. It could be seen that the two eutectic 

reactions and the congruent melting temperature of C14 are all close to the experimental and 

modelling results from the literature.  Especially, the congruent melting temperature of the C14 

in this work (2002 K) reveals good agreement. This indicates that the thermodynamic 

description of the C14 phase in the Cr-Nb system accurately assesses the Gibbs free energy of 

this phase and the phase region. The calculated Cr-Nb phase diagram is shown in the Figure 4-

7. 
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Table 4-11 Comparison between this work and different experimental results from the 
literature of the C14-Laves invariant equilibria in the Cr-Nb system 

Reaction Type Compositions of Cr (at. %) Temperature (K) Reference 

Liquid → C14 + Cr_BCC Eutectic 

0.71; 0.83; 0.93 1892.64 This work 

0.70; 0.88; 0.94 1893 ± 40  [111] 

0.71; 0.82; 0.93 1893 [112] 

Liquid → C14 + Nb_BCC Eutectic 

0.25; 0.52; 0.65 1924.68 This work 

0.15; 0.50; 0.61 1923 ± 50 [111] 

0.25; 0.52; 0.65 1924    [112] * 

Liquid → C14 Congruent 

0.67 2001.55 This Work 

0.67 2001± 20  [111] 

0.67 2001  [112] 

0.67 2000     [61] * 

0.67 2002    [63] * 

Note: * calculation results from the literature 
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Figure 4-7 The calculated Cr-Nb phase diagram using the optimized parameter of C14 Laves 

combined with the FTlite database. Phase boundaries of C14 Laves are compared with the 

relevant data from the literature. 

 

The Fe-Nb binary system has only the C14 type of Laves phase. Some experimental 

data on the region of this phase are available. The comparison of experimental invariant 

equilibria and this work are shown in Table 4-12 below. It could be found that the eutectic 

reaction, peritectic reaction and the congruent melting temperature of C14 are all close to the 

experimental results from the literature [73,114,115]. Especially, the eutectic reaction of C14 

in this work reveals good agreement with the experimental result of both Vob et al. [73] and 

Bejarano et al. [114].  
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Table 4-12 Comparison between this work and different experimental results from the 

literature of the C14-Laves invariant equilibria in the Fe-Nb system 

Reaction Type Compositions of Nb (at. %) Temperature (K) Reference 

Liquid → C14 + Fe_BCC Eutectic 

0.03; 0.09; 0.31 1642.3 This work 

0.03; 0.08; 0.25 1646 ± 1  [73] 

0.03; 0.1; 0.32 1643  [114] 

Liquid + C14 → Fe7Nb6 Peritectic 

0.35; 0.51; 0.49 1811.54 This work 

0.38; 0.52; 0.47 1796 ± 2  [73] 

0.37; 0.56; 0.49 1793  [114] 

Liquid → C14 Congruent 

0.33 1911.35 This Work 

0.33 1913  [115] 

0.33 1903  [114] 

0.33 1909.3  [116] 

 

Figure 4-8 shows the calculated Fe-Nb system along with the experimental data from 

different literature sources. It can be seen that the thermodynamic description of the 

homogeneity range of the C14 Laves phase and the Fe-rich side eutectic reaction in this work 

are consistent with the accurate EPMA experimental data of Bejarano et al. [114]. The 

calculated solubility range of the Laves phase at 1642 K in this work is about 30.4 - 33.6 at. % 

Nb. And it comes about 32.1 - 34.9 at. % Nb as the temperature reaches 1810 K. These results 

are in good agreement with the narrower solubility range (32-37.5 at. % Nb; 32-37 at. % Nb; 

30-35 at. % Nb) measured by EPMA by Vob et al. [73].  
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Figure 4-8 The calculated Fe-Nb phase diagram using the optimized parameter of C14 Laves 

combined with the FTlite database. Phase boundaries of C14 Laves are compared with the 

relevant data from the literature. 

For the Fe-Ti system, Dumitrescu et al. [66] mentioned that some of the old versions 

of modelling results, such as Murray's [65] were not accurate due to the lack of experimental 

information. Different thermodynamic calculations have different interpretations of the melting 

point and homogeneity range of FeTi in the literature, which affects the overall equilibrium 

reactions of the system. The higher the melting point of FeTi, the more likely it is to have a 

eutectic reaction between this compound and the Fe-side. This explains the reason why some 

authors treated it as a peritectic reaction, but others, such as Wierzba et al. [117], recently 

considered it as a eutectic reaction instead. Thus, only the experimental data from the literature 

are listed and used to compare with the current work. The calculated invariant reactions and 

compositions related to the C14 Laves phase are summarized in Table 4-13. It is worth noting 

that this system requires further experimental information for a more comprehensive 
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thermodynamic assessment. The relevant Fe-Ti calculated phase diagram is shown in Figure 

4-9, superimposing with the experimental data from the literature, which exhibits great 

agreement with the most recent available experimental data reported by Qiu et al. [118]. 

Table 4-13 Comparison between this work and different experimental results from the 

literature of the C14-Laves invariant equilibria in the Fe-Ti system 

Reaction Type Compositions of Ti (at. %) Temperature (K) Reference 

Liquid → C14 + Fe_BCC Eutectic 

0.09; 0.16; 0.31 1574.04 This work 

0.098; 0.16; 0.30 1566  [119] 

0.09; 0.17; 0.28 1561  [120] 

---; ---; 0.30 1559  [121] 

Liquid → C14 Congruent 

0.34 1695 This work 

0.34 1709  [119] 

0.35 1704  [120] 

Liquid + C14 → FeTi Peritectic 

0.39; 0.5; 0.51 1607.03 This work 

0.39; 0.49; ---  1600.1  [119] 

---; 0.47; --- 1603.17  [120] 

0.4; ---; --- 1614  [121] 
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Figure 4-9 The calculated Fe-Ti phase diagram using the optimized parameter of C14 Laves 

combined with the FTlite database. Phase boundaries of C14 Laves are compared with the 

relevant data from the literature. 
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4.4 δ Phase 

The delta phase is an important stable phase with an orthogonal D0a structure. It has 

the Ni3Nb primary composition. The crystallographic information for the Ni3Nb δ phase is 

summarized in Table 4-14 below.  However, a recent paper by Ferreri et al. [34] provided the 

nominal composition of the delta phase in the IN718 alloy, which included Ti dissolved in the 

lattice. Meanwhile, from the phase diagram perspective, the delta phase is stable in the Ni-Nb 

binary system and Ni-Nb-Ti ternary system. This indicates that Ti has a certain solubility in 

the Delta phase. Hence, in order to establish a more comprehensive thermodynamic description 

of delta in IN718, Ti is introduced in the sublattice model in this work. As Santhy and Kumar 

[123] suggested, due to the solubility of Ti in the delta phase, the (Nb, Ni)3(Nb, Ni, Ti) 

sublattice model is used. By doing so, two additional hypothetical end members have been 

introduced compared with a relatively simple Ni-Nb binary type description. This work follows 

the same idea of description, and some excess free energy parameters are modified. These 

optimized thermodynamic parameters are shown in Table 4-15, where the Gibbs energy of pure 

elements are all taken from the SGTE database [78]. And except for the δ phase, the rest of the 

phases are taken from the FTlite database.  
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Table 4-14 Crystallographic information of the δ phase 

Phase Crystal information Reference 

Delta 

Prototype Cu3Ti 

[34] 

[123] 

Pearson Symbol oP8 

Strukturbericht Designation D0a 

Space Group Pmmn 

Space Group Number 59 

Lattice Parameters  

a=5.12;b=4.26; c=4.57; 

α=β=γ=90° 

 

Table 4-15 Optimized thermodynamic parameters for the δ phase in the IN718 alloy 

Phase 
End-

members 

Thermodynamic description & parameter 

ΔG (J/mol-atoms) 
Interaction parameter 

L (J/mol-atoms) 

Delta 
 

(Ni,Nb)3 

(Ni,Nb,Ti) 

Ni:Ni 
𝐺ே௜:ே௜
ே௜ଷே௜ − 3 ∗ 𝐺ே௜

ி௖௖ −∗ 𝐺ே௜
ி௖௖ = 20000 

 

LNi : Ni, Nb = 67712 
 

LNi,Nb: Ti =  
-64320 +17.652*T 

 
LNi,Nb: Ni = -2780 

 

Ni:Ti 
𝐺ே௜:୘୧
ே௜ଷ்௜ − 3 ∗ 𝐺ே௜

ி௖௖ − 𝐺்௜
ு௖௣

= −160000 + 208 ∗ 𝑇 
 

Ni:Nb 
𝐺ே௜:୒ୠ
ே௜ଷே௕ − 3 ∗ 𝐺ே௜

ி௖௖ − 𝐺ே௕
஻௖௖ = −113184 + 5.866 ∗ 𝑇 

 

Nb:Nb 
𝐺୒ୠ:୒ୠ
ே௕ଷே௕ − 3 ∗ 𝐺ே௕

஻௖௖ − 𝐺ே௕
஻௖௖ = 20000 

 

Nb:Ni 
𝐺୒ୠ:୒୧
ே௕ଷே௜ − 3 ∗ 𝐺ே௕

஻௖௖ − 𝐺ே௜
ி௖௖ = 163184 − 5.866 ∗ 𝑇 

 

Nb:Ti 
𝐺୒ୠ:୘୧
ே௕ଷ்௜ − 3 ∗ 𝐺ே௕

஻௖௖ − 𝐺்௜
ு௖௣

= 57520 
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The two eutectic reactions and congruent melting temperature pertaining to the delta 

phase exhibit good consistency with the experimental results from literature, which is 

summarized in Table 4-13. Moreover, the calculated results of the congruent melting 

temperature of the δ phase are very close to the experimental data recently measured using 

DTA by Chen et al. [124]. Figure 4-10 shows the reassessed calculation of the Ni-Nb phase 

diagram with the available equilibria data from the literature [123-126]. It could be seen that 

the current results are generally consistent with the data from the literature. 

Table 4-13 Comparison between this work and different experimental results from the 

literature of the δ phase invariant equilibria in the Ni-Nb system 

Reaction Type Compositions of Nb (at. %) Temperature (K) Reference 

Liquid → Delta Congruent 

0.25 1680.7 This work 

0.25 1684 [126] 

0.25 1677 [125] 

Liquid → Ni_FCC + Delta Eutectic 

0.10; 0.14; 0.25 1581.5 This work 

0.12; 0.15; 0.24 1559.5 [126] 

0.12; 0.15; 0.24 1558 [125] 

Liquid → Delta + Ni6Nb7 Eutectic 

0.27; 0.43; 0.53 1454.5  This work 

0.28; 0.41; 0.5 1449  [126] 

0.27; 0.42; 0.5 1453  [125] 

0.275; 0.41; 0.5 1448  [124] 
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Figure 4-10 Calculated Ni-Nb phase diagram using the optimized parameter of δ phase 

combined with the FTlite database. Phase boundaries of δ are compared with the relevant 

data from the literature. 
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Chapter 5 Thermodynamic Calculation Results of the IN718 Alloy 

In this chapter, thermodynamic calculation results of the IN718 alloy are shown using 

the database customized in the current work. The customized database built in this work reveals 

a better description of IN718 when compared with other databases from FactSage and Thermo-

Calc [76,104]. It was necessary to compare them to improve the accuracy of the IN718 

thermodynamic model. Moreover, some experiments were employed to verify the accuracy of 

the current database. Differential scanning calorimetry (DSC) tests were used to obtain the 

phase transition temperature. Scanning electron microscopy (SEM) was adopted along with the 

image processing technique to obtain phase fraction data. This validates the model from both 

temperature and phase fraction perspectives.  

5.1 Equilibrium Calculation 

In this section, the equilibrium calculation results of IN718 are discussed. The IN718 

alloy has a metastable γ'' phase, which has the same chemical composition as the delta phase. 

Thus, when performing calculations, the two phases must be evaluated separately. The 

equilibrium calculation will only consider the delta phase and suppresses the γ'' phase in the 

system because γ'' is a metastable phase. Nevertheless, information related to the formation of 

γ'' phase is obtained through non-equilibrium calculations. In order to explain the improvement 

of the current database, different results were obtained using FactSage, Thermo-Calc and the 

customized database for comparison purposes. Figures 5-1 and 5-2 display the calculated 

equilibrium weight percentage of different phases in IN718 using the FactSage [76] and 

Thermo-Calc [104] databases. It could be seen that both of these results are different and not 

accurate. In Figure 5-1, the solvus temperature of the γ' phase is about 800 K, which is far from 

the experimental value that is about 1173 K [34], and the amount of this phase is as high as 55 

wt. % below 800 K, which is unrealistic. Similarly, the descriptions of the Laves and δ phases 
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are not accurate enough as well. The same problem occurs when using Thermo-Calc. This time 

the Laves phase is not well described by Thermo-Calc, showing almost 25 wt. % at low 

temperature. In addition, the descriptions of the other phases also deviate from the practical 

observations from the literature [34,121,127]. 

 

Figure 5-1 Equilibrium calculation of the mass percentage of phases as a function of 

temperature for the IN718 alloy using the FactSage database [76] 
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Figure 5-2 Equilibrium calculation of  the mass fraction of phases as a function of 

temperature for the IN718 alloy using Thermo-Calc database [104]  

Figures 5-3 and 5-4 show this work’s calculated results of mass percentage as a function 

of temperature under the equilibrium condition compared with the other available calculations 

results from the literature [128,129]. It should be noted that since the liquid and γ matrix are 

substitutional random solutions, they were not re-optimized, and the descriptions of these 

phases are selected from the FTlite database [76]. Since similar experimental diagram is not 

available in the literature, the current calculations are only compared with previous calculations 

from the literature [128,129]. It could be seen that the overall trends of the phase change are 

consistent. It is important to note that the Laves phase was missing in the calculations results 

from the literature [128,129], while it is included in the current assessment. The solvus 

temperature of Laves phase in this work is about 1288.7 K, which is within the experimental 

solvus temperature range (1263-1423 K) reported by  Ferreri et al. [34] and close to 1283 K 
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measured by Kwon et al. [130]. A detailed comparison of the solvus temperatures of the various 

IN718 phases with the current expreiments will be presented in the section 5.3. 

  

Figure 5-3 Equilibrium calculation of  the mass percentage of phases as a function of 

temperature for the IN718 alloy using the current customized database combined with the 

FTlite database 

 

Figure 5-4 Enlarged area of Figure 5-3  
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5.2 Non-Equilibrium calculation 

In this section, the non-equilibrium calculation results of IN718 are discussed. As 

mentioned earlier, the equilibrium calculation does not allow the δ and the γ'' phases to occur 

at the same time since these two phases have the similar composition. However, when 

conducting a non-equilibrium calculation, the FactSage allows to force the γ'' phase be set as 

metastable phase. The different calculations were performed for non-equilibrium conditions 

using FactSage with the customized database optimized in this work and compared with 

Thermo-Calc and FactSage using FTlite database. Figures 5-5 and 5-6 show the calculated non-

equilibrium mass percentage of different phases in IN718 obtained using FTlite database [76] 

and the database of Thermo-Calc [104]. It could be seen that these two calculated results are 

also not correct. In the result obtained from the FTlite database, the solvus temperature of the 

γ', γ'' and Laves phases are all about 1050 K, which is far from the experimental value from the 

literature [34,127] that is about 1200 K. Especially, the phase fraction of γ' dramatically 

increases when the temperature drops down to 800 K to reach around 55 %. Some issues are 

also observed in the Thermo-Calc’s non-equilibrium calculation of IN718. Although the trend 

of the γ' phase is flatter than the modelling results obtained using FTlite database, the Laves 

phase is not well described as its amount unrealistically increases to reach around 30 % below 

650 K. 
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Figure 5-5 Non-equilibrium calculation of the mass percentage as a function of temperature 

for IN718 by FTlite database [76] without the current database 

 

Figure 5-6 Non-equilibrium calculation of the mass fraction of phases as a function of 

temperature for IN718 alloy using Thermo-Calc database [104] 

Figures 5-7 and 5-8 show the calculated non-equilibrium mass percentage of phases as 

a function of temperature using thet current database. It needs to be noted that there are not any 
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non-equilibrium calculations mentioned in the literature which help estimate the γ'' phase. 

Based on the previous discussion, the customized database made in this work fix this issue and 

predicts the γ'' phase in the IN718 alloy. The solvus temperature of the γ'' phase in this work is 

about 1180 K, which is close to the experimental result 1183 K – 1193 K mentioned by Ferreri 

et al. [34] for additively manufactured IN718. A detailed discussion of solvus temperatures of 

these phases will be clarified further in the following section. 

 

Figure 5-7  Non-equilibrium calculation of the mass percentage of phases as a function of 

temperature for IN718 alloy using the current customized database combined with FTlite 
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Figure 5-8 partially enlarged area of Figure 5-7 

5.3 Experimental Verification 

The current thermodynamic calculations have been verified experimentally in this work. 

Differential scanning calorimetry (DSC) tests were used to obtain the phase transition 

temperature of different phases. Scanning electron microscopy (SEM) was used along with an 

image processing technique to obtain phase fraction data. This validates the model from both 

temperature and phase fraction perspectives.  

5.3.1 Sample Preparation 

Figure 5-9 shows SEM micrographs of the original IN718 powder used in this work. 

The gas-atomized IN718 powder, which is supplied by EOS-GmbH (Krailling, Germany) 

[131], was used to fabricate test samples by the LPBF process. It can be seen that the IN718 

powder particles are mainly spherical, and some particles are surrounded by smaller satellite 

particles. Meanwhile, the microstructure on the surface of the particles could be attributed to 

the rapid solidification during the gas atomization process [132]. EDS analysis is employed in 
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this work to obtain the chemical composition of the IN718 powder as shown in Table 5-1, 

“Supplier data sheet” in the table is the chemical composition of powder provided by the 

supplier [131], and “EDS all area” is the result of the EDS test for the entire area of Figure 5-

9 (a). By calculating the average of EDS results tested by this work, it can be concluded that 

the average results for each element are all in the standard range of IN718 provided from the 

literature [133]. Also, trace elements such as carbon are classified as "balance" together with 

Fe in the table because the content of these elements is small, and carbon tape is used in SEM, 

which can bring certain errors to the measurement of carbon. 

  

Figure 5-9 (a) Scanning electron microscopy (SEM) micrograph of original Inconel 718 

powder (b) single particle of original Inconel 718 powder 

 

 

 

 

 

Satellite Particles 

1 

2 

3 

(a) (b) 
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Table 5-1 EDS chemical composition of the IN718 powder. 

Chemical composition (wt.%) 
Reference 

Ni Cr Nb Mo Ti Al Fe + Traces 

52.7  18.50 4.8 2.9 1.1 0.45 Bal. Supplier data sheet [131] 

51.31 18.99 4.55 3.42 0.52 0.53 Bal. EDS Spot.1* 

50.22 18.25 6.12 3.33 1.07 0.31 Bal. EDS Spot.2* 

50.25 17.66 7.06 3.62 1.29 0.49 Bal. EDS Spot.3* 

49.19 19.04 4.92 2.70 1.08 0.58 Bal. EDS all area 

50.24 18.49 5.51 3.27 0.99 0.48 Bal. Average of EDS results  

50-55 17-21 4.75-5.55 2.8-3.3 0.65-1.15 0.2-0.8 Bal. Typical composition [133] 

* Spot number corresponds to Figure 5-9 

For the 3D-printing machine, the EOS M280 (EOS, Krailling, Germany) was used to 

fabricate the IN718 test samples. The printing parameters were the EOS Original Parameter 

Set for LPBF IN718 (285 W laser with 100 µm beam diameter, 1000 mm/s scanning speed, 

110 µm hatching space with 67 hatching angle, and 40 µm layer thickness). To reduce thermal 

stresses, the building platform was pre-heated. Meanwhile, argon was used to limit oxidation 

during the printing process. Figure 5-8 shows the geometry and dimensions of the as-printed 

IN718 samples used in this work. The samples were heat treated to homogenize and control 

the precipitation of the primary phases in IN718 alloy. Then, high-resolution SEM is used to 

estimate the amounts of the different phases and to compare them with the current calculations. 
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Figure 5-10 (a) Dimensions of the printed IN718 sample (b) appearance of the printed 

IN718 sample 

  

(a) (b) 
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5.3.2 Phase Transformation Analysis 

In order to measure phase transformation temperatures of the different phases in the 

IN718 alloy, differential scanning calorimetry (DSC) was performed. This experiment consists 

of two parts. The first part is a DSC test on the original IN718 powder that is used for printing. 

Then, the second part is the DSC test of the powder obtained by grinding an as-printed sample. 

The powder material generally results in more accurate and smoother data compared with the 

bulk sample. IN718 contains a variety of complex phases, and some of the solid-solid phase 

transformations might be hard to detect. Therefore, the DSC tests for ground powder were 

performed to increase the accuracy and detect the solid-solid phase transformations as much as 

possible. There are three batches of tests for ground powder. The first and second tests were 

conducted on the ground powder from the same as-printed sample. The third one was 

performed on the same sample used for the second test under the same heating and cooling 

conditions. In this way, it helps evaluate and detect the phase transformations as much as 

possible. These tests were performed on a SETARAM differential scanning calorimeter with a 

10 K/min rate, and the sample’s weight was about 50 milligrams. 

As shown in Figure 5-11, the DSC curve of the original IN718 powder is smooth in the 

whole range for both heating and cooling cycles. Other than liquid-solid transition, no 

transitions could be observed.  
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Figure 5-11 DSC spectra and reaction temperatures of the IN718 powder. 

Concerning the printed sample, Figures 5-12 and 5-13 show the three heating and 

cooling experiments. When looking at Figure 5-12, the cooling experiments, it could be 

concluded that the initial γ phase starts to nucleate and grow in the liquid phase at about 1620 

K, which will release large amounts of heat, resulting in a distinct peak in the curve ending at 

about 1513 K. And this liquid-solid change is confirmed in the heating process (Figure 5-13) 

as well. For all three tests, this liquid-solid reaction temperature range is repeatable and close 

to each other. Also, Wang et al. [134] reported this reaction to happen between 1625 K to 1651 

K in the heating process, supporting the current DSC results. 

In Figure 5-13, when the temperature is below the γ nucleation, additional endothermic 

peaks are observed in the vicinity of 1543 K and 1460 K. These temperatures can be considered 

as solvus temperature of the carbide and Laves phases. Solid-solid phase transformations can 

also be observed as the low-intensity peaks at 1548 K and 1445 K in the corresponding cooling 

curve shown in Figure 5-13.  
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It is worth noticing that the different peaks correspond to changes in metallurgical 

conditions during each cooling cycle. Some small peaks were also observed in all three heating 

curves at about 1286 K, especially in the first and second heating cycles. This peak was not 

observed in the cooling curves. This solid-solid transformation can be inferred as the 

metastable γ'' phase transformation, since the γ'' phase dissolves at high temperature. Moreover, 

according to the latest XRD analysis reported by Kumar et al. [135], the heat treated IN718 

alloy contains this γ'' phase. Thus, this phase should be detected in the heating process and will 

not be observed in the subsequent cooling process in the DSC test. 

 

Figure 5-12 DSC cooling curve and phase transformation temperatures of IN718. 
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 Figure 5-13 DSC heating curve and reaction temperatures of IN718. 

In order to verify the accuracy of the calculated phase transformation temperatures, 

available experimental and calculation results from the literature [34,121,128,129] have been 

compared with the current work. Tables 5-2 and 5-3 list the equilibrium and non-equilibrium 

calculation results done in this work using different databases compared with other calculation 

results from the literature [121,128], and current DSC testing results along with other 

experimental results from the literature [34,127]. It could be concluded that the customized 

database fixed the problem of the missing γ'' and the Laves phase in the calculation results 

obtained using the commercial databases. Meanwhile, this customized database significantly 

improves the accuracy of modelling the γ' phase under both equilibrium and non-equilibrium 

conditions, where the results are consistent with the experimental results from the literature 

[34,127]. It is necessary to clarify that the solvus temperature for γ' and δ phase were not captured 

by the current DSC experiments. And the solvus temperature of the Laves phase shows more 

than 100 K gap between the previous experimental result from Ferreri et al. [34] and the current 
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measurement. In order to resolve this inconsistency, further research on experimental determination of 

phase transformation of 3D printed IN718 is recommended.  

Table 5-2 Precipitation temperature for main phases in the 3D printed IN718 alloy under 

equilibrium condition. 

 Precipitation temperature for phases (K) 

Reference 

γ γ' δ Laves MC 

1573-1636 - - 1400-1455 1523-1543 Current DSC results 

1695 1103 1298 1288 1502 Calculation this work 

1700 790-798 1100 1050 1480 
Calculation by the FTlite 

database 

1591 643 1371 813 1563 
Calculation by the Thermo-

Calc’s database 

1600-1620 1112 1295 - 1531 Calculations [114] 

1630-1635 1163 1278 - 1473 Calculations [121] 

1605-1650 1173-1243 1278 1283 1313-1473 Experiments [34,127] 
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Table 5-3 Precipitation temperature for main phases in the 3D printed IN718 alloy under non-

equilibrium condition. 

 Precipitation temperature for phases (K) 

Reference 

γ γ' γ'' Laves MC 

1573-1636 - 1273-1373 1400-1455 1523-1543 Current DSC results 

1699 1100 1184 1290 1505 Calculation this work 

1700 790-798 998 1050 1480 
Calculation by the FTlite 

database 

1581 1258 1291 923 1567 
Calculation by the Thermo-

Calc’s database 

1600-1620 1112 - - 1531 Calculations [114] 

1630-1635 1163 - - 1473 Calculations [121] 

1605-1650 1173-1243 1183-1203 1283 1313-1473 Experiments [34,127] 
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5.3.3 Microstructural and Phase Analysis  

To verify the phase contents of the 3D-printed IN718 alloy, scanning electron 

microscopy was used to examine the morphology of the precipitates and to identify their 

composition. Image processing software (ImageJ) was used to obtain the phase amounts by 

adjusting the grayscale and contrast of the image to highlight some specific precipitated phases. 

It should be noted that since MC and the Laves phase could be similar in morphology, it is 

necessary to perform the EDS analysis for some specific regions to identify these two phases. 

By combining EDS analysis with image processing, more accurate information about phase 

amounts is obtained.  

The samples used for SEM have experienced the same heat treatment:  homogenization 

at 1353 K, following solution at 1253 K and double aging at 993 and 893 K, respectively. This 

heat treatment follows the current general industrial standard [7,13] in order to achieve good 

mechanical properties of this alloy. To characterize the γ' and γ'' phases, a relatively high 

magnification to see sub-micron features is required. Also, an etching process was carried out 

in order to observe these phases. The image in Figure 5-14 shows the morphology and the 

needle-liked δ phase. It is difficult to distinguish γ' and γ'' phases from the γ matrix by EBSD 

(Electron backscatter diffraction) due to their similar crystal structure. Also, these three phases 

are coherent due to similar lattice parameters. Therefore, the γ matrix, γ' and γ'' phases are 

grouped into one category during image processing. Through SEM image processing and EDS 

analysis, the composition and morphology of each phase could be obtained. The needle-like δ 

phase is mainly concentrated in the grain boundary as can be seen in Figure 5-14. Figure 5-15 

shows the original SEM image and the sequence of analysis using ImageJ for each step of 

image processing. Firstly, a special filter was applied to the image to obtain features within a 

range of a few pixels. By doing so, the precipitated phase can be highlighted to a certain extent. 

Meanwhile, it could be used to denoise images by reducing the low-frequency artifacts such as 
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uneven illumination. Then, specific thresholds were assigned to obtain an improved contrast. 

This step allows the image to be rendered in black and white, further enhancing the 

discernibility of the precipitated phase. Finally, the different phases are filtered out by setting 

the size and the circularity of the particle. 

Figure 5-14 High magnification SEM images showing the γ, γ', γ'' and δ phases 

Table 5-3 lists the EDS spot analysis results which correspond to the spot number in 

Figure 5-16. In this table, spots 9 and 10 exhibit relatively high amounts of Ni and Nb, which 

are necessary for the delta phase precipitation. MC is determined mainly by the carbon content. 

Spots 1, 2 and 3 reveal higher content of carbon compared with other regions. Moreover, the 

content of Nb in these spots are comparatively high, indicating the presence of the NbC. The 

Laves phase is also difficult to identify due to its morphology. However, it can be indirectly 

identified by the content of Fe and Cr (trace amount) and the atomic ratio between Ni and Nb 

which should be close to 2:1 following the chemical composition of the Laves phase (Ni, Cr, 

Fe)2(Nb, Ti) reported in the literature [34,51,69]. Therefore, spots 4-8 and 13 can be identified 

as the Laves phase. These results are close to the chemical composition of the Laves phase. It 

is important to note that when using EDS to measure small or thin precipitates, measurement 

errors occur due to the larger volume of interaction than the size of the precipitates. Therefore, 

δ 

γ, γ', γ'' 
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to identify phases, it is necessary to consider a combination of morphology, precipitation 

position, and composition obtained by SEM and EDS analysis.  

  

  

Figure 5-15 (a) Original high magnification SEM image; (b) image after the filter process; (c) 

image after setting the contrast thresholds; (d) final image for filtering out the phases. 

 

Laves 

NbC 

δ 

(a) (b) 

(c) (d) 
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Figure 5-16 High magnification SEM images with EDS spot analysis 

Table 5-3 EDS spot analysis results (The spectrum number correspond to the spot 

number in Figure 5-16)  

Spot No. C Ti Cr Fe Ni Nb Mo Total (at. %) 

1 51.77 7.11 3.75 2.94 6.95 27.45 0.04 100.00 

2 52.44 8.06 1.89 1.43 3.27 32.90 0 100.00 

3 51.07 5.90 4.79 3.65 8.71 25.69 0.19 100.00 

4 42.65 3.96 9.29 7.42 19.11 17.10 0.48 100.00 

5 44.40 4.22 8.69 6.82 16.80 18.67 0.40 100.00 

6 39.56 3.85 10.47 8.49 21.84 15.14 0.65 100.00 

7 29.46 1.68 14.43 12.22 34.31 6.60 1.30 100.00 

8 37.11 2.91 11.40 9.36 25.43 13.04 0.76 100.00 

9 17.14 1.31 14.93 12.74 46.93 5.69 1.25 100.00 

10 14.47 1.10 17.94 15.16 46.20 3.65 1.48 100.00 

11 15.77 1.96 17.29 14.66 41.69 7.26 1.38 100.00 

12 16.07 1.16 18.19 15.40 44.56 3.06 1.55 100.00 

13 23.27 5.32 12.07 9.86 27.73 21.00 0.76 100.00 

14 13.21 1.03 18.88 16.36 46.05 2.80 1.67 100.00 

15 15.03 0.97 18.55 15.88 45.33 2.69 1.55 100.00 
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Additional four SEM images (Figure 5-17 a-d) are analysed to increase the reliability 

of phase fraction measurements. These images are taken from different locations on the sample 

surface and processed the same as mentioned above for Figure 5-14. The processing steps are 

shown in Figure 5-17 e-l. Similarly, after image processing, EDS results for each image were 

considered together with the microstructural features to identify the phases. The results are 

summarized in Table 5-4. 

   

  

  

(c) 

(b) 

(g) 

(f) (j) 

(k) 

(a) (e) (i) 
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Figure 5-17 (a-d) Original high magnification SEM micrographs; (e-h) images after 

setting the contrast thresholds; (i-l) final image after filtering out the phases. 

Table 5-4 Phase content in the 3D-printed IN718 alloy. 

 γ + γ' + γ'' δ MC Laves 

Image No.1 (vol.%) 88.42 5.56 2.70 3.32 

Image No.2 (vol.%) 86.54 9.34 0.65 3.47 

Image No.3 (vol.%) 89.35 8.11 0.45 2.09 

Image No.4 (vol.%) 95.05 3.83 0.48 0.64 

Image No.5 (vol.%) 96.62 2.12 0.59 0.67 

Average No.1-5 (vol.%) 91.21 5.79 0.97 2.03 

Ferreri et al. [34] (vol.%) - 5.9 1.9 - 

Average No.1-5 (mass %) 90.98 6.32 0.89 1.81 

Modelling results (mass %) 77.5 14 0.5 8 

Table 5-4 contains the volume percentage of phases obtained in this work and the 

converted mass percentage based on the theoretical density of each phase. It is necessary to 

clarify that the calculation of theoretical density is done following the equation D = (n*A) / 

(V*N) [136], where D refers to the density, n is the number of atoms per unit cell, A is the 

(d) (h) (l) 
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atomic weight (g/mol), V is the volume of the unit cell and N is Avogadro’s number. The 

calculated density of MC carbides is about 7.6 g/cm3, for the Laves phase, it is about 7.06 g/cm3 

and for the δ phase, it is about 8.96 g/cm3. Since the γ matrix, γ' and γ'' are hard to distinguish 

from one another when performing SEM image analysis, they are being treated as one group. 

The theoretical density for this group is estimated to be equal to the density of the overall IN718 

alloy, which is 8.19 g/cm3 [134]. It could be inferred that the average volume percentage of 

MC in this work is about 1% which is relatively close to the experimental results of 1.9 % from 

Ferreri et al. [34] via neutron diffraction. The average volume percentage of the δ phase is 

consistent with Ferreri et al. [34] as well. While comparing the converted mass percentage of 

the δ and Laves phases with this work’s modelling results, the thermodynamic modelling 

results show about 5-8 wt. % overestimation. Modelling indicates that there are about 14 wt. % 

of the δ phase and 8 wt.% of the Laves phase at 893 K, which is the final aging temperature 

used in this work. These numbers are significantly higher than the experimental values. 

Theoretically, from this temperature to room temperature, only a tiny change should occur in 

the sample. So ideally, the equilibrium calculated phase content of this alloy at this final HT 

temperature should be close to the experimental results. However, this indicates that further 

research is still needed to improve both the thermodynamic modelling and the experimental 

results. 

In summary, in this work, DSC tests were performed to verify the phase transformation 

temperatures calculated by the customized database. It could be said that the customized 

database resolved the issue of the missing Laves phase and improved the accuracy of describing 

the solvus temperature of the main phases in the 3D printed IN718 alloy. Meanwhile, from the 

phase percentage perspective, although SEM and EDS analysis combined with image 

processing techniques, the phase percentage information of the δ, MC and Laves phases are 

estimated, which provides a starting point for obtaining the phase percentage data for the 3D 
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printed IN718 alloy. This type of analysis required a considerable number of micrographs from 

various locations in the sample. At the same time, performing this type of analysis for more 

images could technically increase the accuracy of the phase fraction information. More detailed 

experimental investigations need to be carried out based on which the thermodynamic models 

of the different phases in the 3D printed IN718 alloy can be improved in the future. Moreover, 

the SEM and image analysis performed in this work provide only the area fraction of phases 

which can have different sizes in the other direction. This results in an inevitable error in 

estimating phase volume fraction using area fraction. Therefore, analysis of volume fraction of 

the phases in the 3D printed IN718 is highly recommended in the future. 

 

 

 

 

 

 

 

 

 



90 
 

Chapter 6 Conclusions, Contributions and Recommendations for Future 

Work 

In this chapter, the main findings of this work are summarized. Important research 

contributions of the current study are discussed. Finally, based on this work and the literature, 

suggestions for future work are provided. 

6.1 Conclusion 

The current research work presents a thermodynamic assessment and customized 

database for the main phases in the 3D-printed IN718 superalloy. The reliability of the database 

was verified by experiments. Based on this, the following points can be concluded: 

 A comprehension literature review and re-optimization of the pertinent binary 

systems are performed, where the primary phases (γ', γ'', δ and Laves) in the 

IN718 alloy exist. Thermodynamic parameters of these phases were evaluated. 

The phase regions and the associated invariant reactions are verified by 

comparison with the experimental and calculated phase diagrams from the 

literature. 

 Thermodynamic descriptions of these phases in the multi-component IN718 

alloy are obtained by combining the various binary contributions in a sublattice 

model. Thus, a customized database is established for describing the main 

phases in the IN718 alloy. 

 To illustrate the improvement in the current model’s accuracy, thermodynamic 

calculations of the printed IN718 alloy are compared with those obtained using 

two commercial databases. Although the current database has some 

overestimation for the weight percentage of the δ and Laves phases, the 

modelling results for the solvus temperature of the γ', γ'' and Laves phases are 
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improved compared with the commercial databases and the calculation results 

in this work are in general closer to the experimental results. 

 DSC experiments were employed to verify the formation and transformation 

temperatures of different phases (γ', γ'', δ, and Laves). These results demonstrate 

that the calculated temperatures using the current database are more consistent 

with the experimental temperatures for most phases. However, there is a 

discrepancy between the experimental results and the calculation results for the 

Lave phase. This requires further experiments to verify the phase 

transformation temperature of this phase, as there is too little experimental data 

existing in the literature. 

 Scanning electron microscopy was used to study the morphology and amounts 

of the precipitates. Meanwhile, EDS was performed to identify the various 

precipitates. 

 The estimated phase percentages are obtained by image processing of the SEM 

micrographs. These results show that the estimated Carbide amount is in good 

agreement with the values reported in the literature and is consistent with the 

current thermodynamic calculations. However, the Laves and δ phases need 

additional experiments to improve the thermodynamic model. 

6.2 Contributions 

In recent years, the utilization of 3D printing to manufacture IN718 components has 

been gaining attention. In particular, LPBF printing technology has demonstrated its potential 

in producing IN718 3D printed parts with acceptable mechanical properties. Therefore, it is 

necessary to develop a unique thermodynamic database for IN718, especially for the 3D 

printing condition. Although some commercial databases generally contain an accurate 

representation of the constituent binary systems, they are not as accurate for the more complex 
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high-order alloys such as IN718. This shows that further optimization of the database is 

imperative. Thus, this work provides the first attempt to improve the thermodynamic 

description of the 3D printed IN718 alloy. The current calculations have been verified 

experimentally in this work, using DSC and SEM. Due to the systematic approach used in this 

research, this database is expected to be suitable for simulating other Ni-based alloys 

containing similar elements but with different proportions. This will provide an important 

roadmap for the development of superalloys 3D printing and their heat treatments. In future 

work, the time effect can be included to establish a database containing the kinetics of this alloy 

to obtain a time-temperature-transformation (TTT) diagram, which will be very helpful for the 

understanding of 3D printing of the current Inconel and for the development of new Ni-based 

alloys suitable for additive manufacturing. 

6.3 Recommendations for Future Work 

Based on this work, there is still plenty of room and necessity for future research. The 

essence of more studies can be summarized as follows: 

 The modelling method followed in this work is to directly construct Gibb's free 

energy description for different high-order phases. These phases have only been 

verified for the stability and homogeneity range in the related binary systems. 

Ternary and quaternary systems are not systematically examined. According to 

most literature, step-by-step extrapolation is widely used following the 

traditional thermodynamic modelling and CALPHAD method. However, this 

method requires a lot of time and workforce to build, optimize and build the 

database. It is recommended that the constituent ternary and quaternary systems 

be included in a future study.  
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 Because there are at least eight major elements involved in IN718, a lot of 

experimental data is still missing for the constituent ternary and quaternary 

systems. It is essential to establish more accurate experimental research and 

thermodynamic assessment for these systems. 

 For thermodynamic modelling and calculation, the different databases from 

different providers are not compatible. Even some compatible databases are 

generally built with different reference states. It will save a lot of time if they 

all use standard modelling criteria and common file types for databases.  

 For the phase fraction in IN718, because γ, γ' and γ'' have very similar crystal 

structures and require very high magnification SEM to observe, it is difficult to 

distinguish these three phases by SEM and acquire their relative amounts. In 

this work, EBSD with high magnification SEM was attempted to distinguish 

these phases, but the results were not accurate. Therefore, the establishment of 

an experimental method to obtain the relative amounts of these phases could be 

the focus of future research. 

 It is recommended to develop an experimental technique to measure the 

volumetric percentage of the main phases in the 3D printed IN718 alloy instead 

of relying only on 2D SEM micrographs. 
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