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Abstract 

 

ATI 718Plus components are heat treated to optimised proportions of γ’ and η phases. 

η phase is utilised in controlling the grain size during hot working processes. When η 

phase is fully solutioned, the grain size is free to increase, and the material properties 

can become detrimental. 

 

In this study, the aims and objectives were to study the effect of strain and strain rate 

on the precipitation kinetics of η phase at a temperature range between 925°C to 

975°C, at strains between 0 and 0.4 and strain rates of 0.1 s-1 and 0.01 s-1. In addition, 

the effect of the initial grain size on η phase precipitation kinetics was also studied at 

the same temperature, strain and strain rate ranges. The η phase at the equilibrium state 

was studied too, at a temperature range of 850°C to 975°C. 

 

TTT diagrams were produced for the η phase in strain-free recrystallised material, 

deformed material, and larger initial grain size material. Also, the equilibrium η phase 

content, aspect ratio, length and width were determined. The η phase precipitate aspect 

ratio, length and width were investigated in the strain-free recrystallised material and 

in the larger initial grain size material. 

 

Some of the key findings that were observed were: 

• Induced strain considerably hastens the η phase precipitation kinetics in 

comparison to that in the strain-free recrystallised material. No substantial 

difference was observed between the strain levels explored in this study. 

Increasing the strain rate has the effect of making the η phase precipitation 

kinetics faster in comparison to a slower strain rate.  

• Increasing the initial grain size produces slower η phase precipitation kinetics, 

Interestingly, with the same study, incrementally increasing the strain also 

increases the η phase precipitation kinetics between the strain levels. 

 

It is hoped that the findings from this study will assist in the manufacture of 

components made with ATI 718Plus with optimised microstructures fit for application. 
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1 Introduction 

 

1.1 Context 

 

Modern aircraft engines have to be designed so that they can aim to achieve the highest 

levels in terms of reliability, weight, performance, low carbon emissions, and general 

service life. The materials that are used in today’s aircraft engines play a very 

important role in achieving these high standards. Figure 1.1 shows the typical class of 

materials that are generally used for various sections of the aerospace engine. 

 

 

Figure 1.1 – Typical class of materials used in various parts of aerospace engine (1) 

Aerospace materials are used in billet or bar form initially before they are put through 

high temperature manufacturing processes (such as closed die forging, super plastic 

forming, and ring rolling to name a few) so that actual components can be produced 

from the original billet or bar. The reason why these manufacturing processes are 

performed at high temperature is because phase transformations take place within the 

microstructure of the material. This has a great impact on the final mechanical 

properties of the component being produced. Different experimental parameter values 

have different effects on the microstructure of the material, which leads to differences 

in the mechanical properties. Another reason why manufacturing processes occur at 

high temperature is due to the easier formability of metals as the temperature increases. 
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Therefore, it is imperative during the high temperature manufacturing stage that the 

correct parameters (e.g., temperature, load, strain rate) are used so that the most 

suitable microstructure is obtained. This leads to the acquisition of the desired 

properties of the final component. Sometimes, further heat treatments are required 

after high temperature processes in order to optimise the microstructure. This is the 

case with some nickel superalloys, in which further heat treatments are necessary after 

forging to obtain the optimum proportions of δ (delta) and γ” (gamma double prime) 

phases.  

 

If the wrong parameters are used during the high temperature manufacturing process, 

the microstructure obtained would be deficient and would compromise the mechanical 

properties of the material. In safety critical applications such as aerospace or marine 

applications, this compromise is unacceptable. Therefore, it is crucial to understand 

and characterise the microstructural transformations that alloys go through during the 

high temperature manufacturing process so that the mechanical properties of the 

material can be optimised.  

 

Suitable materials need to be utilised at the turbine stage of the aircraft engine so that 

the high temperatures (that come from the combustor) can be safely handled. The use 

of ATI 718Plus® (hereafter referred to as ATI 718Plus) allows for higher efficient 

engines to be designed and manufactured due to the maximum temperature advantage 

it possesses. Some engine manufacturers are currently considering implementing ATI 

718Plus into use within their current production of aerospace engines. 

 

1.2 Background 

 

ATI 718Plus is a relatively new nickel superalloy that has been developed by 

Allegheny Technologies Incorporated. It was designed to improve and replace its 

predecessor material Inconel® 718 (hereafter referred to as IN 718) in applications 

including aerospace gas turbine engines and power generation engines. More 

specifically, it is a very good candidate material for implementation as static and 

rotating structural components within aerospace gas engines. It also has many 
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advantages over IN 718 in terms of mechanical properties and process ability. The 

aerospace engine parts that could be produced from ATI 718Plus include (1): 

• Cases and rings 

• Discs 

• Structural casings 

• Blades 

• Fasteners 

• Sheet fabrications 

 

However, one of the most important advantages of ATI 718Plus is that the maximum 

temperature that it can be used at is 55°C greater than that of IN 718 (2,3). ATI 718Plus 

can be used at up to 704°C whereas IN 718 is restricted to 649°C (2). This is due to 

the characteristic primary strengthening phase in both materials. Within IN 718, the 

primary strengthening phase is the γ’’ phase, whereas in the case of ATI 718Plus, the 

phase responsible for its primary strengthening is the gamma prime (γ’) phase.  

 

Above each phases’ particular temperature limit, the phase begins to transform into a 

secondary phase. For IN 718, the γ’’ phase transforms into the δ phase, whereas in the 

case of ATI 718Plus, the γ’ phase transforms into the eta (η) phase. Both the η phase 

and the δ phase are advantageous (at low area fractions) for controlling grain growth, 

as well as improving notch sensitivity; however, they intrinsically possess less strength 

than the primary strengthening phases in their respective alloys. Therefore, they reduce 

the strength of the alloy in which they precipitate in. However, a trade off needs to be 

achieved between strength, grain size and notch sensitivity, and hence for the case of 

ATI 718Plus, a correct balance of η phase and δ phase needs to be obtained.  

 

It is well known that increasing the turbine entry temperature (i.e., the temperature at 

Stage 3 in Figure 1.2) has the effect of increasing the thermodynamic efficiency (ηth) 

of an aerospace gas engine. This is the reason why the difference in maximum 

temperature capability is an important advantage for ATI 718Plus. 
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Figure 1.2 – Schematic diagram of the Brayton cycle. “C” is the compressor stage, 

“CC” is the combustion chamber and “T” is the turbine stage 

By using materials that allow for higher temperatures to be used within the aerospace 

engine, the overall thermodynamic efficiency of the engine can be increased. 

Therefore, the implementation of ATI 718Plus will allow aerospace engines to have 

higher thermodynamic efficiency in comparison to engines with parts made from IN 

718. This provides advantages for airline operators in the form of savings on fuel costs. 

Also, as controls for CO2 emissions become more stringent and concerning, using 

materials such as ATI 718Plus could be beneficial for engine manufacturers in order 

to meet environmental standards. 

 

1.3 Aims, Objectives and Scope 

 

The aim of this study is to characterise and analyse the precipitation behaviour of η 

phase during forging and heat treatment. To meet this aim, the following objectives 

are defined and will be studied: 

1. η phase precipitation at the equilibrium state 

2. η phase precipitation kinetics in the strain-free recrystallised state 

3. Effect of deformation on η phase precipitation kinetics 

4. Effect of initial grain size on η phase precipitation kinetics 

 

Various strains will be investigated as well as different strain rates. In order to 

characterise the η phase precipitation, equations will be obtained to model the η phase 

behaviour for a particular temperature, strain and strain rate. From these equations, a 

set of TTT (Time-Temperature-Transformation) graphs can be produced for both 
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strain-free and strained conditions. From these graphs, approximate modelling 

equations can be fitted on to the TTT graphs, which would therefore provide a method 

of estimating the time taken precipitate a certain area fraction of η phase at different 

temperatures, strains and strain rates. The maximum amount of η phase precipitation 

from experimental results will be compared to results from simulations and current 

literature. Also, the effects of initial grain size on the η phase precipitation kinetics 

will be explored. 

 

All the above constitutes the scope of this project. However, the industrial application 

of these findings is not included in the scope of this project and is suggested for 

potential future work. 

 

1.4 Structure of Thesis 

 

The context and background, as well as the aims and objectives of this study are 

presented in this introductory chapter (Chapter 1).  

 

Chapter 2 presents and discusses elementary metallurgical concepts, such as the basic 

metallurgy of ATI 718Plus and other nickel superalloys, as well as a review of the 

current literature regarding the precipitation kinetics of ATI 718Plus and similar nickel 

superalloys and the impact of grain boundary precipitation on the mechanical 

properties. 

 

In Chapter 3, the various experimental techniques and processes that were employed 

in this study are described.   

 

In Chapter 4, a study is presented to show the maximum possible area fraction of η 

phase, or otherwise known as the equilibrium area fraction, at different temperatures.  

 

Chapter 5 describes the η phase kinetics of recrystallised strain-free ATI 718Plus 

material.  
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In Chapter 6, the precipitation kinetics of η phase is presented for deformed strained 

ATI 718Plus material. 

 

In Chapter 7, the effect of different initial grain size on the precipitation kinetics of η 

phase is investigated.  

 

Chapter 8 concludes the thesis by presenting the final conclusions from the study as 

well as including the final remarks of the thesis. 
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2 Literature Review 

 

2.1 Overview of Superalloys 

 

In this section, an overall general perspective of superalloys is provided, which 

includes the background of superalloys, their categorisation and also their applications 

in the real world.  

 

2.1.1 Background 

 

The development of superalloys came about in the early 1940’s (4) as a response for 

the demand for materials that would be able to withstand the high temperature and 

demanding conditions in aircraft engine gas turbines. The materials available at this 

time were not good enough to be used and so there was a requirement for materials 

with improved properties (4). These properties included higher strength, greater 

corrosion resistance and enhanced creep and fatigue properties at higher temperatures. 

In the beginning, attempts were made to achieve these improved properties through 

enhancements made in stainless steels (4), since these were the leading high 

temperature alloys at the time. Further advancements were then made by the 

development of nickel, iron-nickel and cobalt superalloys which were intended for 

operating temperatures exceeding 540°C (5). 

 

There are three distinct characteristics that constitute a ‘high temperature material’. 

These are (6): 

1. “An ability to withstand loading at an operating temperature close to its melting 

point” (in this case of ATI 718Plus, up to the γ’ solvus temperature) 

2. “A substantial resistance to mechanical degradation over extended periods of 

time” 

3. “Tolerance of severe operating environments” 

 

Regarding the first characteristic, for materials to be classed as being ‘high temperature 

materials’, a particular criterion has to be satisfied. This criterion states that if the ratio 
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of the operating temperature (Toper, in Kelvin) to the material melting point (Tmelt, in 

Kelvin) is greater than or equal to 0.6, then the material can be categorised as a ‘high 

temperature material’ (6). In mathematical terms: 

 

𝑇𝑜𝑝𝑒𝑟

𝑇𝑚𝑒𝑙𝑡
= 0.6 

 

ATI 718Plus has a melting temperature range between 1533 K (1260°C) and 1616 K 

(1343°C) (7,8). The operating temperature is 977 K (704°C) (9). This means that the 

ratio of operating temperature to melting temperature ranges from 0.605 to 0.637, 

which clearly places ATI 718Plus as a high temperature material since it satisfies the 

aforementioned criteria. 

 

Secondly, high temperature materials must be designed such that they are particularly 

creep resistant, i.e. they are resistant to time-dependant, plastic and irretrievable 

deformation (6). This is very important in safety critical applications. 

 

Thirdly (and finally), severe operating environments must be tolerated. For example, 

corrosive fuels, lubricants and liquids must have a minimal impact on the high 

temperature material. Environments that promote oxidation, surface degradation or 

any microstructural mechanism that can reduce component life should be tolerated by 

the material (6). 

 

Figure 2.1 (10) displays the general process flow diagram for the manufacture of nickel 

alloys in its various final product forms. As it can be observed, the route of 

manufacturing nickel alloy products involves a large number of technological 

processes. The final product form of superalloys are usually available as three types 

(10): 

1. Rod, bar, sections, and wire products 

2. Plate, strip, and sheet products 

3. Tubing products 
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Since the original superalloy invention, many superalloys with different chemical 

compositions have been designed and produced. Most of these have been patented by 

their creators and are usually produced with specific properties in mind to target (5). 

 

 

Figure 2.1 – Process flow diagram for manufacturing nickel alloy products (10) 

As well as being categorised into different final product form, superalloys can also be 

divided into three main groups depending on the elements that are fundamentally used 

to produce the superalloy, and which are present in significantly high concentrations.  

These groups are (5): 
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• Nickel based superalloys 

• Iron-nickel based superalloys 

• Cobalt based superalloy 

 

The following sections in this sub-chapter will describe these main superalloy groups. 

This is followed by a description of the general applications that superalloys are 

implemented in. 

 

2.1.2 Nickel Based Superalloys 

 

The majority of nickel-based superalloys are primarily strengthened by the 

precipitation of intermetallic compounds within an austenitic face centred cubic (FCC) 

matrix. This is achieved through the use of  the elements aluminium, titanium and 

niobium. (4). These three elements are used to produce two different principal 

strengthening precipitates, namely γ’ and γ’’. These phases are explained in more 

detail in Section 2.3.2 and Section 2.3.3 respectively. However, there are some nickel 

based superalloys which are primarily strengthened through solid solution hardening 

and there also exists another group of nickel based superalloys which are strengthened 

by oxide dispersion (5). Hence, nickel-based superalloys could be classified into three 

main groups: 

1. Precipitation strengthened  

a. γ’ strengthened 

b. γ’’ strengthened  

2. Solid solution strengthened 

3. Oxide dispersion strengthened (ODS)  

 

One subgroup of precipitation strengthened nickel based superalloys are those that 

primarily strengthened by the γ’ phase (5). Examples of γ’ strengthened nickel based 

superalloys include Waspaloy, Astroloy, U-700 and U-720 (5). ATI 718Plus also 

belongs within this group since it is also primarily strengthened via the γ’ phase (4). 

Another group of precipitation strengthened nickel-based superalloys are those that are 

principally strengthened by the γ’’ phase. An example of a superalloy which is 
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principally strengthened by γ’’ is IN 718 (5), which is very well known and is 

commonly used in many applications. In addition, some nickel-based superalloys are 

strengthened by both γ’ and γ’’ phase. Examples of such superalloys include IN 706 

and IN 909. Due to the high iron content within IN 718, IN 706 and IN 909, they are 

sometimes classed as iron-nickel based superalloys (4,5). 

 

The second type of nickel-based superalloys are those that are mainly strengthened by 

solid solution strengthening. Examples of such superalloys include Hastelloy X and 

IN 625. This group of superalloys can also obtain further strengthening via the 

precipitation of carbides and intermetallic compounds (5). Therefore, the 

strengthening mechanisms are a combination of solid solution strengthening, carbides, 

and intermetallic precipitates. 

  

As for the third type, known as oxide dispersion strengthened (ODS) superalloys, these 

superalloys are strengthened via the dispersion of inert particles such as yttria. 

Examples of these unique superalloys include IN-MA-754 and IN-MA-6000E. Some 

superalloys within this class can also be strengthened in combination with γ’, as is the 

case with the superalloy IN-MA-6000E (5). 

 

2.1.3 Iron-Nickel Based Superalloys 

 

Another category of superalloys is those that contain significant proportions of both 

iron and nickel. Similarly, to nickel-based superalloys, the iron-nickel superalloys can 

also be divided into two main groups: 

1. Precipitation strengthened 

2. Solid solution strengthened 

The most significant iron-nickel superalloys are those that are strengthened via the 

precipitation of intermetallic compounds, more commonly being the γ’ phase. 

Examples include A-286, V-57 and Incoloy 901. Some iron-nickel based superalloys 

are essentially improved forms of stainless steels which are strengthened via solid 

solution strengthening (5). 
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2.1.4 Cobalt Based Superalloys 

 

Cobalt based superalloys are always strengthened through the use of solid solution 

strengthening and the precipitation of carbides. Strengthening by intermetallic 

compound precipitation is not a mechanism that exists in cobalt-based superalloys. An 

intermetallic precipitate which has the same usefulness as the γ’ phase has never been 

found in cobalt-based superalloy systems. They are manufactured in both cast and 

wrought forms, X-40 being in cast form and L-605 being in wrought form (5).  

 

2.1.5 Applications of Superalloys 

 

Superalloys are implemented in the form of components for a wide and broad range of 

applications such as aerospace engines, power generation engines, and 

chemical/petrochemical plants to name a few. As superalloys are high temperature and 

high strength materials, they are often used as parts within the hot sections of gas 

turbine engines. However, that being said, not all superalloy applications require high 

temperature strength properties. Due to the good corrosion resistance of superalloys, 

it has been possible to implement particular grades of superalloys within biomedical 

devices. There are also cryogenic applications for superalloys (5).  

 

Figure 1.1 (1) shows the class of materials that are used as different components within 

the aerospace engine. As mentioned previously, superalloys are used extensively in 

the hot parts of the aerospace engine. This includes the: 

• High pressure compressor 

• Combustor 

• High pressure turbine 

• Low pressure turbine 

 

Table 2.1 (5) lists many of the widespread uses of superalloys in terms of the 

components that are manufactured from them, along with the industries that these 

superalloy components are employed in.  
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Industry Components 

Aircraft/industrial 

gas turbine components 

Disks 

Bolts 

Shafts 

Cases 

Blades 

Vanes 

Combustors 

Afterburners 

Thrust reversers 

Steam turbine 

power plant components 

Bolts 

Blades 

Stack-gas reheaters 

Selected automotive components 
Turbochargers 

Exhaust valves 

Metal processing 
Hot work tools and dies 

Casting dies 

Medical components 
Dentistry 

Prosthetic devices 

Space vehicle components 

Aerodynamically heated 

skins 

Rocket engine parts 

Heat treating equipment 

Trays 

Fixtures 

Conveyor belts 

Nuclear power systems 

Control-rod drive 

mechanisms 

Valve stems 

Springs 

Ducting 

Chemical and petrochemical 

industries 

Bolts 

Valves 

Reaction vessels 

Piping 

Pumps 

Table 2.1 – List of superalloy components used in different industries (5) 
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2.2 Mechanisms of Property Improvement 

 

Within this section, some of the mechanisms of how superalloys are strengthened are 

explained, which includes solid solution hardening and precipitation strengthening. 

This section also describes the mechanisms by which fatigue and creep properties are 

derived from. Also, the specific role that elements have in improving the material 

microstructure and properties are shown. Lastly, the specific strengthening 

mechanisms that are used with ATI 718Plus are mentioned in light of the available 

literature.  

 

2.2.1 Strengthening Mechanisms 

 

1. Solid Solution Hardening 

 

The primary purpose of solid solution hardening elements is to build strength into the 

parent matrix phase of the superalloy. The element nickel has an extensive range of 

solubility, and it can alloy with most metallic elements. Tungsten, molybdenum, 

titanium, tantalum, niobium, vanadium, rhenium, and technetium are elements that 

have favourable characteristics for strengthening the γ matrix phase via solid solution 

hardening (11). Also, chromium and cobalt are also used for the purpose of solid 

solution strengthening (12). The difference in atomic diameter of the aforementioned 

elements in comparison to nickel causes a lattice expansion in the γ matrix which in 

turn causes it to strengthen.  

 

The size factor function describes the solubility of any particular element i in nickel, 

which is shown below in Equation 2.1 (11). 

 

 𝑆𝑖𝑧𝑒 𝑓𝑎𝑐𝑡𝑜𝑟 =  
100(𝑑𝑖 − 𝑑𝑁𝑖))

𝑑𝑁𝑖
 Equation 2.1 
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The size factor for a particular element i that results from Equation 2.1 can be plotted 

against its atomic number, which is shown below in Figure 2.2. 

 

 

Figure 2.2 – Size factor of various elements for solid solution formation against 

atomic number (11) 

In the above Figure 2.2, the shaded area is known as the “favourable zone” and is 

defined as the area which lies between a size factor of -15 and +15. If the size factor 

that arises from Equation 2.1 falls into this favourable zone, then it is expected that the 

element will have considerable solid solubility in nickel. The strength of the solid 

solution is enhanced via the solid solution hardening elements by increasing the 

resistance to the movement of dislocations. This movement resistance originates from 

changes in shear modulus and distortions in the lattice due to the presence of solute 

atoms (11). The presence of solute atoms in the host solvent structure causes to strain 

the nickel crystal structure. This produces a barrier to the movement of dislocations 

which inevitably causes an amount of hardening and strengthening of the γ matrix 

phase. The nickel crystal lattice changes as a result of the solute atoms having a 
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different size to the nickel atoms. Due to this, dislocations are either attracted to or 

repelled by the solute atoms, although both cases bring an increase in strength. In the 

case when a dislocation is attracted to a solute atom, the increase in strength arises 

from the additional force necessary to pull the dislocation away from the solute atom. 

When the dislocation is repelled by a solute atom, an additional force is necessary to 

push the dislocation past the solute atom (13).  

 

2. Precipitation Strengthening 

 

Nickel is inclined to associate with other certain elements to produce intermetallic 

compounds that contribute to the strengthening of the γ matrix phase.  In nickel-based 

superalloys, the elements aluminium, niobium and titanium are commonly observed 

as the main elements in secondary intermetallic precipitate phases. There are a number 

of mechanisms through which intermetallic precipitates are used to enhance the 

strength of superalloys. These strengthening mechanisms are obtained through (14): 

• Coherency strains 

• Stacking-fault energy 

• Ordered structure 

• Modulus effect 

• Interfacial energy 

• Orowan looping.  

 

Most of these mechanisms involve the shearing of precipitate particles by dislocations 

(Figure 2.3). Although, as will be explained later, dislocations can also ‘bow’ around 

secondary phase precipitate particles. 
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Figure 2.3 – Plan and side views of (a). before shearing and (b). after shearing (15) 

a. Coherency Strains 

 

The degree of mismatch is a measure of difference in the size of crystal lattice between 

the precipitate phase and the matrix phase (5). Due to this difference, strain fields are 

created around the precipitates which can fight the movement of dislocations when the 

material is undergoing deformation (16). The degree of mismatch can be used to 

classify precipitates as coherent, semi-coherent or incoherent (15). 

 

From the literature, an expression exists which derives the yield stress that results from 

the degree of mismatch (14). 

 

 ∆𝜎 ≈ 2𝐺𝜀𝑓 Equation 2.2 

 

The effect of coherency strains and mismatch are observed in the γ' phase within 

nickel-based superalloys. The morphology changes as the amount of mismatch 

between the γ and γ’ phases increases. The degree of γ – γ’ mismatch can be calculated 

from Equation 2.3 (17). 

 

 
𝜀 =

𝛼𝛾′ − 𝛼𝛾

𝛼𝛾
 Equation 2.3 
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Figure 2.4 - Schematic diagram displaying the morphological evolution of γ’ as an 

increasing level of ageing (from (a) to (f)) (6) 

It is known that spherical precipitates of γ’ form when then the mismatch is less than 

0.4%. Between 0.4% and 1.0% of mismatch, γ’ becomes cubical. The cubical 

morphology is sometimes considered as spherical with a minor deviation because of 

elastic anisotropy. Above 1.0%, γ’ precipitation becomes cellular. Plate or rod 

morphology of γ’ is observed after 3% of mismatch (11). 

 

b. Stacking Fault Energy 

 

In some alloys, there is a difference in crystal structure between the matrix phase and 

the secondary precipitate phase. Due to this, both phases will have different stacking 

fault energies. If the difference in stacking fault is significant, then considerable 

strengthening is possible (18).  

 

If the stacking fault energy of the precipitate is higher than that of the matrix phase, 

the intrusion of a dislocation into the precipitate will increase the dislocation elastic 

line energy. This causes there to be a repulsive force between the precipitate and 
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dislocation when they meet. This repulsive force is at its maximum at the halfway 

point through the matrix. Therefore, the dislocation goes through the precipitate and is 

not prevented from movement during deformation (18).   

 

However, if the stacking fault energy of the matrix phase is higher than that of the 

precipitate, the dislocation is attracted towards to the centre of the precipitate because 

it is at that point in which the dislocation elastic line energy will be minimised. 

Therefore, the dislocation ends up residing within the precipitate. The maximum 

resistance to the movement of the dislocation will exist when the dislocation tries to 

go through the precipitate (18). The increase in flow stress that is required to force the 

dislocation out of the precipitate is governed by the following equation (14): 

 

3 ∆𝜎 ≈ 𝐶 (
∆𝑆

𝑏
) {

3𝑘(𝛼)ln (𝑆𝑚 − 𝑆𝑝)

𝐸
} 𝐹1𝑓2/3 Equation 2.4 

 

c. Ordered Structure 

 

Ordered particles are those precipitate particles in which individual atoms have a 

preferred position and arrangement (5) (see Figure 2.5). When a dislocation goes 

through and shears an ordered particle, this causes a change in the atomic arrangement 

across the slip plane within the particle (16). The shearing of the particle causes the 

creation of an interface known as an anti-phase boundary within the particle (14). 

Ordered particles require a larger energy to shear by dislocations in comparison to 

normal disordered or randomly ordered particles (5). 

 

The hardening from ordered particles arises from three causes (16): 

1. the energy necessary to create an additional interface between the particle and 

matrix 

2. the additional energy necessary to create an anti-phase boundary within the 

ordered particle 

3. the change in width of a dissociated dislocation as it passes through the ordered 

particle where the stacking fault energy differs from the matrix. 
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Therefore, for a dislocation to shear through a ordered precipitate, higher applied force 

or stress is required to cause material deformation (5). 

 

Figure 2.5 (16) illustrates the shearing of an ordered particle.  

 

 

Figure 2.5 – (a). an ordered particle (b). sheared particle with new interfaces and 

anti-phase boundary (16) 

Notice from Figure 2.5 (16) that two new interfaces are created between the particle 

and the matrix phase. The energy that is required to create the anti-phase boundary is 

given by the stress required to shear the particle (16) 

 

4.4 𝜏 ≅
𝛽𝛾𝑎𝑝𝑏

3
2(𝑓𝑟)

1
2 

𝐺𝑏2
 Equation 2.5 

 

The increase in strength that is provided from this mechanism is given by the following 

equation (14): 

 

 ∆𝜎 ≈
2

√𝜋𝐸
(

𝛾𝑎𝑝𝑏

𝑏
)

3
2

𝑟
1
2𝑓

1
2 Equation 2.6 

 

 

d. Modulus Effect 

 

The modulus effect comes as a result of the difference between the particle and matrix 

phase in terms of shear modulus. The energy of a dislocation has a linear relationship 
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with the local modulus. This means that if a particle has a significantly different 

modulus in comparison to the matrix phase, the energy of a dislocation will change 

significantly as it attempts to go through the particle (14). The increase of strength that 

arises due to this modulus effect is described by the following equation (14): 

 

6 ∆𝜎 ≈
∆𝐺

2𝜋2
[
3|∆𝐺|

𝐺𝑏
]

1
2

[0.8 − 0.143𝑙𝑛 (
𝑟

𝑏
)]

3
2

𝑟
1
2𝑓

1
2 Equation 2.7 

 

 

e. Interfacial Energy 

 

When a dislocation shears through the particles in its pathway, some of the atomic 

bonds within the particle become broken. This causes to form an interface between the 

particle and the matrix, and this is linked with an increase in interfacial energy between 

the particle and matrix phase. The increase in strength that is associated with this is 

given by Equation 2.8 (14). 

 

7 ∆𝜎 =
2√6

𝜋
𝛾𝑠

𝑓

𝑟
 Equation 2.8 

 

f. Orowan Strengthening 

 

Orowan strengthening is a concept of dislocation-particle interaction. When a 

dislocation moves and interacts with a particle (in this case a precipitate), if the particle 

is hard enough to resist the associated shearing between itself and the dislocation, the 

dislocation bypasses the particle and leaves a dislocation loop around the particle (14). 

This is also known as Orowan looping.  

 

Figure 2.6 displays a schematic diagram showing the different stages in Orowan 

strengthening (15). In stage (i), a straight line of dislocations moves towards some 

particles within the material. At stage (ii), the dislocation line begins to bend, whereas 

at stage (iii), a critical amount of bending has been reached. At stage (iv), the bending 
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continues around the majority of the particles. At the end at stage (v), the dislocations 

around both sides of the particles meet each other complete a dislocation loop around 

the particles. This process is repeated every time a dislocation line passes through these 

particles. This results in multiple loops around the particles and therefore this makes 

further material deformation increasingly difficult (14).  

 

 

Figure 2.6 –  Schematic diagram of the different stages in Orowan looping (15) 

 

3. Carbide Strengthening 

 

Carbides that are present in the microstructure of the material can also provide limited 

strengthening effects. They can impede the movement of dislocations much like how 

precipitates do. The typical carbides that are found in nickel-based superalloys include 

MC, M6C, M23C6 and M7C3. The elements that make up these carbides consist of a 

combination of titanium, chromium, tungsten, tantalum, molybdenum, niobium and 

hafnium. Carbides that form on the grain boundaries of the material have a number of 

advantages. They can be used for enhancing the strength of the grain boundary, 

preventing grain boundary sliding, and stress relaxation (5). 
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2.2.2 Creep and Fatigue Resistance 

 

For high temperature applications of materials, creep and fatigue are two of the most 

important mechanical properties that one needs to consider. This is especially true for 

aerospace applications, particularly within the jet engine. This is because the jet engine 

involves compressing air to high pressure and then igniting this compressed air to 

extremely high temperatures by burning fuel with it. This produces high temperature 

and high-pressure gases which thrust the aircraft forward. The materials used in this 

application must be able to withstand high temperatures and stresses for lengthy 

periods of time, and therefore must offer good creep and fatigue resistance (19). 

 

Creep is defined as the “slow and progressive deformation of the material with time 

under a constant stress” (20). The mechanisms of creep deformation can be divided 

into three main types (14): 

1. Dislocation glide 

2. Dislocation creep 

3. Diffusion creep 

 

Each of these three types of creep apply for an approximate range of stress to shear 

modulus ratio (
𝜎

𝐺
).  

 

Dislocation glide involves the movement of dislocations that move along slip planes. 

They overcome movement barriers via thermal activation processes. This particular 

creep mechanism occurs at high stress to shear modulus ratio (
𝜎

𝐺
> 10−2) (14).  

 

In dislocation creep, the dislocations also use thermally assisted mechanisms to 

overcome barriers similar to dislocation glide, but they are also assisted by the 

diffusion of vacancies and/or interstitials. The range of stress to shear modulus ratio is 

typically 10−4 >
𝜎

𝐺
> 10−2 (14).  
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Diffusion creep involves the movement of vacancies and interstitials through the 

crystal structure while under the impact of the applied stress on the material. This creep 

mechanism applies for low stress levels approximately 
𝜎

𝐺
< 10−4, but also with high 

temperatures. There are two equations used to determine the creep rate for diffusion 

creep, which are shown below (14). 

 

 𝜀�̇� ≈
14𝜎𝑏3𝐷𝑣

𝑘𝑇𝑑2
 Equation 2.9 

 

9 𝜀�̇� ≈
50𝜎𝑏4𝐷𝑔𝑏

𝑘𝑇𝑑3
 Equation 2.10 

 

Equation 2.9 is called the Nabarro-Herring creep equation, while Equation 2.10 is 

known as the Coble creep equation. The Nabarro-Herring equation says that the creep 

rate is related to the crystal lattice diffusion coefficient and is inversely proportional 

to the square of the grain size. The Coble creep equation applies for low temperatures 

and says that the creep rate is related to the grain boundary diffusion coefficient and is 

inversely proportional to the cube of the grain size. From both equations, this means 

that better creep resistance is achieved as the grain size increases.  

 

Generally speaking, the higher the melting point of a metal the higher the creep 

resistance it possesses. This is because the rate of self-diffusion is lower in metals with 

a higher melting temperature (14). As dislocation cross slip is an important mechanism 

in dislocations climbing to avoid obstacles, metals with a low stacking-fault energy 

have a higher resistance to creep because extended partial dislocations have difficulty 

in cross slipping. High valence solid solution alloying additions are very useful 

because they produce a large reduction in stacking fault energy. Solid solutioning 

additions can increase creep resistance by a number of mechanisms such as (14): 

• Segregation to stacking faults 

• Elastic interactions of solute atoms with moving dislocations 

• Interaction with vacancies and dislocation jogs 
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• Segregation to grain boundaries in order to influence grain boundary sliding 

and migration 

 

Fine precipitates are also required for higher resistance to creep. Nickel based 

superalloys generally produce intermetallic precipitates such as γ’ or γ’’ (14). These 

fine precipitates will impede the movement of dislocations and hence will result in 

slower dislocation glide through the alloy. Therefore, the rate of dislocation creep will 

be reduced. The resistance to creep will be stronger as the dispersion of γ’ is finer.   

 

Fatigue is a phenomenon in which metals that are subjected to a repetitive or 

fluctuating stress will fail at a stress much lower than that required to cause fracture 

on a single application of load (16). It has been said that good resistance to fatigue can 

be obtained by homogenising slip deformation in order for local concentrations of 

plastic deformation to be avoided. This complements the theory that fatigue strength 

is directly proportional to the resistance of dislocation cross slip. Materials with high 

stacking fault energy allow dislocations to cross slip more effortlessly, which 

encourages slip band formation and large plastic zones at the crack tips. This allows 

crack initiation and propagation due to fatigue to happen with less difficulty. However, 

in materials with low stacking fault energy, cross slip is more problematic since 

dislocations are restricted to travel in a more planar path. This means that local 

concentrations of plastic deformation are restricted and therefore fatigue crack 

initiation is stifled (14).  

 

However, influencing fatigue strength by changing stacking fault energy has pragmatic 

constraints. A better way to increase fatigue strength would be to control the 

microstructure via the use of thermomechanical processing to encourage homogenous 

slip with a high number of small regions of plastic deformation instead of a low amount 

of regions of extensive slip (14). 

 

There is also evidence that the fatigue life can be linked to the grain size of the material, 

depending on the deformation mode. The strongest evidence of grain size influence on 

fatigue can be observed in the low-stress and high-cycle regime which is where stage 
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I cracking occurs. In materials that possess a high stacking fault energy such as 

aluminium and copper, cross-slip of dislocations is relatively easy, and a dislocation 

cell structure is formed in fatigue. This dislocation cell structure masks the grain 

boundaries and controls the stage I crack propagation, making fatigue life insensitive 

to grain size (14,21).  

 

On the other hand, in materials that possess low stacking fault energy, such as α brass, 

dislocations go through planar slip which restricts dislocations to intergranular bands. 

The grain boundaries resist the propagation of fatigue cracks since dislocations cannot 

easily penetrate them. Therefore, increasing the number of grain boundaries (by 

reducing the grain size) increases the resistance of the material to fatigue (14,21).  

 

2.2.3 Role of Elements 

 

In any superalloy, the elements that make up the chemical composition of the 

superalloy have certain advantages that effect the material behaviour. Table 2.2 (5) 

shows the role that particular elements play in improving the material and inducing 

desired effects.  

 

Effect Iron based Cobalt based Nickel based 

Solid solution strengtheners Cr, Mo Nb, Cr, 

Mo, Ni, W, 

Ta, Ni 

Co, Cr, Fe, 

Mo, W, Ta 

FCC matrix stabilisers C, W, Ni Ni  

Carbides:    

MC Ti Ti W, Ta, Ti, 

Mo, Nb 

M7C3  Cr Cr 

M23C6 Cr Cr Cr, Mo, W 

M6C Mo Mo, W Mo, W 

Carbonitrides    

M(CN) C, N C, N C, N 

Promotes general precipitation 

of carbides 

P   

Forms γ’ Al, Ni, Ti  Al, Ti 

Retards formation of hexagonal 

η 

Al, Zr   

Raises solvus temperature of γ’   Co 
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Hardening precipitates and/or 

intermetallics 

Al, Ti, Nb Al, Mo, Ti, 

W, Ta 

Al, Ti, Nb 

Oxidation resistance Cr Al, Cr Al, Cr, Y, La, 

Ce 

Improve hot corrosion 

resistance 

La, Y La, Y, Th La, Th 

Sulfidation resistance Cr Cr Cr, Co, Si 

Improves creep properties B  B, Ta 

Increases rupture strength B B, Zr B 

Grain boundary refiners   B, C, Zr, Hf 

Facilitates working  Ni3Ti  

Retard γ’ coarsening   Re 

Table 2.2 – Microstructural effects from elements (5) 

A nominal chemistry comparison of Inconel 718 and ATI 718Plus is shown below in 

Table 2.3. 

 

Alloy 
Chemistry 

Ni C Cr Mo W Co Fe Nb Ti Al P B 

Inconel 

718 
Bal 0.025 18.1 2.90 - - 18.0 5.40 1.00 0.45 0.007 0.004 

ATI 

718Plus 
Bal 0.025 18 2.70 1.0 9.0 10.0 5.40 0.70 1.45 0.007 0.004 

Table 2.3 – Chemistry comparison between Inconel 718 and ATI 718Plus with key 

differences highlighted in yellow (22) 

The main differences in chemistry between ATI 718Plus and its predecessor Inconel 

718 are the additions of cobalt and tungsten, the increase in aluminium content and the 

decrease in titanium and iron content, as highlighted in yellow in Table 2.3.  

 

The chemical composition of ATI 718Plus arose as a result of a comprehensive study 

conducted by Cao and Kennedy (23), in which the effect of alloying elements in 718-

type alloys was investigated. It was found that a small addition of 1% of tungsten in 

combination with approximately 2.8% of molybdenum gave the best result in terms of 

stress rupture life (23).  

 

The addition of cobalt was found increase the γ-γ’ mismatch, which considerably 

enhanced stress rupture properties. This effect was saturated with an addition of 9% of 

cobalt. However, the authors had warned against the addition of too much cobalt as 
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this has the effect of larger quantities of precipitation of TCP phases which is 

detrimental to the alloy mechanical properties (23). 

 

Contrarily, iron was found to promote the formation of Laves phase and actually 

decrease the γ- γ’ mismatch. The precipitation of all phases in the work (γ’, γ”, δ and 

η) was accelerated by increasing the amounts of iron and cobalt. It was found by the 

authors that an optimal iron content of 10% gave the best results in terms of thermal 

stability and stress rupture properties (23).  

 

Increasing the content of aluminium and titanium (Al+Ti) has the effect of increasing 

the volume fraction of γ’ at the cost of γ’’, until the alloy becomes a primarily γ’ 

strengthened superalloy. Due to the larger value of Al+Ti in ATI 718Plus in 

comparison to Inconel 718, the main strengthening phase in ATI 718Plus is γ’, not γ’’ 

which is the main strengthening phase in Inconel 718. Another important parameter is 

the aluminium to titanium ratio (Al/Ti ratio). Low Al/Ti ratios provide a lower thermal 

stability due to significant formation of δ and η phases which lead to considerable 

degradation of mechanical properties after long-term heat treatment. As ATI 718Plus 

has a higher Al/Ti ratio in comparison to Inconel 718, the thermal stability of ATI 

718Plus is much improved over Inconel 718 (23). 

 

2.2.4 Specific Strengthening Mechanisms of ATI 718Plus 

 

In the initial years after its development, the exact strengthening mechanisms of ATI 

718Plus were not very clear (24). However, in more recent years, studies have been 

performed to investigate the specific precipitation strengthening mechanisms via the 

interactions between dislocations and precipitates (as briefly described in the 

preceding sections).  In one such study (25), a comparison of yield strength as a 

function of aging time is performed in which experimental data, yield strength from 

Orowan looping, and yield strength from particle shearing are all compared. The yield 

strength from Orowan looping and particle shearing are obtained from equations that 

are mentioned in the literature. The graph that is obtained from the study is shown in 

Figure 2.7 (25). 



 

   

29 

 

 

Figure 2.7 – Comparison between experimental data and calculations of yield 

strength (Orowan mechanism and precipitate shearing) (25) 

It can be observed from the above graph that the experimental data has a good tendency 

with the shearing yield strength during the early stages of aging. However, the shearing 

mechanism shows a decrease in yield strength from approximately 3000 MPa to about 

1300 MPa with increasing aging time, which is clearly not observed in the 

experimental data. During the later stages of aging, the shearing mechanism tends 

towards the experimental data. This indicates that the Orowan strengthening may occur 

only during the later stages of aging, and strengthening via particle shearing takes place 

during the early stages of aging (25).  

 

A similar result is obtained in another study (26) in which the yield strength is 

simulated using integrated physical models that include intrinsic, grain boundary, solid 

solution and precipitate strengthening mechanisms. It was found within this study that 

during aging at 788°C, before 10 hours the operative strengthening mechanism is via 

particle shearing. Beyond 10 hours, the strengthening is provided by Orowan looping, 

which is a non-shearing mechanism (26).  

 

Although, as described in Section 2.2.1, there are many strengthening phenomena that 

involve the shearing of particles. Specifically, for ATI 718Plus, it was found in the 

previously mentioned study (26) that coherency strain strengthening (see a. Coherency 

Orowan  

Shearing 
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Strains in Section 2.2.1) and anti-phase boundary strengthening (see c. Ordered 

Structure in Section 2.2.1) are the two most predominant strengthening mechanisms 

(26,27). However, it is unclear which of the two strengthening mechanisms has the 

most effect (26,27).   

 

2.3 Phases 

 

As with other superalloys, ATI 718Plus contains various different phases within its 

microstructure and each of these distinct phases possesses a particular type of crystal 

structure.  The most common crystal structures found within nickel-based superalloys 

are the face centred cubic (FCC) structure, the hexagonal close packed (HCP) structure 

and the body centred cubic (BCC) structure. The body centred tetragonal (BCT) crystal 

structure is also observed in nickel-based superalloys but on a smaller scale when 

compared to the aforementioned crystal structures (5). 

 

Within ATI 718Plus, the main phases in the microstructure that are of significant 

interest and that are considerably influential on the material behaviour and the 

mechanical properties are (28): 

• γ phase 

• γ’ phase 

• η phase  

 

These are the main phases that make up the microstructure of ATI 718Plus. In this 

section, a brief overview of each of these phases will be described. Also, other various 

intermetallic and precipitate phases that are found in the superalloy class of materials 

(but not necessarily found specifically in ATI 718Plus) will be described in this 

section. 

 

2.3.1 γ phase 

 

The γ phase is made up of a face centred cubic (FCC) disordered crystal structure (29). 

This phase is also termed as being ‘austenitic’. It is also referred to as the ‘matrix’ 



 

   

31 

 

phase or the ‘parent’ phase.  It forms a continuous matrix from which other 

intermetallic and precipitates nucleate and grow from. Although it consists primarily 

of nickel atoms, the γ matrix contains within itself significant concentrations of cobalt, 

chromium, molybdenum, ruthenium and rhenium, as this is where, thermodynamically 

speaking, these elements prefer to reside in (6).  Figure 2.8 shows a schematic diagram 

of the FCC crystal structure and a spherical atomic model of the γ phase (5). 

 

 

Figure 2.8 – Schematic diagram of the crystallographic and atomic structure of the  

γ phase (5) 

2.3.2 γ’ phase 

 

The γ’ phase is a nanometre-sized intermetallic phase constituting primarily of nickel 

atoms but also with additions of aluminium, titanium and niobium atoms, with its 

chemical structure being Ni3(Al, Ti, Nb). The chemical structure has also been referred 

to as being Ni3(Al/Ti) (5,30), Ni3Al (31), and (Ni, Co)3(Al, Ti, Cr, Nb) (32). However, 

most literature sources mention this phase as being Ni3(Al, Ti, Nb) (29,33–36), and 

therefore it will be stated as this chemical structure within this work.  

 

In terms of crystal structure, the γ’ phase has an L12 ordered FCC crystal structure. 

This is the same crystal structure that is shown in Figure 2.8, but with nickel atoms 

located at the face centres of the unit cell and aluminium, titanium and niobium 

positioned in the corners of the unit cell (35). Figure 2.9 displays a schematic diagram 

of the crystal structure of the γ’ phase (5). 
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Figure 2.9 – Schematic diagram of the crystal structure of the γ’ phase. (5) 

The γ’ phase has a roughly spherical morphology when existing at low volume 

fractions. While at higher volume fraction, γ’ tends to have a more cuboidal 

morphology (29,32,35). This is also observed as the degree of ageing is increased 

(Figure 2.4). For ATI 718Plus (as well as other superalloys), the γ’ phase is termed as 

being the principal strengthening phase – meaning that the primary source of strength 

that the material possesses is through the use of the γ’ phase (24). The γ’ phase is the 

principal strengthening phase for many superalloys including Nimonic 80A, Waspaloy 

(4,37), René 65 (38) and AD730 (39).  

 

The main advantage of the γ’ phase is that due to its high temperature stability, ATI 

718Plus is able to retain high strength at temperatures up to 704°C. In comparison, IN 

718 has a temperature limit of 650°C due to the presence of the metastable γ’’ phase. 

At and after 650°C, the γ’’ phase rapidly transforms into the more stable γ’ phase. Due 

to this quick conversion, IN 718 suffers a significant detrimental drop in mechanical 

properties (40). 

 

2.3.3 γ’’ phase 

 

The γ’’ phase is a metastable intermetallic phase consisting of nickel and niobium 

atoms which are arranged in a chemical structure of Ni3Nb and possesses a D022 body 

centred tetragonal (BCT) crystal structure (41). Figure 2.10 displays a schematic 

Nickel atoms 

Aluminium, titanium, 

niobium atoms 
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diagram of the crystal structure of the γ’’ phase as well as its atomic arrangement (42). 

It can be seen that the arrangement of atoms in this phase is closely related to that of 

the L12 of the γ’ phase. The relationship between the lattice parameters is a = b ≠ c 

with the magnitude of c almost being double of the same parameter in the γ’ phase. It 

is from this that the term γ’’ arises (6).  

 

 

Figure 2.10 – Schematic diagram of the crystal structure of the γ’’ phase (42) 

The morphology of γ’’ is disc shaped with typical thicknesses being around 10 nm and 

the diameter being approximately 50 nm. There is good coherency between γ’’ 

particles and the γ parent phase. As mentioned previously, IN 718 is primarily 

strengthened with γ’’ phase particles. The excellent mechanical properties that IN 718 

possesses at high temperature are due to the large coherency strains between γ’’ and 

the γ matrix, as well as the restricted amount of slip systems that function in γ’’. Due 

to the aforementioned high coherency strains, the precipitation kinetics of the γ’’ phase 

are known to be sluggish (6).  

 

Within IN 718, the γ’’ phase particularly influences the tensile and creep properties, 

while the dislocation shearing mechanism within γ’’ is associated with fatigue 

softening at high temperatures (41).     
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The main disadvantage of the γ’’ phase is that in the overaged condition and above 

650°C, γ’’ phase transforms into the stable equilibrium δ phase (6,43). This brings a 

general reduction in strength as it is incoherent with the γ matrix and it does bring any 

improvement in strength even at significant quantities (5,6). 

 

2.3.4 δ phase 

 

The δ phase has a chemical structure of Ni3Nb with an orthorhombic D0a crystal 

structure (44–47). It is an incoherent phase in relation to the γ matrix (45,46). Figure 

2.11 displays a prototype crystallographic structure for the δ phase (31).  

 

 

Figure 2.11 – Diagram displaying the prototype orthorhombic crystal structure of 

the δ phase with nickel and niobium atom positions (31) 

It is well known that the δ phase exists in the form of grain boundary precipitates 

within IN 718 (44–46,48,49). However, in the case of ATI 718Plus, the δ phase is not 

the main phase of the grain boundary precipitates. As explained later (see Section 

2.3.5), the main phase of the grain boundary precipitates within ATI 718Plus is in fact 

the η phase. However, interwoven layers of δ phase are found within the η grain 

boundary precipitates in ATI 718Plus such that the constituents of the grain boundary 

precipitates are technically η + δ phase (30). The percentage of δ phase that is found 

in the grain boundary precipitates within the whole material is very small and is 

estimated to be less than 1% (30), which means the majority of the grain boundary 

precipitates consist of the η phase. 
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Within the literature, it seems that the range in which the δ phase precipitates within 

is disputed, with some authors mentioning it to be between 700°C to 1000°C (44), 

750°C to 1020°C (46). The solvus temperature of the δ phase is also uncertain as it has 

been reported to be in the range of 990°C to 1020°C (48). The dispersion in δ phase 

solvus temperature is said to be due to the fluctuations in chemical composition of the 

alloy, with the niobium content having the most influence on the δ phase solvus 

temperature (48).  

 

The fastest rate of δ phase precipitation occurs at approximately 900°C (44,46). It 

usually nucleates and precipitates starting at the grain boundaries of the γ phase (44) 

through a discontinuous reaction (47). It then grows into thin plates along the grain 

boundary and eventually elongating into the γ phase grains (44). δ phase precipitation 

can also occur along intragranular to the γ matrix grains when γ’’ phase is present (44). 

 

 

Figure 2.12 – Schematic diagram displaying the globurisation mechanism of δ phase 

(45) 
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Figure 2.13 – Differences in precipitate morphology. Top: acicular precipitates, 

Bottom: globular precipitates (48) 

In material that is has been thermo-mechanically processed, the δ phase precipitates 

can exist as equiaxed and relatively coarse particles, which are termed as ‘globular δ 

phase’ (44,50). These globular δ phase particles arise due to the fragmentation of 

originally pre-existing δ phase plates (44). This is schematically depicted in Figure 

2.12 (45). Figure 2.13 shows the difference in precipitate morphology (48).  

 

As mentioned previously, the metastable γ’’ transforms into the stable δ phase under 

certain temperature and time conditions (6,43). Even though the δ phase is 

thermodynamically more stable than the γ’’ phase, the slowness of the precipitation of 

the δ phase allows the γ’’ phase to precipitate before it. This is the case up to 900°C, 
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but beyond this the limit of γ’’ phase is reached and therefore further precipitation of 

the γ’’ phase is not possible.  Both the γ’’ phase and the δ phase have the same chemical 

structure and therefore both phases contain niobium. This suggests that the growth of 

the δ phase precipitates occurs at the expense of the γ’’ phase up to 900°C. As 

mentioned previously, this cannot be the case after 900°C since γ’’ phase does 

precipitate beyond this (44). 

 

The existence of δ phase means a loss of strength and hardenability because of a 

reduction of the amount of γ’’ phase in the microstructure (44,51). On the contrary, at 

room temperature at least, it has been reported that the δ phase does not make any 

negative or positive difference on the tensile strength, yield strength and hardness of 

IN 718 (51). However, the δ phase is known to be a hard brittle phase and it has been 

reported to have an adverse effect on the plasticity of Inconel 718 at high temperatures. 

As the δ phase content increases, the plasticity at high temperature reduces (52). 

 

Studies have also shown that the presence of δ phase does neither improve or weaken 

the grain boundary resistance to environmental cracking (53), although it has been said 

that the δ phase does make the alloy more susceptible to hot cracking (44). Moreover, 

within IN 718, it has shown that the plasticity of the alloy at high temperatures is 

reduced as the amount of δ phase content is increasing (52). Without any δ phase 

present in the microstructure, the stress rupture life is doubled, while the creep 

elongation to failure is multiplied between 4 to 5, when in comparison to 

microstructures exposed to heat treatment processes that encourage δ phase 

precipitation (54). However, it has been reported elsewhere in the literature that the 

presence of grain boundary δ phase can improve stress rupture ductility (50). Also, at 

low but sufficient volume fractions, the δ phase is beneficial to restrict the growth of 

γ phase grains (44,49,55) 

 

2.3.5 η phase 

 

In the early literature regarding ATI 718Plus, it was initially thought that the grain 

boundary precipitates were orthorhombic Ni3Nb δ phase (2,25,40,56–60) (see Section 
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2.3.4). Although, some authors had reported the existence of an hexagonal closed pack 

(HCP) phase (22,61–63). However, the vast majority of the available literature had 

referred to the grain boundary precipitates in ATI 718Plus as the δ phase. It was 

suggested that the reported presence of an HCP phase was in fact a new plate-like 

phase which consisted of a chemical structure of Ni3Al0.5Nb0.5. It was implied that this 

new phase nucleates within the same microstructure in which the δ phase precipitates 

in, such that both the δ phase and the Ni3Al0.5Nb0.5 phase coexist within ATI 718Plus 

(22,62,63). However, more work was required at this stage to elaborate on this new 

phase (22).    

 

A very detailed study was done on the grain boundary precipitates, which had clarified 

the issue very well. It was found the grain boundary precipitates in ATI 718Plus are in 

fact a modified version of the η phase (30). Usually, the η phase is defined as having 

a chemical structure of Ni3Ti with a D024 HCP crystal structure (5). Interestingly, in 

the case of ATI 718Plus, the grain boundary precipitates are consistent with the D024 

HCP structure, however the chemistry of these precipitates was found to be Ni6AlNb, 

which is different to the chemical definition of η phase as mentioned previously. In 

this ‘modified’ η phase, the aluminium and niobium atoms are accommodated in the 

position where the titanium atoms are usually located in the original η phase. Figure 

2.14 displays the chemical and crystallographic prototype structure of the η phase 

found in ATI 718Plus (30).  

 

Interestingly, it was found that that δ phase was present in the form of small interwoven 

strips which were located in the niobium rich areas of the η phase precipitates and were 

coherent between itself and the η phase. These δ phase strips are in very insignificant 

quantities such that it is difficult to quantify them. In fact, these δ phase layers have 

been found to be only a few atomic layers thick in some cases. It is probable that the 

balance of niobium, aluminium and titanium is held by a combination of both δ  and η 

phase (30)  
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Figure 2.14 – Diagram displaying the prototype HCP crystal structure of the η phase 

with Ni, Nb and Al/Ti atom positions (30) 

A number of studies (30,64,65) have shown the general order of η phase precipitation 

locations in ATI 718Plus; random grain boundaries, twin boundaries and then within 

the grains (intragranular precipitation). However, it must be mentioned that although 

the η phase primarily nucleates and grows on grain boundaries, it does not appear to 

grow on every single grain boundary.  

 

A couple of studies (30,66) have tried to investigate the relationship between grain 

boundary misorientation angle and the presence of η phase precipitates. In one study 

conducted by Alabbad and Tin (66), a distribution of grain boundary misorientations 

was shown based on the number of grain boundaries (see Figure 2.15). As the 

misorientation angle increases in ranges of 10º, the frequency of grain boundaries 

(black columns) increases in each class. It is also observed that the frequency of the 

grain boundaries with η phase precipitates (grey column) generally increases as the 

misorientation angle class increases. However, at 0º - 10º, it can be seen that almost 

half of the grain boundaries contain η phase precipitates. Whereas at 50º - 60º, the 

relative proportion of grain boundaries with η phase is comparatively less but still 

considerable in absolute terms. η phase precipitation is observed on grain boundaries 

in every class of grain boundary misorientation angle. Therefore, there does not seem 

to be any link between grain boundary misorientation angle and η phase precipitation. 
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Figure 2.15 – Frequency of η phase precipitation with respect to grain boundary 

misorientation (66) 

Likewise, in the other study by Pickering et al. (30), it was also seen that a decent 

percentage of low angle and low energy grain boundaries contained η phase 

precipitates, while at the same time, there were some high angle and high energy grain 

boundaries that were precipitate free. This further support the idea that there is no 

strong indication for a distinct link between the misorientation of grain boundaries and 

η phase precipitation. However, within the study it was mentioned by the author that 

from the grain boundaries that were precipitate free, approximately half of those were 

twin boundaries and the remaining precipitate-free grain boundaries had 

misorientation angles that were spread over a wide range. This finding may indicate 

that twin boundaries have a little more resistance to η phase nucleation. No explanation 

for this observation was given by the author for this finding and nothing was found to 

explain this from already published literature. 

 

It was also observed that grain boundaries appear to become serrated at locations in 

which there are η phase precipitates. This suggests that the precipitation of η phase is 

predominantly through a discontinuous precipitation mechanism. Discontinuous 

precipitation reactions are usually characterised and recognised distinctively because 

the grain boundary tends to move with the growing precipitate tips. Figure 2.16 shows 
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the possible sequence of steps during the development of discontinuous precipitation 

(67).  

 

 

Figure 2.16 – Illustration displaying the stages of discontinuous precipitation (67) 

Discontinuous precipitation necessitates that solute atoms are partitioned to the 

precipitate tips that are in contact with the proceeding grain boundary (67). In essence, 

the movement of the grain boundary is enabled by the consumption of supersaturated 

material ahead of the grain boundary, along with the precipitation of a stable phase 

behind it (30). There are two mechanisms by which this can occur (67): 

1. Diffusion through the lattice in front of the proceeding precipitate front 

2. Diffusion within the moving grain boundary 

 

Discontinuous precipitation is driven by an overall reduction in free energy of the 

system (30). If diffusion through the lattice of the precipitate front is the main 

mechanism of discontinuous precipitation, then one can expect a gradient of solute 

concentration from the precipitate face into the matrix phase (67). An example of this 

type of solute concentration gradient is shown in Figure 2.17 (b) (67) for a particular 

Mg–Al alloy whereby the Al concentration profile in the α phase matrix between two 

equilibrium β phase precipitates is displayed. If the process of diffusion in the 

discontinuous precipitation reaction is occurring through the advancing grain 

boundary, then the composition in the matrix should be constant right until the 

precipitate face (67). Figure 2.17 (a) (67) displays an example of this type of 
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concentration gradient between a supersaturated matrix phase (α’) and the α matrix 

(which is the same phase as α’ but has a lower thermodynamic excess of solute). 

 

 

Figure 2.17 – Concentration gradients for (a) diffusion through advancing grain 

boundary (b) diffusion across lattice in front of proceeding precipitate (67) 

The unique grain boundary curvatures observed in the discontinuous precipitation 

reactions in ATI 718Plus is a result of the interaction between three main parameters 

(30): 

1. The interfacial energies of the boundaries between the two γ matrix grains and 

η phase 

2. Changes in free energy across the grain boundary due to differences in 

composition 

3. Diffusion of the precipitate forming elements (Al, Nb, Ti) along the grain 

boundary 

 

The contact angle (θ) between the grain boundary and the η phase precipitate is  

determined as a result of the interfacial energy terms that are present at the tripartite 
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junction between the η phase precipitate, the parent grain (γ1) (in which the η 

precipitate is nucleating into), and the neighbouring grain (γ2) next to the η precipitate 

(30). This is schematically displayed in Figure 2.18 (30). 

 

 

Figure 2.18 – Schematic diagram of the forces at the triple junction between the 

parent grain (γ1), the neighbouring grain (γ2), and the η phase precipitate (30) 

The interfacial energy between the η precipitate and its own parent grain (σηγ1) will be 

relatively low and constant because there is a good coherency between them. The other 

interfacial terms, specifically between the two grains (σγ1γ2) and between the η 

precipitate and the neighbouring grain (σηγ2) are a function of the grain boundary plane 

and misorientation, however they would still be larger than the interfacial energy 

between the η precipitate and its own parent grain (σηγ1). As a consequence, it is 

beneficial for the grain boundary to move forward with the growing precipitate in order 

to avoid the development of a high interfacial energy interface between the η 

precipitate and the neighbouring grain (σηγ2) (30). Therefore, the grain boundary at the 

location of the η phase precipitate becomes serrated.  

 

However, there have been observations of very long precipitates that extend deep into 

the γ matrix grains. This suggests that there is also another precipitate growth 

mechanism in addition to the discontinuous precipitation, which is the transformation 

of the γ’ phase into η phase and the accumulation of diffusing elements into the η phase 

precipitate (30).  
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Figure 2.19 – Microstructure containing η phase and γ’ phase. γ’ denuded zone can 

be observed around η precipitates (58) 

The γ’ phase and the η phase both contain elements that exist in both phases, namely 

aluminium and niobium. In ATI 718Plus, both the γ’ and η phase can precipitate 

simultaneously under certain temperatures and times. Due to this simultaneous 

precipitation, there is a competition between both phases for aluminium and niobium 

(36). Within ATI 718Plus, the microstructure contains a fine distribution of circular γ’ 

phase particles. However, it can be observed that around the vicinity of the η phase 

precipitates, there is a zone which is devoid of γ’ precipitates, which can be observed 

in Figure 2.19 (58). This indicates the competition between both phases (58). Due to 

shared chemical elements within their respective composition, a higher amount of η 

phase precipitation means a lower amount of γ’ phase precipitation since the amount 

of γ’ depleted zones would increase. This means that a higher amount of η phase 

precipitation would lower the intrinsic strength and hardness of the alloy (64). 

 

2.3.6 TCP phases 

 

Another group of phases that are sometimes found are those that are known as the 

‘topologically closed packed’ (TCP) phases. These are generally detrimental to the 

mechanical properties and behaviour of nickel-based superalloys, and they are 

characteristically brittle. In trace amounts, these phases are not damaging. Anything 
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exceeding trace amounts can damage and weaken the mechanical properties of the 

superalloy. The TCP phases are namely (5): 

• Sigma (σ) phase  

• Mu (μ) phase 

• Laves phase 

These phases (in particular, the σ phase) can be controlled by manipulating and 

adjusting the chemical composition of the superalloy. Interestingly, these phases are 

not necessarily always disadvantageous. Very minute amounts of σ phase can be 

advantageous for creep rupture strength. There have even been efforts to produce 

superalloys with the σ phase being the strengthening phase in the material (5).  

 

The detrimental effects of the TCP phases do not arise solely from their brittleness. 

The disadvantageous properties can arise from the TCP phase morphology, volume 

fraction, and the degree to which the TCP phases diminish the γ matrix of elements 

that are needed for precipitation strengthening (5).  

 

With high temperature homogenisation and thermo-mechanical processing, the TCP 

phases are generally not found in the as-received form of ATI 718Plus (3,4). However, 

without high temperature treatment and processing, the presence of Laves phase in the 

as-received condition of ATI 718Plus has been reported in the literature (68).  

 

2.4 Effect of Strain 

 

A few studies have shown that induced strain within the microstructure does indeed 

affect the precipitation kinetics of grain boundary precipitates in nickel-based 

superalloys. This is especially important for manufacturers since the amount of δ phase 

that is precipitated depends on the thermomechanical history of the material. 

Chamanfar et al. (69) found that in a non-isothermal forged billet of Inconel 718, the 

δ phase precipitation during a subsequent heat treatment was considerably varied from 

the centre to the edge of the as-forged billet. This can be attributed to the variation in 

stress applied across the billet. Although it must be mentioned that the authors data 

was found to be highly scattered. 
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Liu et al. (70) and Mei et al. (71) carried out an extensive study of the cold rolling 

effect on the precipitation behaviour of the δ phase within Inconel 718. It was found 

that cold rolling promotes the precipitation of δ phase. The authors found that at 960°C, 

the recrystallisation of the γ matrix is completed well before the commencement of δ 

precipitation. However, the increase in δ phase precipitation kinetics from cold rolling 

is still observed. Due to the recrystallisation, dislocations created from cold rolling 

have been eradicated before the start of precipitation. Therefore, the theory that 

dislocations created from cold rolling increases the density of nucleation sites and 

increases the diffusivities of precipitate forming elements cannot be applied here. 

Instead, the authors attributed the faster kinetics of δ phase to niobium segregation. At 

lower temperatures in which no or less recrystallisation occurs, the faster precipitation 

kinetics are a result of both niobium segregation and higher dislocation density from 

deformation, which leads to even faster δ precipitation kinetics (23).  

 

Huang and Langdon (46) looked at the evolution of δ phase within Inconel 718 during 

optimum superplastic deformation conditions. The authors found that the total 

precipitation of δ phase does increase with the level of strain during superplastic 

deformation, as it does with cold rolling (70,71).  

 

A number of studies have found that the precipitate morphology gradually changes 

from needle/plate-like into blocky/globular as the strain increases (46,70–72). 

Differences in δ phase morphology within Inconel 718 have been reported before in 

early literature (49), but the mechanisms by which this occurs was not well known. 

Zhang et al. (45) investigated the deformation characteristics of the δ phase. During 

the deformation process, plate-like δ phase develops into spherical δ particles 

(44,45,50). This occurs due to two mechanisms. Firstly, the dissolution of plate-like δ 

phase takes place while simultaneously, newer spherical δ phase particles are 

precipitated. Secondly, as a result of dissolution breakage (in which parts of δ plates 

are dissolved at high density dislocation zones) and deformation breakage (where δ 

plates are broken as a result of deformation), the δ plates are essentially broken into 

spherical δ particles. Figure 2.12 (45) shows a schematic diagram of this process. 

Figure 2.20 (73) shows microscopy images of the growth and coarsening of δ 
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precipitates after heat treatment which was preceded by deformation. Also, in 

agreement with previously mentioned literature (46,70,71), the zone with the highest 

strain had seen all δ plates transformed into spherical δ particles.  

 

 

Figure 2.20 – Growth and coarsening of δ precipitates (a) 875°C at 100 s (b) 875°C 

at 1000 s (c) 975°C at 100 s (d) 975°C at 1000 s (73) 

Similar to Inconel 718, increasing the level of strain also causes increased η phase 

precipitation within ATI 718Plus (74,75). Casanova et al. (76) found that within the 

microstructure of components made with ATI 718Plus, two main morphologies co-

exist together; coarse plates and thin lamellae, and the origin of these were investigated 

by the author. η phase precipitates are present within the microstructure of the billet 

prior to forging. During sub-solvus forging, these precipitates are deformed and 

unpinned from their initial nucleation locations. As a result of this, the interface 

between the η precipitates and the γ matrix becomes incoherent, which gives the η 

precipitates increased mobility. During following processing operations, these 

precipitates develop a coarse morphology. Also, their direction is more aligned with 

the local forging flow, which is an indication of their increased mobility. However, 

during the post-forging processing operations, new coherent η phase precipitates are 

formed. Since they are coherent, they grow into a fine lamellar morphology and thus, 

two morphologies of η phase exist within the final microstructure (76).  

 

Another study from the same author (77) found that these morphologies even exist in 

different locations within the wrought billet during heating before sub-solvus forging 

takes place. The surface of the billet had coarse η plates which are result of high lattice 

rotations and high dislocation densities that come from the production process of the 

wrought billet. On the other hand, the centre of the billet consisted of large, 

recrystallised grains, which meant that there was no inherent strain in these zones. As 
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a result, the precipitates in the billet centre grew coherently into thin lamellae (77). It 

is interesting to note that the η phase does not become spherical nor does it go under 

the same mechanisms of becoming spherical like the δ phase does within Inconel 718. 

 

2.5 Review of Precipitation Kinetics 

 

Inconel 718 has been in use since 1965 and within that time many authors have studied 

the δ phase precipitation kinetics over the years (48,78–84). There seems to be a 

general acceptance that the nose of precipitation occurs between 910 and 920°C, 

although Beaubois et al. (48) disputes this and suggests that the nose of precipitation 

should be higher, somewhere between 960 and 980°C. The authors also suggest that 

the start of δ phase precipitation starts earlier than what is mentioned in previous 

literature. The authors also investigated the precipitation kinetics with and without δ 

phase in the initial microstructure and suggest that the difference in precipitation 

kinetics can be scaled according to the change in grain size (48). Azadian et al. (44) 

suggests 900°C as the nose temperature of δ precipitation. It has been well established 

that deformation imposed on Inconel 718 can significantly cause δ phase precipitation 

more rapidly (46,49,69–71). Figure 2.21 (71) shows the effect of cold rolling on the 

precipitation kinetics of δ phase in Inconel 718.  

 

 

Figure 2.21 – Effect of cold rolling on the precipitation kinetics of δ phase in Inconel 

718 (71) 
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In regard to ATI 718Plus, Xie et al. (63) completed an early study into the η phase 

precipitation kinetics and compared them to the δ phase precipitation kinetics. The 

authors had studied the growth kinetics from a ‘clean’ state, meaning that there were 

no η precipitates in the initial microstructures of Inconel 718 and ATI 718Plus. The 

grain size in the ATI 718Plus samples were 79 μm, whereas within the Inconel 718 

samples the grain size was 44 μm. One would expect the kinetics in the ATI 718Plus 

samples to be slower since there is less grain boundary area for precipitation to occur. 

However, the difference in grain size in this study did not seem to matter as the 

precipitation kinetics of η phase in ATI 718Plus was faster than that of the δ phase in 

Inconel 718. Stotter et al. (57) and Sommitsch et al. (85) also characterised the η phase 

precipitation kinetic behaviour. The authors found that the precipitation is sensitive to 

the nucleation sites, as precipitation occurred firstly on grain boundaries, then twin 

boundaries and then followed by precipitation within the bulk. Simulations can also 

be performed to determine precipitation kinetics. Zickler et al. (86) used the thermo-

kinetic software MatCalc to perform simulations at different temperatures of the 

precipitation kinetics of both the η phase and the γ’ phase. The simulations of η phase 

precipitation had good agreement with experimental data. However, discontinuities in 

the simulated TTT curves were observed at lower temperatures where precipitation of 

both γ’ and η phases occurs simultaneously. This has been attributed to a competition 

of the diffusional transport of elements that constitute both phases namely aluminium 

and niobium (33,36,86). However, it would be of interest to obtain experimental 

volume fraction data at lower temperatures to see if these discontinuities can be 

validated. McDevitt (74) investigated the effect of thermomechanical processing on η 

phase precipitation in ATI 718Plus and found that the kinetics of precipitation are 

increased as the level of strain is increased. Casanova et al. (77) also reached the same 

conclusion in that areas with higher levels of strain produced faster precipitation 

kinetics. McDevitt (74) also found that η phase precipitation is inadequate during 

annealing after deforming the material at temperature above the η solvus temperature. 
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2.6 Effect of Grain Boundary Precipitation on Mechanical Properties 

 

The δ and η phases within nickel superalloys are particularly useful for controlling the 

grain size, which significantly impacts the mechanical properties. This is done by a 

mechanism known as Zener pinning (55,87). However, it is established within the field 

that low quantities of δ and η precipitation are sufficient for grain boundary control 

and that excessive amounts are actually detrimental to the mechanical properties of 

alloy.  

 

Within ATI 718Plus, some studies have shown that the precipitation of η phase on the 

grain boundary can be very important in reducing the notch sensitivity of the alloy 

(22,61). Likewise for Inconel 718, it has been found that a lack of δ phase causes an 

increase in notch sensitivity (50). The reason that brings about the notch sensitivity in 

both Inconel 718 and ATI 718Plus is due to the amount and distribution of η phase 

precipitates within the microstructure. Within ATI 718Plus, the γ’ phase and the η 

phase both contain similar constituent elements, namely niobium, titanium and 

aluminium. As explained earlier (see Section 2.3.5), this causes a competition for these 

elements when simultaneous precipitation of both the γ’ and η phases occurs. As a 

result, there is a γ’ denuded zone around η phase precipitates (see Figure 2.19). This 

γ’ depleted zone can behave as a micro-plastic zone. Therefore, in notch sensitivity 

testing, the high stress concentration at the root of the notch can be partially relaxed 

by the micro-plastic zone which would reduce notch sensitivity. Conversely, with no 

or too little η phase precipitates, there would be no γ’ depleted zone and so the high 

stress concentration at the root of the notch cannot be relaxed, thereby increasing notch 

sensitivity and leading to the creation and growth of cracks (50). 

 

The formation of η phase in ATI 718Plus can create serrated grain boundaries (30,88). 

Some studies find that these serrated grain boundaries can enhance resistance to 

intergranular fatigue cracking (22,62,89,90). It has been suggested that this occurs by 

the serrated grain boundaries forcing the intergranular cracks to take a more 

meandering path. However, other studies suggest that η phase in ATI 718Plus has no 

substantial effect on grain boundary resistance to environmental cracking during 
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rupture tests (53,91). The authors go on to propose that the factors that have more 

impact are grain dislocation substructure and grain boundary misorientation. Serrated 

grain boundaries have been found to prolong the creep life within Inconel 718 (92). 

 

Conflicting reports have been reported regarding the effect of grain boundary 

precipitation on tensile properties and hardness. It has often been said that the 

precipitation of δ phase within Inconel 718 and ATI 718Plus causes a degradation in 

mechanical properties (44,47,93–95). This is due to the transformation of γ’’ into δ 

phase within the microstructure. Since γ’’ is the main strengthening phase, one would 

expect a loss in mechanical properties with a loss in γ’’. However, Valle et al. (51) 

conducted a study regarding the effect of the δ phase upon the tensile properties and 

hardness of Inconel 718. Intriguingly, δ phase did not show much effect on the tensile 

strength, yield strength and hardness at room temperature, although the ductility was 

observed to decrease as the δ phase volume fraction increases. However, a criticism of 

this work is the fact that the authors chose to study the mechanical properties over a 

very small range of δ phase volume fraction, from 0.30 to 1.38%. This range may not 

be sufficient enough to observe a significant impact on the tensile properties and 

hardness. A study conducted by Zhang et al. (52) also agrees with Valle et al. (51) 

regarding the reduced ductility as δ phase volume fraction increases. Zhang et al. (52) 

also found that the plasticity of Inconel 718 at high temperatures is reduced as the 

amount of δ phase content is increased. Moreover, within Inconel 718, it has been 

shown that without any δ phase present in the microstructure, the stress rupture life is 

doubled, while the creep elongation to failure is multiplied between 4 and 5, when in 

comparison to microstructures with δ phase precipitation (54). 

 

As mentioned previously, due to its morphology, the η phase does not add to the alloy 

hardness. Instead, the presence of η phase means a reduction in hardness as the η phase 

shares the same elemental composition as γ’ phase, which is the primary strengthening 

phase in ATI 718Plus. A higher amount of η phase precipitation would mean a 

reduction in γ’ content via more γ’ depleted zones in the microstructure, which would 

cause a reduction in the strength and hardness of the alloy (64). 
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2.7 Summary 

 

In this chapter, a literature review was given in which a broad range of aspects of 

superalloys are discussed. This included some background knowledge of superalloys 

and a review of the current literature in regard to the precipitation kinetics of secondary 

phases within Inconel 718 and ATI Plus. The effect of strain on the precipitation 

kinetics and the effect of secondary phases on the mechanical properties was also 

explored. 

 

There is little work available in the literature regarding the effect on the δ phase 

precipitation kinetics from forging strain, strain rate and initial grain size within 

Inconel 718. Considering that Inconel 718 predates ATI 718Plus considerably, no 

work has been published to date which has created TTT diagrams showing the effect 

of different strains, strain rates and initial grain sizes on the precipitation kinetics of η 

phase in ATI 718Plus. This work will intend to investigate the effect of strain, strain 

rate and initial grain size on the η phase precipitation kinetics within ATI 718Plus. 

Also, this work will also attempt to investigate η phase precipitation at the equilibrium 

state, as no work to date has been published in the current literature regarding this. 

 

In the work carried out by Casanova et al. (77), it was concluded that the local strain 

conditions along a billet of ATI 718Plus material have a major influence on the η phase 

precipitate fraction, morphology and location. It was found that the centre of the billet 

has slower precipitation kinetics that the surface of the billet since the centre has 

primarily a structure consisting of large, recrystallised grains. Whereas the surface of 

the billet is mostly made up of smaller unrecrystallised grains and larger amounts of 

strain. However, within the work of Casanova et al. (77), it could be argued that the 

difference in grain size could have a larger impact on η phase precipitation kinetics 

than the amount of inherent strain. The author does not quantitively investigate how 

strain and strain rate affect the η phase precipitation kinetics. 

 

In the work carried out by McDevitt (74), it was concluded that the η phase 

precipitation is considerably affected by increasing amounts of strain within the 
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austenitic γ matrix. The author observed that by decreasing the amount of total height 

reduction (i.e., thereby increasing the amount of strain) or reducing the forging 

temperature has the effect of increasing the amount of η phase precipitation during 

subsequent solution annealing. However, in this work, the author looks at the effect of 

the ’global’ strain of the sample on the η phase precipitation kinetics, rather than 

investigating the local strain within the sample. Also, the author does not investigate 

the effect of the strain rate and the effect of the initial grain size.  
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3 Experimental Methods 

 

3.1 Material 

 

The raw material that was used in this study was as-received ATI 718Plus wrought hot 

rolled bar material with a diameter of 2.5 cm. The as-received material was provided 

in the solution treated condition in which the material had undergone heat treatment at 

1750°F (approximately 954°C) for 1 hour and then air cooled. The material was melted 

and manufactured in the United States of America by ATI Speciality Materials Ltd 

and provided by Rolls-Royce Plc. The chemical composition of the as-received 

material was determined by ATI Specialty Materials Ltd as is shown in Table 3.1. 

 

 

Table 3.1 – Chemical composition of as-received ATI 718Plus material 

The as-received material originated from heat number B91J and was produced using 

vacuum induction melting which was then followed by vacuum arc remelting. The 

grain size of the material was determined using EBSD and was found to be 12.8 µm ± 

4.7 µm (standard deviation) which corresponds to ASTM 9.5.  

 

3.2 Mechanical Testing 

 

To emulate the hot working process of forging, hot isostatic uniaxial compression 

testing was performed using cylindrical samples. Cylindrical samples with dimensions 

of 16 mm diameter and 24 mm height were machined from the as-received raw 

material. The specimens for the compression tests were taken from the middle area of 

C S Mn Si Cr Mo Co Ti Al B

0.020 <0.0003 0.030 0.050 18.000 2.690 9.170 0.750 1.460 0.005

0.020 <0.0003 0.030 0.050 18.000 2.690 9.170 0.750 1.460 0.005

Zr Fe Cu Ni P Nb Ta W V Y

<0.01 9.350 0.010 51.550 0.005 5.500 <0.01 1.030 0.020 -

<0.01 9.370 0.010 51.580 0.006 5.490 <0.01 1.030 0.020 -

Bi Ca Pb Mg Se Ag Sn O N

<0.00001 <0.001 <0.0001 0.0011 <0.00005 0.0001 <0.0005 <0.0005 0.0058

<0.00001 <0.001 <0.0001 0.0014 <0.00005 <0.0001 <0.0005 <0.0005 0.0064
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the as-received wrought bar, as this is where the material has a homogenous 

microstructure.  

 

Hot compression tests were performed at the Advanced Forming Research Centre at 

the University of Strathclyde, Glasgow. The hot compression tests were performed at 

990°C and at a global strain of 0.6. This strain was chosen after performing preliminary 

simulations of the hot compression test at different global strains using the DEFORM 

simulation software. These simulations were performed using the same test 

temperature and using the same sample dimensions as the real compression test and 

were performed by the R&D department at Aubert & Duval. From these simulations, 

it was decided that the simulation at 0.6 global strain would be best used for the actual 

hot compression tests as it provided a wide range of local strains within the sample 

which could be investigated. The test temperature (990°C) was chosen in order to 

replicate as much as possible the industrial forging process for ATI 718Plus at Aubert 

& Duval production facilities. 

 

A servo-hydraulic Zwick/Roell Amsler HA machine was used to perform the hot 

compression tests and had a maximum load capacity of 250 kN. The machine was 

equipped with flat compression dies which were produced from single crystal CMSX-

4 nickel alloy material, as well as a three-zone furnace (see Figure 3.1) which is used 

to perform elevated temperature testing. 

 

As the intention of the hot compression testing is to imitate the hot forging process, 

the flat dies were heated to the same temperature as the sample to ensure isothermal 

conditions. Three thermocouples were placed inside the furnace to measure 

temperature; one at the top anvil, one at the anvil and lastly one was placed as close as 

possible to the test piece, which was approximately at mid-height of the furnace. The 

temperature was measured to ±5°C. 

 

Before the hot compression test, each sample top and bottom were coated with boron 

nitride in order to reduce the inevitable friction between the test piece and the flat dies. 

The cylindrical test piece was placed between the flat dies as the temperature of the 
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furnace was ramping up to 650°C. At this temperature, the furnace was positioned to 

envelop and surround the test piece as well as the flat dies. The furnace temperature 

was then increased to 990°C at a heating rate of 12°C per minute. Once the furnace 

temperature had reached 990°C, the test piece was soaked at temperature for 15 

minutes after which the hot compression test was performed, with the strain rate 

staying constant via the use of the test machine software package. Upon completion of 

the test, the sample was taken out as quickly as possible and quenched in cold water. 

 

 

Figure 3.1 – Furnace, flat dies and test piece used in hot compression testing 

Hot torsion testing was also performed in this study in Chapter 7. This was performed 

at the laboratory facilities at Aubert & Duval in Les Ancizes, France. Due to 

intellectual property reasons, some information in regard to the set-up of the testing 

apparatus cannot be disclosed here, however similar conditions involved in the hot 

compression testing were also pertinent to the hot torsion testing that was carried out. 

 

3.3 Heat Treatment 

 

After hot compression or torsion testing, heat treatments were performed to promote 

η phase precipitation at different times and temperatures. The furnace that was used to 

apply such heat treatments was a Carbolite RHF 1400 furnace chamber (see Figure 
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3.2) The furnace machine was heated to the applicable temperature at a slow heating 

rate in order not to damage the heating filaments. In order for the furnace to reach the 

high temperatures used in this study, the furnace was programmed to ramp up to a 

particular temperature overnight until the desired temperature had been reached. In all 

the heat treatments performed within this study, the cooling method was always water 

quenching. Once the heat treatment had been finished, the sample was taken out 

promptly and inserted into a water bucket within 5 seconds.  

 

 

Figure 3.2 – Carbolite RHF 1400 furnace chamber 

3.4 Sample Preparation 

 

After processing and heat treatment, it is necessary to mount the sample in a 

conductive resin so that the sample can be securely placed during the subsequent 

grinding, polishing and microscopy. Therefore, sample mounting was carried out via 

the use of a Buehler SimpliMet 3000 machine, which is shown in Figure 3.3. The 
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sample is placed on the centre of the mounting piston, with the face to be examined 

positioned face down. The mounting piston is then lowered, and a conductive resin 

powder is added, of which approximately 2 and ½ scoops are used. The commercial 

name of the conductive resin is ProbeMet and is also produced by Buehler. With the 

piston and conductive resin lowered, the shaft is then closed securely. The start button 

is then pressed which initiates the SimpliMet 3000 machine. The process requires 1 

minute of heating, followed by 3 minutes of cooling after which the mounting process 

is complete. The heating is performed at 150°C with a pressure of 290 bar. After the 

mounting process is complete, piston is raised up and the mounted sample is removed. 

The diameter of the mounted sample was fixed to be 25 mm. 

 

 

Figure 3.3 – SimpliMet 3000 mounting machine 

Once the specimens have been mounted, it is necessary to grind and polish the samples 

so that they are flat and without any scratches. For this purpose, the Buehler EcoMet 

300 Pro machine was utilised. This machine is shown in Figure 3.4. The specimens 
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are held together using a specimen holder (maximum capacity of 6 specimens at any 

one time) which rotates. Special abrasive grinding papers are used to grind the 

specimens, and then polishing cloths are used in the polishing stages. These grinding 

papers and polishing clothes rotate either in complimentary direction to that of the 

specimen holder or contrary direction to the specimen holder. The polishing and 

grinding cloths have different grit sizes and are of various types. During the grinding 

stages, water is used as a lubricant, whereas during the polishing stages, a special 

diamond paste lubricant is used. The preparation methods that were used for grinding 

and polishing the ATI 718Plus specimens are shown in Table 3.2 and Table 3.3 

respectively. The samples were thoroughly rinsed in between stages and were also 

ultrasonic bathed after grinding and after polishing. 

 

 

Figure 3.4 – EcoMet 300 Pro grinding/polishing machine 
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Grinding Paper Rotation Force (N) Speed (rpm) Time (minutes) 

CarbiMet SiC P240 Comp 27 260 Until plane 

CarbiMet SiC P400 Comp 27 260 Until plane 

CarbiMet SiC P800 Comp 27 260 Until place 

CarbiMet SiC P1200 Comp 27 260 Until plane 

Table 3.2 – Grinding procedure used for ATI 718Plus 

Polishing Cloth Rotation Force (N) Speed (rpm) Time 

(minutes) 

UltraPol 9 μm with 9 μm 

MetaDi Polycrystalline 

Diamond Suspension 

Contra 25 150 4 

Trident 3 μm with 3 μm 

MetaDi Polycrystalline 

Diamond Suspension 

Contra 22 150 5 

TexMet 1 μm with 1 μm 

MetaDi Polycrystalline 

Diamond Suspension 

Contra 20 150 6 

Microcloth 0.05 μm with 

0.02 μm MasterMet 

Colloidal Silica 

Contra 20 150 5 

Table 3.3 – Polishing procedure used for ATI 718Plus 

3.5 Microscopy 

 

To obtain microstructural images from the samples of ATI 718Plus, a scanning 

electron microscope (SEM) was utilised (see Figure 3.5). The model of the SEM was 

an FEI Quanta FEG 250. Backscattered electron (BSE) imaging was used as it 

provided the best imaging for the quantification of η phase precipitation. This is 

because η phase has a higher amount of niobium, and niobium inherently has a large 

atomic number. Therefore, the η phase is highly discernible in comparison to the 

austenitic γ matrix. 

 

Backscattered electrons are produced when the incident electron beam is elastically 

scattered. They are highly energised and come from a larger volume of the material 

sample. If elastic scattering occurs with an atomically heavy element, the electrons can 

travel greater distance than in comparison to a lighter element. Therefore, the atomic 

number Z is represented via the contrast of the backscattered image.  In all imaging 

that was conducted via the SEM, the working distance was always set to 10 mm, and 
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the magnification of the images that were used for quantification was always 3000X. 

The spot size of the electron beam was consistently set to 4.5. 

 

 

Figure 3.5 – FEI Quanta FEG 250 scanning electron microscope 

Electron backscattered diffraction (EBSD) was also utilised during this study to obtain 

good approximations of the microstructural grain size. In EBSD, the sample is placed 

in the SEM and is tilted to 70°. An EBSD camera/detector is inserted via the use of a 

motorised carriage as close as possible to the tilted sample (usually within millimetres 

to the sample). The electron beam is directed towards the sample and as it impinges 

on the surface of the sample, the electron beam is incoherently and elastically scattered 

in all directions. The scattered electrons form a Kossel cone which represents a 

particular diffracted plane. The Kossel cone forms a Kikuchi line when the Kossel 

cone intersects with the phosphor screen of the EBSD camera/detector. Together the 

Kikuchi lines form a Kikuchi pattern which is particular to each crystal orientation. 

The Kikuchi pattern is then analysed and processed digitally by the EBSD 

camera/detector to index the pattern and determine the orientation and phase of the 

crystal. 

 

In this study, the EBSD camera/detector that was used was produced from Oxford 

Instruments and the software used to index the sample was the Tango module of the 
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HKL Channel 5 software. To process the EBSD images after capture, another module 

of the HKL Channel 5 software package, known as Tango, was utilised. When 

performing EBSD, the voltage was set to 20 kV and the spot size was set to 4. After 

tilting the stage by 70º, the working distance was approximately 19.3 mm. The index 

rate during EBSD fluctuated between 90% to 95%. 

 

When determining the grain size of any sample, twin boundaries were not considered 

as a grain boundary, however the EBSD maps shown in this work will also show twin 

boundaries. 

 

3.6 Microstructural Analysis 

 

In order to quantify the η phase precipitates more easily, Adobe Photoshop was used 

to adjust the contrast and filtering of the image. The “Smart Sharpen” was first used to 

brighten the η phase precipitates, and then the “Dust & Scratches” feature was then 

used to remove as much of the background in the γ matrix as possible. 

 

ImageJ analysis software was utilised to convert the microstructural images into binary 

format. To obtain more accurate data, the γ matrix was coloured black using the paint 

brush tool within ImageJ. This meant that only the η phase precipitates were left visible 

in the microstructural image. A threshold was set to distinguish between the η phase 

precipitate and the rest of the microstructural image to provide an area percentage of 

η phase precipitation relative to the whole microstructural image. 

 

For the data where the length and width of the η phase precipitates was measured, the 

measurement tool within ImageJ was calibrated against the scale bar of the 

microstructural image. Then the length and width were then measured by clicking at 

the longitudinal and transverse ends of the η phase precipitate being measured.
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4 Precipitation at the Equilibrium State 

 

4.1 Introduction 

 

In this study, the η phase precipitation was studied at their equilibrium point, meaning 

the point at which no further η phase precipitation can thermodynamically occur within 

the microstructure. To perform this study, strained and deformed samples of ATI 

718Plus were heat treated at various temperatures for extended periods of time. SEM 

examination was then carried out to obtain an approximation of the η phase area 

fraction as well as average aspect ratio, length and thickness. The experimental matrix 

for this study is shown in Table 4.1.  

 

The times (in hours) chosen for this study were selected to ensure that the η phase 

equilibrium state had been reached according to the published literature available. The 

only other work which has slightly touched upon this is the work conducted by 

Casanova et al. (77) in which samples of ATI 718Plus were heat treated for 81 hours. 

The author of the work investigated the η phase equilibrium state at both the core 

region and rim region of a wrought billet. The core region consisted of large, 

recrystallised grains (with either low or no strain levels) while the rim region consisted 

of smaller unrecrystallised grains with higher strain levels. The work confidently 

suggests that the equilibrium state had been reached at both the core and rim regions 

after 81 hours of heat treatment. Based on this, it was decided to use heat treatment 

times between 72 to 75 hours but with induced strain in the starting material to further 

accelerate the η phase precipitation kinetics to ensure that the equilibrium state had 

been reached.  
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Temperature (°C) Time (hours) 

850 75 

875 75 

900 72 

925 74 

950 72 

975 72 

Table 4.1 – Experimental matrix for η phase precipitation at the equilibrium state 

In order to carry out this study, a number of tensile tests were performed with ATI 

718Plus material. This was done in order to accelerate the rate of η phase precipitation 

so that the equilibrium state could be reached more quicker during the subsequent heat 

treatment. These tensile tests were performed at room temperature with 0.1 strain and 

with a strain rate of 0.05 min-1 (which translate to approximately 0.00083 s-1). No local 

necking was observed on the tensile test samples which indicates that the deformation 

occurred homogenously. Figure 4.1 displays an example of a tensile test sample prior 

to deformation with the dimensions of the working zone labelled.  

 

The initial grain size of the material prior to tensile testing is the same as the material 

in the as-received condition, which is approximately ASTM 9.5. More details on the 

as-received material are found in Chapter 3 Section 3.1. 

 

 

Figure 4.1 – Tensile test sample prior to deformation with labelled working zone 

dimensions 

After carrying out these tensile tests, the subsequent samples were then machined to 

produce multiple sample pieces that could then be heat treated individually according 

to Table 4.1. These samples were not solutioned in order to ‘clean’ the initial 
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microstructure of η phase area fraction because the intention of this study is to obtain 

the maximum area fraction, length and thickness at each temperature. 

 

After extended heat treatment (see Table 4.1), the samples were then mounted, ground 

and polished as described previously in Chapter 3 Section 3.4. SEM was then 

employed to obtain multiple microstructural images at random locations within the 

sample. From these images, the average η phase area fraction was calculated as well 

as the average η phase length and thickness at each temperature.  

 

The average equilibrium area fraction values are obtained by averaging the 

measurements taken from three microstructural images. It was thought that three 

images would be sufficient to obtain a good representation of the sample. Also, using 

three images per data point was more feasible because the image processing technique 

used to obtain the η phase area fraction (as described in Chapter 3) was considerably 

time consuming, and due to time constraints more images per data point was not 

practically possible. For the aspect ratio, length and thickness measurements, ten 

values were used for each data point, again due to time constraints and feasibility 

issues. 
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4.2 Equilibrium Area Fraction 

 

 

Figure 4.2 – η phase area fraction against temperature in the equilibrium state 

Area Fraction (%) 

850°C 875°C 900°C 925°C 950°C 975°C 

16.18 ± 0.85 20.64 ± 1.52 18.46 ± 0.98 15.45 ± 0.29 10.03 ± 0.13 5.88 ± 0.35 

Table 4.2 – Results of η phase area fraction in the equilibrium state 

In Figure 4.2, the η phase area fraction at each temperature in the equilibrium state is 

displayed with the numerical values shown in Table 4.2. The errors shown in Figure 

4.2 and Table 4.2 are standard errors.  

 

Microstructural images are displayed from Figure 4.3 to Figure 4.8. The equilibrium 

area fraction is observed to increase from 850°C to 875°C. Interestingly, the highest 

amount of equilibrium area fraction is found at 875°C. From there, a gradual decline 

is seen from 875°C to 975°C. As is shown in Figure 4.3 to Figure 4.8, many acicular 

precipitates are observed within the microstructures (especially at the lower 

temperatures), which makes it difficult to threshold properly and hence introduces a 

source of error within the results. 
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Figure 4.3 – Microstructure of ATI 718Plus at 0.1 strain with 0.00083 s-1 strain rate 

and after heat treatment at 850°C for 75 hours 

 

Figure 4.4 – Microstructure of ATI 718Plus at 0.1 strain with 0.00083 s-1 strain rate 

and after heat treatment at 875°C for 75 hours 
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Figure 4.5 – Microstructure of ATI 718Plus at 0.1 strain with 0.00083 s-1 strain rate 

and after heat treatment at 900°C for 72 hours 

 

Figure 4.6 – Microstructure of ATI 718Plus at 0.1 strain with 0.00083 s-1 strain rate 

and after heat treatment at 925°C for 74 hours 
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Figure 4.7 – Microstructure of ATI 718Plus at 0.1 strain with 0.00083 s-1 strain rate 

and after heat treatment at 950°C for 72 hours 

 

Figure 4.8 – Microstructure of ATI 718Plus at 0.1 strain with 0.00083 s-1 strain rate 

and after heat treatment at 975°C for 72 hours 
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It is observed at all temperatures studied, intragranular precipitation occurs within the 

grains along preferred crystallographic planes. This suggests that η phase precipitation 

has occurred on slip bands that were formed during plastic deformation from the 

tensile test. The precipitation of η/δ phase along slip bands has also been reported in 

other studies (96,97). Singh et al. (96) had discovered that slip bands that were 

produced from cold rolling were behaving as nucleation sites for δ phase precipitation 

in Inconel 718. Gabb et al. (97) had also observed intragranular precipitation along 

preferred crystallographic planes in ATI 718Plus, which further supports that η phase 

precipitation occurs on slip bands formed from plastic deformation. 

 

4.3 Aspect Ratio 

 

 

Figure 4.9 – η phase precipitate aspect ratio against temperature in the equilibrium 

state 

Aspect Ratio 

850°C 875°C 900°C 925°C 950°C 975°C 

33.25 ± 6.89 43.40 ± 11.12  35.18 ± 5.46   39.90 ± 6.32  33.02 ± 6.46 10.66 ± 2.02 

Table 4.3 – Numerical results of η phase aspect ratio in the equilibrium state 
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Figure 4.9 shows the η phase aspect ratio at equilibrium between 850°C and 975°C 

and Table 4.3 shows the numerical results alongside the standard errors. The aspect 

ratio by and large stays the same between 850°C and 925°C, although fluctuations are 

observed in between the two temperatures. The aspect ratio is by definition the length 

of a single precipitate divided by its thickness. A higher aspect ratio implies the 

presence of more acicular needle shaped precipitates, whereas a lower aspect ratio 

implies the presence of more thicker or globular shaped precipitates. The fluctuations 

between 850°C and 925°C could be associated with the continuous precipitation 

occurring in the microstructure, which would start off more globular in nature and 

hence would have the effect of lowering the average aspect ratio. However, at the same 

time, earlier existing η phase precipitates would grow more longer in length which 

would be more acicular in nature, which has the effect of increasing the aspect ratio. 

Therefore, the final equilibrium aspect ratio could be essentially an amalgamation of 

these two phenomena. However, it can also be argued that the differences in aspect 

ratio from 850°C to 925°C are not significant enough to consider the values as 

completely different to each other. This is also supported by the fact that the values 

from 850°C to 925°C are all within each other’s standard deviation. This suggests that 

equilibrium has in fact been achieved. The only reason why the value at 900°C is 

slightly lower than the values at 875°C and 925°C is that thickness at 900°C is very 

slightly higher in comparison to the previously mentioned temperatures. 

 

From 925°C to 975°C, the average equilibrium aspect ratio is observed to decrease 

because the η phase equilibrium thickness is observed to increase during this 

temperature range. By looking at Figure 4.7 and Figure 4.8, it is observed that the 

precipitates within the microstructure are becoming thicker at equilibrium as the 

temperature increases.  
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4.4 Length 

 

 

Figure 4.10 – η phase precipitate length against temperature in the equilibrium state 

Length (µm) 

850°C 875°C 900°C 925°C 950°C 975°C 

6.20 ± 0.84  8.58 ± 1.56  9.03 ± 1.44  9.18 ± 1.35  9.23 ± 1.36  4.89 ± 0.63  

Table 4.4 – Numerical results of η phase length in the equilibrium state 

The η phase length at equilibrium is shown as a function of temperature in Figure 4.10 

with the tabulated results shown in Table 4.4. As observed, the η phase precipitate 

length increases from 850°C to 875°C, and then stays approximately constant between 

875°C to 950°C. From 950°C to 975°C, a stark decline in precipitate length is observed 

and can be seen in Figure 4.8.  
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4.5 Thickness 

 

 

Figure 4.11 – η phase precipitate thickness against temperature in the equilibrium 

state 

Thickness (µm) 

850°C 875°C 900°C 925°C 950°C 975°C 

0.23 ± 0.03 0.26 ± 0.04  0.27 ± 0.03  0.25 ± 0.03 0.37 ± 0.07  0.57 ± 0.08  

Table 4.5 – Results of η phase thickness in the equilibrium state 

The η phase thickness at equilibrium is shown as a function of temperature in Figure 

4.11 with the numerical results tabulated in Table 4.5. It can be seen that the maximum 

η phase precipitate thickness is approximately the same value between 850°C and 

925°C. From 925°C to 975°C, the equilibrium η phase thickness increases. This 

gradual increase in thickness can be seen in Figure 4.6, Figure 4.7 and Figure 4.8. 

 

 

 

 



 

   

74 

 

4.6 Discussion 

 

Within the published literature, very little existing data has been published regarding 

the equilibrium precipitation of ATI 718Plus. Only a couple of authors have published 

any work regarding the η phase equilibrium area fraction and in fact no published data 

has been found regarding the η phase aspect ratio, length and thickness at the 

equilibrium state. Equilibrium η phase area fraction data has been published by 

Casanova et al. (77) in which heat treatments were performed for 81 hours. However, 

only two temperatures were studied in this work: 900°C and 960°C. Also, the location 

of measurement was also considered in the work of Casanova et al. (77) in which the 

equilibrium η phase area fraction was measured at both the rim and core locations of 

the as received wrought billet. Cao (22) studied the equilibrium η phase area fraction 

quite early on in the development of ATI 718Plus. The author mentions that isothermal 

annealing experiments were conducted to obtain the experimental data, but no further 

details are provided such as the length of time taken in heat treatment for example. The 

author also produced calculated results via modelling but only the experimental data 

is shown in Figure 4.12. 

 

 

Figure 4.12 – Equilibrium η phase area fraction compared to published data 
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The close proximity of the equilibrium η phase content data from the core and rim 

locations of the as-received wrought billet studied in Casanova et al. (77) suggests that 

the equilibrium point has been reached at both locations (77). It is observed that the 

data from Casanova et al. (77) follows the same trajectory as the data obtained in the 

current work for the same temperature range that Casanova et al. (77) had studied. 

However, there are considerable quantitative differences between the two sets of data. 

This potentially could be due to the fact that in the study by Casanova et al. (77), the 

samples were electrolytically etched in 10% phosphoric acid in distilled water at 2.5V. 

This accentuates the η phase precipitates which falsely increases the η phase area 

fraction, hence the quantitative difference with the data obtained in this work. As for 

the Cao (22) curve, it is more flatter initially but then decreases more starkly from 

950°C onwards. The quantitative differences between the data from Cao (22) and the 

data obtained in this study are significantly and surprisingly large. The author does not 

mention much information regarding the experimental methodology and the data 

capture method, apart from mentioning that isothermal annealing experiments were 

conducted. Due to the lack of details, it is difficult to theorise why such large 

differences are found between the authors data and the data within the current study. 

 

 

Figure 4.13 – Equilibrium η phase area fraction compared to data from simulations 
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In Figure 4.13, the experimental data obtained in this study is compared to data 

obtained from simulations that were performed using the Thermo-Calc kinetic 

software package. These simulations were performed by and provided by the R&D 

department in Aubert & Duval. Thermo-Calc software uses complex thermodynamic 

equations in conjunction with material databases to perform thermodynamic 

calculations and calculations for phase equilibria and diffusion-controlled 

transformations. The databases contain thermodynamic, kinetic and properties data 

specific to different classes of alloys. Two material databases were used in conjunction 

with the Thermo-Calc simulation software namely Ni25 (which is an internal database 

to Aubert & Duval) and TTNI18.  The latter provides results in atomic percentage 

whereas the former is able to produce results in volume percentage. However, it is 

clear from Figure 4.13 that the η phase content data produced by simulations are 

considerably underestimated in comparison to the experimental data produced by this 

study, although the general trend of both sets of data are the same between 875°C and 

975°C. The reason for the discrepancy between the experimental data and simulated 

data could be due to the simulation software having models that are not accurate 

enough to represent real precipitation kinetic behaviour. There could be some 

assumptions or simplifications incorporated into the model calculations that do not 

represent the actual conditions. Experimental results are supposed to represent the real 

behaviour of η phase precipitation kinetics with its associated measuring errors. On 

the other hand, simulation results are supposed to represent the η phase precipitation 

kinetics based on its mathematical and theoretical model. The discrepancy between the 

experimental and simulated values shows that there is an issue with the mathematical 

and theoretical model of the η phase precipitation kinetics in that it lacks to represent 

real world behaviour. The implication for this is that it is not sufficient to solely rely 

upon simulation results for η phase precipitation kinetics. 

 

4.7 Summary 

 

In this chapter, the precipitation of η phase has been characterised at the equilibrium 

state. The equilibrium area fraction has been determined experimentally for a 

temperature range between 850°C to 975°C and the length, thickness and aspect ratio 
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at the equilibrium state has been measured at the same temperature range. 

Comparisons have been made to thermodynamic simulations and other published 

results from the available literature. The equilibrium η phase area fraction is important 

to determine as this is used to produce TTT diagrams for the other studies in this work, 

namely the η phase precipitation kinetics in the strain-free recrystallised state, the 

deformed strained material and material with a larger initial grain size. 
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5 Precipitation Kinetics in Strain-Free Recrystallised 

Microstructure 

 

5.1 Introduction 

 

In this study, the η phase precipitation kinetics were studied in the recrystallised strain-

free condition. To do this, samples of ATI 718Plus were required to be heat treated at 

various times and temperatures, after which microscopic examination (using an SEM) 

was to be performed to determine an estimation of the η phase area fraction. The 

experimental matrix for this study is shown below in Table 5.1. 

 

Temperature (°C) Time (minutes) 

850 30 60 180 720 

875 30 60 180 720 

900 30 60 180 720 

925 30 60 180 720 

950 30 60 180 720 

975 30 60 180 720 

Table 5.1 – Experimental matrix for η phase precipitation kinetics in strain free 

material 

As mentioned earlier in this thesis, the as-received material, in extruded bar form, was 

shipped in the recrystallised strain-free condition. Before shipment, the as-received 

material had undergone a solution heat treatment for 1 hour at 1750°F (approximately 

954°C) and was then subsequently air cooled. 

 

Samples for this study were produced by sectioning the extruded bar into 

approximately 1 cm thick pieces, as shown in Figure 5.2. After undergoing the 

necessary heat treatments shown in Table 5.1, the samples were then mounted, ground 

and polished as described previously in Chapter 3. 

 

The samples went through another solutioning heat treatment which was performed at 

990°C for 180 minutes. This was done in order to try and bring the constituents of the 

initial η phase precipitates back into the austenitic matrix but without significantly 
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changing the initial as-received grain size. EBSD was then utilised in order to obtain 

the initial grain size of the samples prior to carrying out the experiments in Table 5.1. 

The resultant grain size map is shown in Figure 5.1. The grain size obtained from this 

EBSD analysis was 13.2 µm ± 5.3 µm (standard deviation). This corresponds to a grain 

size of ASTM 9.5 which is the same as the grain size of the material in the as-received 

state. Also, the η phase area fraction had reduced from 1.78% ± 0.25% to 0.93% ± 

0.14%, which demonstrates that the objective of the solutioning heat treatment had 

been met. 

 

 

Figure 5.1 – EBSD grain size map of initial microstructure after solution heat 

treatment at 990°C after 180 minutes 
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Figure 5.2 – Example samples used in the strain-free precipitation kinetics study. 

 

Figure 5.3 – Schematic diagram of sample divided into three sections. 

The surface area of the resultant sample was then divided into three ‘positions’, as 

schematically represented in Figure 5.3. SEM was then utilised to obtain 

microstructural images from each position. The area fraction measurements shown in 

Section 5.2 are an average of three microstructural images: one image from each 

position. This was done so that a good representation of the sample is included within 

the area fraction measurements described in Section 5.2. Also, using three images per 

data point was more feasible because the image processing technique used to obtain 
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the η phase area fraction (as described in Chapter 3) was considerably time consuming, 

and due to time constraints more images per data point was not practically possible. 

 

For the aspect ratio, length, and thickness measurements, six measurements were taken 

from each position, which meant that eighteen measurements were taken for each data 

point (since there are three positions from Figure 5.3). From these eighteen 

measurements, nine measurements were taken from intergranular precipitates and nine 

measurements were taken from intragranular precipitates. This sample size was 

considered practical as it was thought this would be a good representation of the 

sample while being feasible at the same time. 
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5.2 Area Fraction and TTT Diagram 

 

 

Figure 5.4 – η phase area fraction against time in strain-free material 

 

Figure 5.5 – η phase area fraction against temperature in strain-free material 
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Time 

(mins) 

Area Fraction (%) 

850°C 875°C 900°C 925°C 950°C 975°C 

0 0.93 ± 0.14 0.93 ± 0.14 0.93 ± 0.14 0.93 ± 0.14 0.93 ± 0.14 0.93 ± 0.14 

30 0.50 ± 0.07 0.38 ± 0.08 0.52 ± 0.04 0.78 ± 0.05 0.83 ± 0.06 0.71 ± 0.06 

60 0.34 ± 0.07 0.47 ± 0.07 0.93 ± 0.05 1.45 ± 0.10 1.28 ± 0.01 1.17 ± 0.07 

180 0.58 ± 0.05 0.61 ± 0.10 1.54 ± 0.05 3.08 ± 0.25 3.29 ± 0.31 1.94 ± 0.06 

720 1.48 ± 0.09 2.65 ± 0.25 5.17 ± 0.32 7.43 ± 0.13 6.16 ± 0.01 2.97 ± 0.23 

Table 5.2 – η phase precipitation kinetics in strain-free material 

In Figure 5.4, the η phase area fraction as a function of time is displayed with the 

numerical values shown in Table 5.2. The errors shown in Figure 5.4 and Table 5.2 

are standard errors. The as-received material was heat treated for 3 hours at 990°C in 

order to cause dissolution of the initial η phase while simultaneously preventing grain 

growth as much as possible. It is important to try to keep the grain size the same while 

solution treating the as-received material from η phase so that the starting condition is 

as close to the as-received condition as much as possible but without the presence of 

the initial η phase precipitates. Around 0.93% area fraction of η phase was remaining 

in the microstructure after the initial heat treatment at 990°C for 180 minutes. 

Therefore, the resultant microstructure was not completely “clean” of η phase 

precipitates. 

 

It is observed that the amount of precipitation generally increases as a function of time, 

which is expected from the literature. It is noticed at all temperatures that the η phase 

area fraction decreases from 0 minutes to 30 minutes, before going on to increase as 

the time increases. This initial decrease between 0 minutes and 30 minutes is currently 

unexplained for, but it is surprising to notice as this is not observed in other studies on 

grain boundary kinetics in the published literature.  

 

One potential reason could be that since the η phase area fraction is low in the 

beginning, some grain growth might occur which means there are less grain boundaries 

per field of view. As η phase precipitation occurs first from grain boundaries, this is 

would mean that there is less η phase per field of view. However, this theory would 
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need to be substantiated further by investigating the grain size and η phase area fraction 

at small intervals of time between 0 to 30 minutes. Also, by comparing the EBSD 

analysis that was done on ATI 718Plus in both the as-received condition as well as 

after heat treatment at 990°C for 180 minutes, the difference in grain size that occurred 

does not suggest that it would make much difference to the amount of η phase per field 

of view.  

 

Another possible explanation could be that the new η phase precipitation that occurs 

initially is acicular in nature, consisting of very thin lamellae. This makes it especially 

difficult to threshold accurately and hence may not be reflected in the final η phase 

area fraction value. However, even if this was considered, the η phase area fraction at 

30 minutes should still be closer to that after heat treatment at 990°C for 180 minutes, 

especially for the data at 850°C, 875°C and 900°C. 

 

From Figure 5.4, after 720 minutes of heat treatment, the area fraction of η phase 

increases as the temperature increases from 850°C to 925°C, before reducing as the 

temperature increases from 925°C to 975°C. Therefore, the peak of precipitation looks 

to occur at 925°C. However, from 0 minutes to 180 minutes, the temperature with the 

highest η phase area fraction fluctuates between 925°C and 950°C.  

 

This is also observed in Figure 5.5, in which the η phase area fraction is plotted against 

temperature. After 720 minutes, the peak of precipitation looks to occur just above 

925°C. At 925ºC after 720 minutes, the rate of nucleation and precipitation decreases 

as the temperature increases. This is because thermodynamically, the driving force for 

nucleation decreases as the temperature increases (67) above 925ºC. Similarly, after 

30 minutes, 60 minutes and 180 minutes, the peak of precipitation looks likely to be 

reached somewhere between 925°C and 950°C. This suggests that the peak or ‘nose’ 

of η phase precipitation (i.e., the temperature at which the fastest rate of precipitation 

occurs) is between 925°C and 950°C. 

 

It is also noticed from Figure 5.4 that the lowest and slowest η phase precipitation 

occurs at 850°C and 875°C at all times studied. From Figure 5.4, the levels of η phase 



 

   

85 

 

precipitation are somewhat close together between 0 minutes and 180 minutes, but the 

difference between 850°C and 875°C becomes more pronounced after 180 minutes 

onwards, as can be seen by the values at 720 minutes. This is also seen in Figure 5.5. 

Although the levels of η phase precipitation are close together for 850°C and 875°C 

for 30 minutes, 60 minutes and 180 minutes, the difference in η phase precipitation 

between 850°C and 875°C in much more manifest after 720 minutes. From Figure 5.6 

to Figure 5.11, the microstructural evolution is shown from the as-received condition 

until 720 minutes of heat treatment at 925°C. After solutioning at 990°C for 180 

minutes (Figure 5.7), it can be observed that there is a gradual increase in η phase area 

fraction at 30 minutes (Figure 5.8), 60 minutes (Figure 5.9), 180 minutes (Figure 5.10) 

and onwards to 720 minutes (Figure 5.11). 

 

In Figure 5.4, for each of the area fraction curves at their respective temperatures, the 

Avrami equation (Equation 5.1) was used as the basis for the mathematical fitting of 

each area fraction curve. The mathematical fitting allows us to obtain an equation for 

each temperature, which can be used to extrapolate to obtain an η phase area fraction 

for any given time. Conversely, the equation could also be used to derive the length of 

time required (in minutes) to precipitate a particular amount of η phase. From the latter, 

a TTT curve could be produced which would describe the times and temperatures at 

which a particular percentage of η phase is present within the material. 

 

 𝑦 = 𝑓𝑒𝑞(1 − exp(−𝑘𝑡𝑛)) Equation 5.1 

 

Where y is the η phase area fraction percentage, t is the time in minutes, feq is the η 

phase area fraction at the thermodynamic equilibrium for that temperature and k and 

n are time independent coefficients.  

  

Using the Origin 2021 software, the non-linear curve fittings were performed and 

obtained using the Levenberg-Marquardt iteration algorithm. The Avrami equations 

for each of the temperatures experimentally studied are shown on the next page and 

the coefficients of determination for each of the equations are shown in Table 5.3. 
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850°C 𝑦 = 16.18(1 − exp(−0.00133𝑡0.64935)) Equation 5.2 

 

875°C 𝑦 = 20.64(1 − exp(−0.000432484𝑡0.87328)) Equation 5.3 

 

900°C 𝑦 = 18.46(1 − exp (−0.00124𝑡0.8468)) Equation 5.4 

 

925°C 𝑦 = 15.45(1 − exp(−0.00394𝑡0.7772)) Equation 5.5 

 

950°C 𝑦 = 10.03(1 − exp (−0.00819𝑡0.72662)) Equation 5.6 

 

975°C 𝑦 = 5.88(1 − exp(−0.02958𝑡0.48602)) Equation 5.7 

 

Temperature (°C) Adjusted R2 Value 

850 0.99173 

875 0.95476 

900 0.98749 

925 0.9997 

950 0.98776 

975 0.98128 

Table 5.3 – Adjusted R2 values for Equations 5.2 to 5.7 

The adjusted R2 values for the fitted Avrami equations for strain-free material is shown 

in Table 5.3. The adjusted R2 values are all above 0.95, which shows that a very good 

mathematical fit to the experimental data has been achieved. This shows confidence 

in the obtained equations and will give confidence to the eventual TTT curve that will 

be derived as a result of these fitted Avrami equations.  
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Figure 5.6 – Microstructure of ATI 718Plus in the as-received condition 

 

Figure 5.7 – Microstructure of ATI 718Plus after heat treatment at 990°C for 180 

minutes  
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Figure 5.8 – Microstructure of ATI 718Plus after heat treatment at 925°C after 30 

minutes  

 

Figure 5.9 – Microstructure of ATI 718Plus after heat treatment at 925°C after 60 

minutes 
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Figure 5.10 – Microstructure of ATI 718Plus after heat treatment at 925°C after 180 

minutes 

 

Figure 5.11 – Microstructure of ATI 718Plus after heat treatment at 925°C after 720 

minutes 
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Using the fitted Avrami equations (Equation 5.2 to Equation 5.7), a TTT curve can be 

derived for the strain-free condition of ATI 718Plus. To do this, Equation 5.1 firstly 

needs to be reverse engineered in order that the time (in minutes) is a mathematical 

function of feq (η phase area fraction at the thermodynamic equilibrium), y (η phase 

area fraction), and time independent coefficients k and n. This is derived as follows: 

 

𝑦 = 𝑓𝑒𝑞(1 − exp(−𝑘𝑡𝑛)) 

 

𝑦

𝑓𝑒𝑞
= 1 − exp(−𝑘𝑡𝑛) 

 

exp(−𝑘𝑡𝑛) = 1 −
𝑦

𝑓𝑒𝑞
 

 

−𝑘𝑡𝑛 = ln [1 −
𝑦

𝑓𝑒𝑞
] 

𝑡𝑛 =

ln [1 −
𝑦

𝑓𝑒𝑞
]

−𝑘
 

 

 𝑡 = [

ln [1 −
𝑦

𝑓𝑒𝑞
]

−𝑘
]

1/𝑛

 Equation 5.8 

 

By applying Equation 5.8 for each of the temperatures involved in this study, we can 

obtain the time taken in minutes (t) to precipitate a particular amount of η phase (y) at 

a particular temperature. This can then be plotted on TTT diagram of temperature 

against time.  
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Figure 5.12 – TTT diagram for 3% and 5% η phase area fractions in strain-free 

material, experimental values only 

Temperature (°C) 
Time (hours) 

3% 5% 

850 39.0362 96.72 

875 14.2377 27.31 

900 5.8507 11.568 

925 2.8776 6.1791 

950 2.9877 7.4476 

975 11.6547 87.311 

Table 5.4 – Calculated time taken to precipitate 3% and 5% area fractions at each 

temperature 

Figure 5.12 displays the TTT data to precipitate 3% and 5% of η phase in the strain-

free recrystallised condition of ATI 718Plus, with the numerical values displayed in 

Table 5.4. Of course, it takes longer to precipitate 5% than 3% hence the 5% curve is 

to the right of the 3% curve. Note, the time values obtained from Equation 5.8 are in 

minutes. These are converted into hours before plotting into Figure 5.12. 
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The TTT curves themselves can be modelled using a second order polynomial equation 

as the basis. This would allow us to obtain the time required to precipitate a specific 

amount of η phase at any particular temperature. The basic equation used to model or 

fit the TTT data shown in Figure 5.12 is shown below. 

 

 𝜏−1 = 𝑎(𝜂𝑠𝑜𝑙𝑣 − 𝑇)exp [−
(𝜂𝑠𝑜𝑙𝑣 − 𝑇)𝑏

𝑇 + 273
] Equation 5.9 

 

Where τ is the time in hours, ηsolv is the η phase solvus temperature, T is the 

temperature in Celsius, a is a constant related to nucleation, and b is a constant related 

to the growth kinetics of the η phase.  

 

 

Figure 5.13 – TTT diagram for 3% and 5% η phase area fractions in strain-free 

material with modelling curves 

As Figure 5.13 shows, the data derived from the fitted Avrami equations (Equation 5.2 

to Equation 5.7) are themselves modelled as close as possible using Equation 5.9. The 

equations that were obtained as a result from this modelling are shown in Equation 

5.10 and Equation 5.11 below. 
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3% Model 𝜏−1 = 0.016(980 − 𝑇)exp [−
(980 − 𝑇)1.765

𝑇 + 273
] Equation 5.10 

 

5% Model 𝜏−1 = 0.007(976 − 𝑇)exp [−
(976 − 𝑇)1.76

𝑇 + 273
] Equation 5.11 

 

From Figure 5.13, it can be seen that the ‘nose’ or peak of the curves lies between 

925°C to 950°C, as was suggested earlier from Figure 5.5.  

 

In order to make the fitting of Equation 5.10 and Equation 5.11 more accurate and as 

close as possible to the experimental values, the η phase solvus temperature was made 

to be a variable parameter instead of being fixed at a particular temperature. Within 

the literature, there does seem to be a debate regarding the true value of the η phase 

solvus temperature. However, in order to produce better fitting modelling equations in 

this study, the η phase solvus was subject to change accordingly to produce the best 

fit. 

 

5.3 Aspect Ratio, Length and Thickness 

 

5.3.1 Overall Data 

 

As well as studying the η phase precipitation kinetics in the recrystallised strain free 

condition, the kinetics of the η precipitate length, thickness and aspect ratio was also 

studied in the recrystallised strain-free condition. The behaviour of the average 

precipitate aspect ratio against time is shown in Figure 5.14 with the numerical values 

shown in Table 5.5. In addition, the average length against time is shown in Figure 

5.15 with the numerical values shown in Table 5.6, and the average thickness against 

time is shown in Figure 5.16 with the numerical values shown in Table 5.7.   

 



 

   

94 

 

 

Figure 5.14 – η phase precipitate aspect ratio against time in strain-free material 

Time 

(mins) 

Aspect Ratio 

850°C 875°C 900°C 925°C 950°C 975°C 

0 20.48 ± 3.67 20.48 ± 3.67 20.48 ± 3.67 20.48 ± 3.67 20.48 ± 3.67 20.48 ± 3.67 

30 38.40 ± 8.21 30.08 ± 4.47 26.93 ± 2.39 40.82 ± 8.81 46.24 ± 4.55 27.87 ± 3.90 

60 33.30 ± 4.81 28.07 ± 3.32 27.35 ± 3.26 29.37 ± 3.05 41.43 ± 4.30 30.56 ± 4.83 

180 22.11 ± 2.46 28.75 ± 3.58 31.08 ± 3.46 46.23 ± 7.71 51.35 ± 7.54 29.51 ± 4.10 

720 16.43 ± 1.80 26.97 ± 4.37 31.45 ± 6.33 52.15 ± 11.65 40.77 ± 6.61 50.20 ± 9.25 

Table 5.5 – Results of strain-free η phase precipitate aspect ratio 

The average overall aspect ratio is observed to increase at all temperatures from the 

start until 30 minutes. This could be attributed to the growth of pre-existing η phase 

precipitates that are growing within the austenitic matrix which become more needle 

shaped. A high aspect ratio means that the precipitates are more needle shaped or 

acicular, whereas a low aspect ratio means that the precipitates are more globular in 

nature. From 30 minutes to 60 minutes, there is a decrease in aspect ratio at 850°C, 

875°C, 925°C, 950°C whereas at 900°C the aspect ratio approximately stays the same. 

This is despite the fact that the precipitate length is observed to increase (or in the case 

of 925°C, approximately stay the same). However, the aspect ratio is decreased at this 
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time interval because the precipitate thickness is observed to increase noticeably 

within the same time interval at these temperatures. At 975°C the aspect ratio is 

observed to increase very slightly which is due to the length increasing slightly but the 

thickness decreasing at the same time. The decrease in thickness at 975°C can be 

attributed to the slower precipitation kinetics i.e., that new precipitates are nucleating 

and growing much slower relatively, which brings the average thickness down 

between 30 minutes to 60 minutes. 

 

Between 60 minutes to 180 minutes, the η phase aspect ratio increases most noticeably 

at 925°C and 950°C, with the length and thickness also increasing at the same 

temperatures and time interval. At 925°C and 950°C, the quick increase in aspect ratio 

is due to the fast precipitation kinetics of the η phase, which is causing quick growth 

of the needle shaped precipitates in terms of its length. This is evident and matched 

with Figure 5.13 in which the fastest rate of precipitation occurs between 925°C and 

950°C. The increase in thickness at 950°C between 60 and 180 minutes is minimal, so 

this would contribute to a larger aspect ratio as the difference in precipitate length is 

larger. Although the increase in thickness for 925°C is more substantial, the sizeable 

increase in precipitate length at 925°C provides an increase in aspect ratio. The growth 

of the precipitates at these temperatures could also be faster than the nucleation of new 

precipitates, which would provide a higher aspect ratio. The aspect ratio also increases 

(albeit less noticeably) at 900°C. At 900°C, the precipitation kinetics are slower (see 

Figure 5.13), so the increase in length of the precipitates (as well as the nucleation of 

new precipitates) will be slower too in comparison to 925°C and 950°C. Also, the 

length has increased noticeably between 60 minutes and 180 minutes, whereas the 

difference in thickness during the same time interval is extremely small. This would 

imply an increase in aspect ratio at 180 minutes than at 60 minutes, which is what is 

observed. At 875°C, the aspect ratio is somewhat the same. At this temperature, the 

precipitation kinetics are even slower, so the growth rate of η phase length will also be 

relatively slower. The precipitate length and thickness does increase very slightly, but 

the differences are not enough to cause the aspect ratio to change much. At 850°C the 

aspect ratio is seen to decrease substantially between 60 minutes and 180 minutes 

interval. It can be suggested that the nucleation of new precipitates dominates over the 
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growth of existing precipitates, which brings about a lower aspect ratio. This is also 

complemented by the fact that the precipitate length and thickness is also observed to 

decrease noticeably during the same time interval for the same suggested reason. The 

newly nucleated precipitates will be more globular in shape as they would not have 

had the time to grow in length. 

 

 

Figure 5.15 – η phase precipitate length against time in strain-free material 

Time 

(mins) 

Length (µm) 

850°C 875°C 900°C 925°C 950°C 975°C 

0 3.89 ± 0.56 3.89 ± 0.56 3.89 ± 0.56 3.89 ± 0.56 3.89 ± 0.56 3.89 ± 0.56 

30 4.96 ± 0.64 3.44 ± 0.53 3.85 ± 0.39 5.51 ± 0.70 5.90 ± 0.61 5.02 ± 0.48 

60 5.23 ± 0.53 3.89 ± 0.47 4.48 ± 0.36 5.52 ± 0.44 6.44 ± 0.55 5.69 ± 0.92 

180 3.48 ± 0.40 4.26 ± 0.58 5.46 ± 0.55 8.58 ± 1.07 8.04 ± 0.98 6.46 ± 0.83 

720 4.32 ± 0.54 7.33 ± 0.98 8.16 ± 0.94 10.57 ± 1.40 9.90 ± 1.04 10.41 ± 0.96 

Table 5.6 – Results of strain-free η phase precipitate length 
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Figure 5.16 – η phase precipitate thickness against time in strain-free material 

Time 

(mins) 

Thickness (µm) 

850°C 875°C 900°C 925°C 950°C 975°C 

0 0.22 ± 0.02 0.22 ± 0.02 0.22 ± 0.02 0.22 ± 0.02 0.22 ± 0.02 0.22 ± 0.02 

30 0.16 ± 0.01 0.12 ± 0.01  0.15 ± 0.01  0.17 ± 0.02 0.13 ± 0.01 0.13 ± 0.02 

60 0.19 ± 0.03 0.15 ± 0.01 0.19 ± 0.02 0.20 ± 0.02  0.18 ± 0.02 0.18 ± 0.01 

180 0.17 ± 0.02 0.16 ± 0.01 0.19 ± 0.01 0.24 ± 0.04 0.19 ± 0.04 0.19 ± 0.02 

720 0.26 ± 0.01 0.33 ± 0.03 0.32 ± 0.03 0.27 ± 0.03 0.30 ± 0.03 0.30 ± 0.04 

Table 5.7 – Results of strain-free η phase precipitate thickness 

Between 180 minutes and 720 minutes, the aspect ratio continues to decrease 

noticeably at 850°C and slightly at 875°C. At 850°C, the precipitate length and 

thickness does increase a little. However, the increase in thickness is larger than the 

increase in length which provides an overall decrease in aspect ratio. Again, this is 

attributed to the nucleation of new precipitates that start off in a more globular fashion 

(see circled regions in Figure 5.17). This could be further verified in future work by 

investigating the length, thickness and aspect ratio at 850°C and 875°C at smaller time 

intervals between 180 minutes and 720 minutes. At 875°C and 900°C, the length and 

thickness both increase substantially, but this does not impact so much on the aspect 

ratio. At 925°C, the changes in length and thickness cause the aspect ratio to increase 
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a little, making the morphology of the precipitates more acicular. At 950°C, it is 

interesting to observe that the aspect ratio decreases markedly. The reasoning 

mentioned previously regarding the nucleation of new precipitates causing the aspect 

ratio to decrease could be applied. However, if this were the case, the same effect 

would also have been seen at 925°C. It would also have been seen at 950°C between 

30 minutes and 60 minutes, but this is not the reality. It is not clear exactly why this 

particular result is observed, but it could be due to the prominent level of scatter or 

error within the data. At 975°C, the precipitate length and thickness can be seen to be 

increasing. The increase in length is larger than the increase in thickness which would 

give a larger aspect ratio.  

 

 

Figure 5.17 – Areas of new precipitates in microstructure after heat treatment at 

850°C for 720 mins 

5.3.2 Intergranular Data 

 

In this study, intergranular precipitates are defined as those that nucleate at the grain 

boundary and grow along the grain boundary. Some precipitates are observed to start 
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growing along the grain boundary and then grow into the neighbouring grain. In these 

cases, if the majority of the precipitate is observed to be along the grain boundary, then 

it is classed as an intergranular precipitate. Conversely, if the majority of the 

precipitate is growing into the grain itself or into a neighbouring grain, then it is classed 

as an intragranular precipitate. 

 

 

Figure 5.18 – η phase (intergranular) precipitate aspect ratio against time in strain-

free material 

Time 

(mins) 

Aspect Ratio (Intergranular) 

850°C 875°C 900°C 925°C 950°C 975°C 

0 15.63 ± 10.54 15.63 ± 10.54 15.63 ± 10.54 15.63 ± 10.54 15.63 ± 10.54 15.63 ± 10.54 

30 29.88 ± 12.55 33.22 ± 17.66 25.05 ± 10.68 39.79 ± 23.64 41.62 ± 17.02 25.20 ± 21.73 

60 30.10 ± 20.34 29.74 ± 16.64 28.88 ± 18.69 28.47 ± 17.31 34.37 ± 14.09 36.43 ± 21.20 

180 18.62 ± 8.61 26.76 ± 13.54 32.05 ± 15.23 28.12 ± 13.24 50.56 ± 14.69 32.00 ± 25.50 

720 17.95 ± 10.29 20.41 ± 12.54 19.90 ± 14.93 24.08 ± 18.37 26.71 ± 19.97 24.33 ± 10.99 

Table 5.8 – Results of strain-free η phase precipitate aspect ratio (intergranular) 

In Figure 5.18, Figure 5.19 and Figure 5.20, the aspect ratio, length and thickness is 

shown against time for intergranular grain boundary precipitates respectively. While 
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the numerical values for the intergranular aspect ratio are shown in Table 5.8, the 

intergranular length numerical values are shown in Table 5.9 and the intergranular 

thickness numerical values are shown in Table 5.10. 

 

The trajectories are similar at 850°C, 875°C, 900°C and 950°C. At 925°C, the η phase 

aspect ratio decreases between 60 minutes and 720 minutes for intergranular 

precipitates, whereas the η phase aspect ratio for the overall data increases during the 

same time interval. At 975°C, intergranular aspect ratio decreases between 180 

minutes and 720 minutes, whereas for the overall data, the aspect ratio increases 

between the same time range. 

 

 

Figure 5.19 – η phase (intergranular) precipitate length against time in strain-free 

material 
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Time 

(mins) 

Length (µm) (Intergranular) 

850°C 875°C 900°C 925°C 950°C 975°C 

0 3.72 ± 2.26 3.72 ± 2.26 3.72 ± 2.26 3.72 ± 2.26 3.72 ± 2.26 3.72 ± 2.26 

30 4.78 ± 2.00 4.50 ± 2.78 3.47 ± 1.22 5.39 ± 3.30 6.57 ± 3.62 4.94 ± 2.35 

60 4.91 ± 2.21 4.56 ± 2.42 5.26 ± 2.59 5.16 ± 2.42 7.26 ± 2.47 7.59 ± 5.24 

180 3.62 ± 1.84 5.12 ± 2.09 6.33 ± 2.66 8.17 ± 3.48 7.71 ± 3.63 7.93 ± 4.18 

720 4.63 ± 2.94 6.06 ± 2.40 6.03 ± 4.10 6.14 ± 3.54 9.41 ± 6.17 9.89 ± 4.90 

Table 5.9 – Results of strain-free η phase precipitate length (intergranular) 

For the η phase length of the intergranular precipitates, the trends are similar at 850°C, 

950°C and 975°C to that of the overall data. At 875°C, the intergranular precipitate 

length between 0 minutes and 30 minutes is observed to increase, whereas at the same 

time interval for the overall precipitate length, the length decreases. At 900°C, the 

length increases between 180 minutes and 720 minutes for the intergranular 

precipitates but stays roughly the same for the overall data. At 925°C, the intergranular 

precipitate length decreases between 180 minutes and 720 minutes, whereas the overall 

precipitate length increases during the same time interval. 

 

 

Figure 5.20 – η phase (intergranular) precipitate thickness against time in strain-

free material 
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Time 

(mins) 

Thickness (µm) (Intergranular) 

850°C 875°C 900°C 925°C 950°C 975°C 

0 0.25 ± 0.10 0.25 ± 0.10 0.25 ± 0.10 0.25 ± 0.10 0.25 ± 0.10 0.25 ± 0.10 

30 0.16 ± 0.06 0.14 ± 0.06 0.15 ± 0.09 0.16 ± 0.08 0.16 ± 0.07 0.23 ± 0.10 

60 0.18 ± 0.07 0.17 ± 0.09 0.20 ± 0.06 0.20 ± 0.07 0.23 ± 0.09 0.22 ± 0.08 

180 0.18 ± 0.06 0.20 ± 0.06 0.22 ± 0.09 0.34 ± 0.25 0.16 ± 0.08 0.28 ± 0.08 

720 0.25 ± 0.11 0.35 ± 0.15 0.33 ± 0.13 0.30 ± 0.14 0.40 ± 0.13 0.43 ± 0.18 

Table 5.10 – Results of strain-free η phase precipitate thickness (intergranular) 

For the η phase thicknesses of the intergranular precipitates, the trends are almost 

exactly the same as the overall thickness measurements, except for the data at 925°C. 

At 925°C, the intergranular precipitate thickness is observed to decrease between 180 

minutes and 720 minutes, while the overall precipitate thickness is seen to increase 

during the same time interval. 

 

5.3.3 Intragranular Data 

 

For the sake of this study, intragranular precipitates are defined as those that nucleate 

at the grain boundary and grow into the grain itself or into a neighbouring grain. The 

intragranular precipitate aspect ratios are shown in Figure 5.21 with the numerical 

values are shown in Table 5.11. The intragranular precipitate lengths are shown in 

Figure 5.22 with the numerical values are shown in Table 5.12. Lastly, the 

intragranular precipitate thicknesses are shown in Figure 5.23 with the numerical 

values shown in Table 5.13. 
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Figure 5.21 – η phase (intragranular) precipitate aspect ratio against time in strain-

free material 

Time 

(mins) 

Aspect Ratio (Intragranular) 

850°C 875°C 900°C 925°C 950°C 975°C 

0 25.32 ± 21.59 25.32 ± 21.59 25.32 ± 21.59 25.32 ± 21.59 25.32 ± 21.59 25.32 ± 21.59 

30 45.37 ± 15.50 26.93 ± 25.24 28.47 ± 15.55 41.86 ± 17.48 50.41 ± 20.66 30.53 ± 17.59 

60 36.49 ± 16.47 26.40 ± 14.57 25.82 ± 13.12 30.27 ± 17.20 48.49 ± 23.06 24.68 ± 9.91 

180 25.60 ± 5.61 30.73 ± 7.68 30.11 ± 14.28 64.35 ± 17.01 52.15 ± 41.87 27.02 ± 9.15 

720 14.92 ± 6.69 33.52 ± 24.83 42.99 ± 36.00 80.22 ± 59.94 54.83 ± 35.69 76.07 ± 31.93 

Table 5.11 – Results of strain-free η phase precipitate aspect ratio (intragranular) 

Comparing the intragranular precipitate aspect ratio to the overall precipitate aspect 

ratio, the trajectories are similar at 850°C, 875°C and 925°C. At 900°C, the aspect 

ratio increases between 180 minutes and 720 minutes for the intragranular precipitates, 

whereas the overall aspect ratio approximately stays the same during the same time 

range. For the intragranular precipitates at 950°C, the aspect ratio slightly increases 

between 180 minutes and 720 minutes, whereas the overall aspect ratio is observed to 

decrease during the same time interval. At 975°C, the intragranular precipitate aspect 



 

   

104 

 

ratio decreases between 30 minutes and 60 minutes, whereas the overall aspect ratio 

increases for the same time period. 

 

 

Figure 5.22 – η phase (intragranular) precipitate length against time in strain-free 

material 

Time 

(mins) 

Length (µm) (Intragranular) 

850°C 875°C 900°C 925°C 950°C 975°C 

0 4.06 ± 3.27 4.06 ± 3.27 4.06 ± 3.27 4.06 ± 3.27 4.06 ± 3.27 4.06 ± 3.27 

30 5.12 ± 2.43 2.37 ± 2.02 4.16 ± 2.35 5.62 ± 3.62 5.29 ± 3.06 5.11 ± 2.69 

60 5.55 ± 2.32 3.23 ± 1.93 3.70 ± 1.50 5.88 ± 2.38 5.62 ± 3.31 3.78 ± 1.86 

180 3.35 ± 1.14 3.40 ± 0.82 4.59 ± 2.24 9.00 ± 4.64 8.36 ± 5.33 4.98 ± 1.65 

720 4.01 ± 2.46 8.60 ± 6.12 10.29 ± 5.11 15.01 ± 6.09 10.40 ± 4.50 10.93 ± 5.37 

Table 5.12 – Results of strain-free η phase precipitate length (intragranular) 

In terms of precipitate length, the intragranular data follows the same trajectories as 

those of the overall data. Although, between 30 minutes and 60 minutes at 900°C and 

975°C, the intergranular precipitate length decreases. This is in contrast to the overall 

precipitate length which is shown to increase during the same time interval at both 

temperatures.  
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Figure 5.23 – η phase (intragranular) precipitate thickness against time in strain-

free material 

Time 

(mins) 

Thickness (µm) (Intragranular) 

850°C 875°C 900°C 925°C 950°C 975°C 

0 0.19 ± 0.14  0.19 ± 0.14   0.19 ± 0.14 0.19 ± 0.14  0.19 ± 0.14 0.19 ± 0.14 

30  0.16 ± 0.10  0.10 ± 0.05   0.15 ± 0.07   0.18 ± 0.10  0.11 ± 0.05  0.17 ± 0.06 

60  0.21 ± 0.05  0.12 ± 0.05  0.18 ± 0.10  0.21 ± 0.08   0.14 ± 0.07  0.17 ± 0.08 

180  0.15 ± 0.09  0.12 ± 0.05  0.16 ± 0.05  0.15 ± 0.08  0.22 ± 0.08  0.19 ± 0.09 

720  0.27 ± 0.11  0.30 ± 0.16  0.30 ± 0.18  0.24 ± 0.10  0.21 ± 0.07  0.17 ± 0.12 

Table 5.13 – Results of strain-free η phase precipitate thickness (intragranular) 

For the intragranular precipitate thickness data, the trajectories are similar at 850°C, 

875°C and 900°C, but differences are observed at 925°C, 950°C and 975°C. At 925°C, 

the intragranular precipitate thickness can be seen to decrease between 60 minutes and 

180 minutes which is contrast to the overall data where the overall precipitate thickness 

increases during the same time interval. At 950°C, the intragranular precipitate 

thickness increases between 60 minutes and 180 minutes while for the overall 

precipitate thickness data, the thickness increases but only slightly. Staying at 950°C, 

the intragranular precipitate thickness slightly decreases between 180 minutes and 720 

minutes, while a large increase is observed during the same time interval at the same 



 

   

106 

 

temperature. At 975°C, the intragranular precipitate thickness is seen to slightly 

decrease between 180 minutes and 720 minutes, while during the same time range for 

the overall precipitate thickness data, the precipitate thickness is observed to increase. 

 

5.4 Discussion 

 

5.4.1 TTT Diagram 

 

Within the literature, other authors have attempted to work on the precipitation kinetics 

of the η phase albeit with slightly different methodologies and in different conditions. 

In this discussion, a comparison will be made between the results obtained in this study 

to published data in literature.  

 

In Figure 5.24 and Figure 5.25, a comparison is made between the data obtained in this 

study and the data obtained by Casanova  et al. (77). Figure 5.24 shows the comparison 

for η phase area percentage at 1%, and Figure 5.25 shows the comparison for η phase 

area percentage at 4%.  

 

In the study by Casanova et al. (77), the η phase precipitation kinetics was studied in 

two locations of an as-received wrought billet, namely the core and the rim regions of 

the wrought billet. The as-received wrought billet in the study by Casanova et al. (77) 

was not solutioned before starting the annealing heat treatments which implies that 

some percentage of η phase must have been present within the initial microstructure.   
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Figure 5.24 – Comparison with Casanova et al. (77) at 1% area fraction 

 

Figure 5.25 – Comparison with Casanova et al. (77) at 4% area fraction 
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Interestingly, the comparison provides mixed results at the two different area 

percentages. From Figure 5.24, the precipitation kinetics obtained in this study for 1% 

area fraction are somewhere in between the rim and core results at 1% area fraction by 

Casanova et al. (77), although it can be observed that the current study results are 

closer to the rim results by Casanova et al. (77). For the comparison at 4% area fraction 

(see Figure 5.25), the results obtained in this study are noticed to be slower in 

comparison to both the rim and core results by Casanova et al. (77).  

 

It has been noted within the published literature that subsequent precipitation after 

solutioning strain-free ATI 718Plus material is slower in comparison to that in strained 

ATI 718Plus material (61). This seems to have been observed here in this study too 

with respect to the comparison at 4% area fraction, as the starting material in this study 

is recrystallised and strain-free. As stated earlier, the starting material that Casanova 

et al. (77) used is a wrought billet in the as-forged condition. Within this wrought billet, 

the core regions were observed to be mostly large sized recrystallised grains whereas 

the rim regions were smaller sized unrecrystallised deformed grains. This means that 

some amount of strain would have been present at the rim regions within the starting 

material which would have accelerated the η phase precipitation kinetics. Also, the 

smaller sized grains at the rim region would have provided more grain boundary area 

for precipitation to occur and hence would allow for higher area percentages of η phase 

at the rim region in comparison to the core region. 

 

One could have expected a similarity between the data obtained in this study to that at 

the core region. Although not extremely far off from each other, a significant gap is 

observed between the two TTT curves. This could possibly be the result of different 

material preparation methods that were utilised in this study and in the study of 

Casanova et al. (77). In the study by Casanova et al. (77), the samples were 

electrolytically etched in 10% phosphoric acid in distilled water at 2.5 V in order to 

reveal the η phase precipitates more clearly. In contrast, and as explained in Chapter 

3, the samples in the current study were viewed using a SEM under the use of a BSE 

detector and without the use of any etching methods. Etching can have the effect of 

accentuating certain features of interest within the microstructure. This has the impact 
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of giving higher area fraction results during subsequent image processing. While this 

would not impact the trend of the data, it may not provide comparable results as the 

data set may have been overvalued. 

 

The effect of etching method as described above could be said for the data at 4% phase 

area fraction. However, for the comparison at 1%, the previous arguments do not seem 

to hold here as current results from this study are in between the rim and core results 

by Casanova et al. (77). It could be that the effects of different etching methods are 

only observed to be in effect at higher area fraction percentages, since 1% is a 

relatively too small of a percentage to compare against. However, the grain size of the 

microstructure at the core region in the study by Casanova et al. (77) is mentioned 

within the literature to be ASTM 8, whereas the average grain size of the starting 

material in the current study is approximately ASTM 9.5. This could explain why the 

precipitation kinetics in the current study at 1% is faster than the 1% precipitation 

kinetics from the core region in the work of Casanova et al. (77). The smaller starting 

grain size in the current study allows for more and quicker precipitation to occur and 

hence can reach 1% area fraction faster than the precipitation kinetics from a coarser 

grain size with less grain boundaries as is the case with study by Casanova et al. (77). 

 

In the next three figures, a comparison is made between the precipitation kinetics from 

recrystallised strain-free material obtained in this study, to the precipitation kinetics 

that have been obtained by Cao (22). Figure 5.26 shows the comparison at 0.5% area 

fraction, Figure 5.27 displays the comparison at 2% area fraction, while Figure 5.28 

shows the comparison at 5% area fraction. Figure 5.29 shows another comparison at 

0.2% but against a different author than Figure 5.27. 
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Figure 5.26 – Comparison with Cao (22) at 0.5% area fraction 

 

Figure 5.27 – Comparison with Cao (22) at 2% area fraction 
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Figure 5.28 – Comparison with Cao (22) at 5% area fraction 

In the study by Cao (22), the η phase precipitation kinetics was studied on ATI 718Plus 

material through the use of a simulation software package called JMatPro. The 

modelling analysis was performed to produce TTT curves for 0.5%, 2% and 5% η 

phase precipitate content. The modelling included a solutioning heat treatment that 

was performed above the η phase solvus temperature, specifically at 1038°C. After 

such heat treatment, no initial η phase precipitates should be in exist within the 

microstructure, as the elemental constituents should have dissolved back into the 

austenitic matrix. The TTT curves obtained from this study are somewhat close to the 

simulated curves obtained by Cao (22), although it is noticed that the nose of the 

simulated curves do not match with the nose of the curves obtained in this study. At 

0.5% content, the nose of the simulated curve is a little higher than that of the 

experimental curve obtained in this study. The same is also true for the 2% content 

comparison in Figure 5.27. While at 5% content, the nose of the simulated curves is a 

little below the nose of the experimental curve from the current study. Although the 

difference in methodology, it is interesting to see a somewhat good correlation 

between simulated data from Cao (22), and the experimental data from this study, 
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albeit with some quantitative differences and differences in the nose temperature of 

the curves.  

 

 

Figure 5.29 – Comparison with Stotter et al. (85) at 2% area fraction 

In Figure 5.29, the η phase precipitation kinetics obtained in this study is compared to 

that obtained by Stotter et al. (85). In both studies, the TTT curves represent the 

precipitation behaviour at 2% area fraction. In the study by Stotter et al. (85), the 

samples that were used to produce the TTT diagram were taken from a super-solvus 

forged rod, which means that the starting material has some amount of strain within 

the microstructure (similar to the rim region in the study performed by Casanova et al. 

(77). This explains how the curve by Stotter et al. (85) at 2% content is considerably 

faster than the 2% curve produced in this study. The strain in the material produced by 

forging has accelerated the precipitation kinetics of the η phase. Also, in the study by 

Stotter et al. (85) the samples were etched in a solution of 150 ml of water, 3 ml of 

hydrochloric acid and 1 ml of hydrofluoric acid. As has been mentioned previously, 

etching can emphasise the precipitate size which can give larger area fraction 

measurements than in reality. In this comparison, the difference between the two 

studies is expected due to the different starting material conditions. 
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Figure 5.30 – Comparison with Radis et al. (36) at 2% area fraction 

 

Figure 5.31 – Comparison with Radis et al. (36) at 5% area fraction 
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In Figure 5.30 and Figure 5.31, the recrystallised strain-free η phase precipitation 

kinetics studied in this work is compared to that published by Radis et al. (36). In the 

work by Radis et al. (36), the authors obtained their precipitation kinetics data through 

the use of a simulation software package called MatCalc. Thermodynamic adjustments 

and corrections are performed by the authors which provide simulated data which 

matches the authors experimental results very well. The simulations were performed 

in order to compare against the experimental data by Stotter et al. (85) and therefore 

the starting material conditions that were used in the study by Radis et al. (36) are the 

same as those in the study by Stotter et al. (85), in which samples were produced from 

super-solvus forged rods. Therefore, similar precipitation kinetic differences are 

observed between the strain-free precipitation kinetics produced by this study, and the 

precipitation kinetics obtained by Stotter et al. (85) and Radis et al. (36). The faster 

TTT precipitation kinetics from Radis et al. (36) are due to the fact that the starting 

material condition has strain within the microstructure, which has the effect of 

accelerating the precipitation kinetics, as mentioned previously.  

 

5.4.2 Aspect Ratio, Length and Thickness 

 

 

Figure 5.32 – Intergranular (solid) & intragranular (dashed) precipitate aspect ratio 
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Figure 5.33 – Intergranular (solid) & intragranular (dashed) precipitate length 

 

Figure 5.34 – Intergranular (solid) & intragranular (dashed) precipitate thickness 
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In Figure 5.32, Figure 5.33 and Figure 5.34, a comparison is made between 

intergranular and intragranular precipitates in terms of aspect ratio, length and 

thickness respectively. It is difficult to interpret the data and the differences between 

intergranular precipitates and intragranular precipitates due to the significantly large 

standard errors. However, it is observed that the thickness of intragranular precipitates 

tend to be thinner in comparison to intergranular precipitates. It is also observed that 

the intragranular precipitates have a larger aspect ratio in comparison to the 

intergranular precipitates. In some cases, the differences between intergranular and 

intragranular precipitates are considerably large (e.g., precipitate length after 720 

minutes at 925°C) and in other cases the differences are quite small (e.g., precipitate 

aspect ratio after 720 minutes at 850°C). 

 

Some general conclusions could be made regarding the aspect ratio, length and 

thickness by considering the data shown from Figure 5.14 to Figure 5.23. Looking at 

the data holistically, there is a general increase in aspect ratio, length and thickness 

after 720 minutes of heat treatment. The increases in precipitate length are larger than 

the increases in precipitate thickness, which therefore increases the aspect ratio. 

However, some exceptions are observed. For the aspect ratio, the average and 

intragranular data shows a decrease after 720 minutes at 850°C, while the intergranular 

data has approximately stayed the same after 720 minutes at 850°C. For the precipitate 

length, the average and intragranular precipitate length has stayed the same at 850°C 

after 720 minutes. In terms of precipitate thickness, the intergranular precipitate 

thickness has stayed the same at 850°C after 720 minutes. For the intragranular 

precipitates, the thickness has stayed approximately the same after 720 minutes at 

950°C, while it has decreased after 720 minutes at 975°C.  

 

It is seen that the data regarding the precipitate aspect ratio, length and thickness has 

significantly large standard errors associated with the data values. Some of the 

exceptions to the general trend (as described in the previous paragraph) could be 

explained due to the standard error within the data set. For example, the intragranular 

precipitate thickness after 720 minutes at 975°C is very close to that at 0 minutes. In 

fact, the thickness at 0 minutes is within the standard error of the value at 720 minutes, 
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which implies that the precipitate thickness has roughly stayed the same although the 

general curve shows a decrease. At 950°C, the intragranular precipitate thickness has 

decreased between 180 minutes and 720 minutes. However due to the large error bars, 

it can be assumed that the precipitate thickness has stayed the same from 180 minutes 

to 720 minutes at 950°C.  

 

As mentioned before, the general trend of the aspect ratio, length and thickness is that 

they generally increase or stay the same after 720 minutes of heat treatment. Some 

exceptions are noted which have been mentioned before. The peaks and troughs in 

between 0 minutes and 720 minutes are difficult to explain definitively and 

conclusively but some suggestions are made in this study. 

 

Very little literature regarding precipitate thickness, length or aspect ratio kinetics has 

been found in currently published studies. No studies were found in relation to ATI 

718Plus however a study was found which was carried out by Azadian et al. (44) in 

which the δ phase precipitation kinetics in Inconel 718 was investigated in different 

conditions. The authors studied the δ phase precipitate thickness kinetics in two 

conditions of Inconel 718. Although directly comparing the results from that study to 

this work is of little benefit due to the different alloy and different material conditions, 

the overall findings by Azadian et al. (44) were that, generally speaking, the average δ 

phase precipitate thickness increased as the temperature increased but had stayed 

relatively constant as time increased. In this study in relation to ATI 718Plus, it is 

holistically observed from the η phase precipitate thickness results (in Figure 5.16, 

Figure 5.20 and Figure 5.23) that the thickness increases slightly as time progresses. 

Correlating the η phase precipitate thickness with temperature is difficult as the results 

seem to be mixed. No trend or link is observed between η phase precipitate thickness 

and temperature.  

 

5.5 Summary 

 

In this chapter, the η phase precipitation kinetics was studied in the strain-free 

recrystallised condition. A TTT diagram was created and comparisons were done of 
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the TTT diagram to those already published in the available literature. Length, 

thickness and aspect ratios were also investigated and any differences between 

intergranular and intragranular were explored. The data obtained from the study in this 

chapter will be used to compare the η phase precipitation kinetics in the strain-free 

recrystallised material to that from the deformed material (Chapter 6) and the larger 

initial grain size material (Chapter 7). 
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6 Effect of Deformation on Precipitation Kinetics 

 

6.1 Introduction 

 

In this chapter, the effects of deformation on the precipitation kinetics of the η phase 

in ATI 718Plus are studied. More specifically, the effect of strain as well as strain rate 

are explored in the current study. To carry out this study, a series of multiple isothermal 

compression tests were performed in order to induce deformation within the 

microstructure of the ATI 718Plus test pieces.  

 

To begin with, a number of compression test pre-forms were made from the as-

received ATI 718Plus extruded bar with a 16 mm diameter and a height of 24 mm. As 

was the case with the material used in Chapter 5, the compression test samples were 

heat treated at 990°C for 180 minutes before undergoing isothermal compression 

testing. This was done in order to ‘clean’ the microstructure from the initial η phase 

precipitates that are present within the material in the as-received condition. This led 

to an initial grain size roughly the same as that obtained in the previous chapter, 

approximately ASTM 9.5. Figure 5.1 shows the expected EBSD grain size map of the 

initial microstructure after heat treatment at 990°C after 180 minutes. 

 

Two sets of isothermal compression tests were carried out, one set performed with a 

strain rate of 0.1 s-1 and the other performed with a strain rate of 0.01 s-1. Both sets of 

isothermal compression tests were performed at a temperature of 990°C in order to 

represent the typical forging temperature used in the production of components made 

with ATI 718Plus at Aubert & Duval. Also, the global strain that was used in both sets 

of isothermal compression tests was 0.6. This was done because local regions of 

different strain values (0.2, 0.4, 0.6 and 0.8 strain) could be found within one 

compressed sample globally strained 0.6 strain. This is demonstrated in simulations 

that were performed in the DEFORM simulation software package using the flow 

curves produced from the isothermal compression tests. From these simulations, a 

strain map was produced for each strain rate (0.1 s-1 and 0.01 s-1). These are shown in 

Figure 6.3 and  
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Figure 6.4. Further information regarding the experimental techniques used in these 

compression tests can be found in Chapter 3. 

 

 

Figure 6.1 – Typical ATI 718Plus cylindrical test piece after heat treatment at 990°C 

for 180 minutes but prior to isothermal compression testing 

After isothermal compression testing, the resultant deformed samples were machined 

into two halves through the mid-height section. These two halves were then cut into 

four quadrants, which gave a total of eight samples. This illustrated in Figure 6.2. 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2 – Sectioning of sample after isothermal compression testing 
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Temperature (°C) 
Time (minutes) 

0.1 s-1 0.01 s-1 

900 30 60 180 720 30 60 180 720 

925 30 60 180 720 30 60 180 720 

950 30 60 180 720 30 60 180 720 

975 30 60 180 720 30 60 180 720 

Table 6.1 – Experimental matrix for η phase precipitation kinetics in deformed 

strained material 

After sectioning the isothermal compression test samples into smaller samples, these 

smaller samples were then isothermally heat treated individually according to the 

experimental matrix which is shown above in Table 6.1. Each strain rate requires 16 

samples, and since one isothermal compression test sample provides eight smaller 

samples, multiple isothermal compression tests had to be performed for each strain 

rate. 

 

After the smaller samples had gone through the planned heat treatments described in 

Table 6.1, each smaller sample was then mounted, ground and polished using the 

techniques and procedures described previously in Chapter 3. 

 

Using the strain maps mentioned earlier, a number of microstructural images were 

taken at regions of different strains, specifically 0.2, 0.4, 0.6 and 0.8 strain, via the use 

of SEM. For the area fraction measurements described later within this chapter, each 

data point is an average taken from the measurements of three images. It was thought 

that three images would be sufficient to obtain a good representation of the sample. 

Also, using three images per data point was more feasible because the image 

processing technique used to obtain the η phase area fraction (as described in Chapter 

3) was considerably time consuming, and due to time constraints more images per data 

point was not practically possible. 
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Figure 6.3 – Strain map at 0.6 global strain with 0.1 s-1 strain rate 

 

Figure 6.4 – Strain map at 0.6 global strain with 0.01 s-1 strain rate 
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6.2 Precipitation Kinetics at 0.1 s-1 Strain Rate 

 

 

Figure 6.5 – η phase area fraction against time at 0.1 s-1 strain rate for zero to 0.4 

strain and for 900°C to 975°C 

 

Figure 6.6 – η phase area fraction against temperature at 0.1 s-1 strain rate for zero 

to 0.4 strain and for 30 mins to 720 mins 
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Time (mins) 

Area Fraction (%) 

900°C 925°C 950°C 975°C 

0 0.93 ± 0.14 0.93 ± 0.14 0.93 ± 0.14 0.93 ± 0.14 

30 2.67 ± 0.11 2.84 ± 0.05 3.50 ± 0.33 0.50 ± 0.13 

60 3.34 ± 0.18 3.50 ± 0.25 4.57 ± 0.29 0.89 ± 0.09 

180 5.04 ± 0.15 6.17 ± 0.30 8.12 ± 0.12 2.20 ± 0.16 

720 6.47 ± 0.23 8.39 ± 0.10 10.27 ± 0.19 3.08 ± 0.21 

Table 6.2 – η phase precipitation kinetics at 0.2 strain with 0.1 s-1 strain rate 

Time (mins) 

Area Fraction (%) 

900°C 925°C 950°C 975°C 

0 0.93 ± 0.14 0.93 ± 0.14 0.93 ± 0.14 0.93 ± 0.14 

30 2.84 ± 0.09 2.85 ± 0.28 2.70 ± 0.11 0.61 ± 0.07 

60 3.48 ± 0.07 3.31 ± 0.22 3.49 ± 0.09 0.49 ± 0.04 

180 4.19 ± 0.11 6.26 ± 0.05 6.92 ± 0.04 1.90 ± 0.06 

720 7.34 ± 0.35 8.39 ± 0.18 9.14 ± 0.10 2.93 ± 0.21 

Table 6.3 – η phase precipitation kinetics at 0.4 strain with 0.1 s-1 strain rate 

In this section, the results of the effect of strain on the η phase precipitation kinetics at 

0.1 s-1 strain rate is presented. Figure 6.5 displays the η phase area fraction against time 

at 0 strain, 0.2 strain and 0.4 strain with a strain rate of 0.1 s-1, whereas Figure 6.6 

displays the η phase area fraction against temperature for the same strain levels at the 

same strain rate. Numerical values of η phase area fraction at 0.2 strain and 0.4 strain 

are shown in Table 6.2 and Table 6.3 respectively, while numerical values of η phase 

area fraction at 0.0 strain are shown in Table 5.2 in Chapter 5. As with the η phase area 

fraction data in the strain-free condition in Chapter 5, the errors shown in the above 

figures and tables are standard errors.  

 

As is expected, the η phase area fraction increases as the time increases. It is also quite 

clear from both Figure 6.5 and Figure 6.6 that regardless of strain, the amount η phase 

precipitation increases in strained material in comparison to strain-free recrystallised 

material. Interestingly, no significant major difference has been observed between 0.2 

strain and 0.4 strain in terms of the levels of η phase precipitation at 900°C, 925°C and 
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975°C. Some small differences are observed in which at some strains and times, the η 

phase area fraction is higher at 0.2 strain than 0.4 strain, and at other strains and times 

the contrarywise is true. It has been noticed however that at 950°C, the η phase area 

fraction at 0.2 strain is higher than that at 0.4 strain between 0 minutes to 720 minutes 

with the difference more pronounced than at other temperatures. However, it is not 

enough to conclusively say that one strain induces more η phase precipitation than the 

other. At 975°C, the η phase area fraction decreases between 0 minutes and 30 minutes 

at 0.2 strain and 0.4 strain. This not observed at the other temperatures in this study 

but is observed in the η phase precipitation kinetics in the strain-free material.  

 

From Figure 6.6, for all times and strains studied, the peak of precipitation seems to 

either be at 925°C or 950°C, which is in agreement with the data for the strain-free 

microstructure. This reinforces the fact that the peak of η phase precipitation in ATI 

718Plus lies somewhere in between 925°C and 950°C. As observed in Figure 6.5 as 

well as Figure 6.6, the η phase area fraction is larger at 0.2 strain than 0.4 strain for all 

times at 950°C. Interestingly, the peaks of precipitation at 0.2 strain and 0.4 strain after 

720 minutes seem to shift to 950°C in contrast to 925°C for the strain-free material. 

However, this could be due to errors and fluctuations in measurements. 

 

As was done in Chapter 5, non-linear curve fittings were completed using the Origin 

2021 software package in which the Avrami equation was used as the basis for the 

curve fitting. The Levenburg-Marquardt iteration algorithm was used within the Origin 

2021 software package for the fitting. These fittings were performed for the curves 

shown in Figure 6.5 for all the temperatures studied and at both 0.2 strain and 0.4 strain 

with 0.1 s-1 strain rate. The resultant Avrami equations for 0.2 strain at 0.1 s-1 strain 

rate are shown below from Equation 6.1 to Equation 6.4. 

 

900°C 𝑦 = 18.46(1 − exp(−0.05840𝑡0.30859)) Equation 6.1 

   

925°C 𝑦 = 15.45(1 − exp(−0.04994𝑡0.42407)) Equation 6.2 

   

950°C 𝑦 = 10.47371(1 − exp(−0.02866𝑡0.75410))  Equation 6.3 
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975°C 𝑦 = 5.88(1 − exp(−0.01935𝑡0.56484)) Equation 6.4 

 

For the η phase kinetics at 0.4 strain at 0.1 s-1 strain rate, the resultant Avrami equations 

are shown below from Equation 6.5 to Equation 6.8. 

 

900°C 𝑦 = 18.46(1 − exp(−0.04438𝑡0.36469)) Equation 6.5 

   

925°C 𝑦 = 15.45(1 − exp(−0.04771𝑡0.43190)) Equation 6.6 

   

950°C 𝑦 = 10.03(1 − exp(−0.01886𝑡0.78970))  Equation 6.7 

   

975°C 𝑦 = 5.88(1 − exp(−0.01182𝑡0.62561)) Equation 6.8 

 

Temperature (°C) 

Adjusted R2 Values 

0.2 Strain  

(0.1 s-1 Strain Rate) 

0.4 Strain 

(0.1 s-1 Strain Rate) 

900 0.92171 0.92385 

925 0.94901 0.94024 

950 0.96267 0.91691 

975 0.90615 0.83012 

Table 6.4 – Adjusted R2 values for Equation 6.1 to Equation 6.8 

The adjusted R2 values of the fitted Avrami equations for 0.2 strain and 0.4 strain at 

0.1 s-1 strain rate are shown in Table 6.4. The adjusted R2 values range between 

0.83012 and 0.96267, which although is generally lower than the values obtained for 

the η phase precipitation kinetics in strain-free material (see Table 5.3), it still indicates 

that good mathematical fits have been generated, which will reflect in the accuracy of 

the eventual TTT curves that will be produced from the fitted Avrami equations 

(Equation 6.1 to Equation 6.8).  
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Figure 6.7 – η phase area fraction against time at 0.1 s-1 strain rate for zero to 0.8 

strain and at 950°C 

Time (mins) 

Area Fraction (%) 

0.2 Strain 0.4 Strain 0.6 Strain 0.8 Strain 

0 0.93 ± 0.14 0.93 ± 0.14 0.93 ± 0.14  0.93 ± 0.14  

30 3.50 ± 0.33 2.70 ± 0.11 3.19 ± 0.05 3.71 ± 0.27 

60 4.57 ± 0.29 3.49 ± 0.09 4.10 ± 0.15 4.75 ± 0.17 

180 8.12 ± 0.12 6.92 ± 0.04 8.28 ± 0.50 8.97 ± 0.45 

720 10.27 ± 0.19 9.14 ± 0.10 11.01 ± 0.20 10.04 ± 0.31 

Table 6.5 – η phase precipitation kinetics at 950°C with 0.1 s-1 strain rate 

Figure 6.7 shows the η phase area fraction against time at 950°C for strains from 0.0 

to 0.8 strain with a 0.1 s-1 strain rate, with the numerical values shown in Table 6.5. It 

can be clearly observed that induced strain within the microstructure has a significant 

impact on the η phase precipitation kinetics within ATI 718Plus. The levels of η phase 

precipitation at 0.4 strain seems to be slightly lower in comparison to that at 0.2, 0.6 

and 0.8 strain which is unexpected. However, the differences in η phase area fraction 

between the various levels of strain studied are so small that it becomes difficult to 

find a tangible correlation between 0.2 to 0.8 strain. Figure 6.9 to Figure 6.12 shows 
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the microstructures from 0.2 to 0.8 strain at 0.1 s-1 strain rate after 720 minutes of heat 

treatment at 950°C. 

 

 

Figure 6.8 – TTT diagrams for 5% η phase area fraction for strain-free material, 0.2 

strain and 0.4 strain with 0.1 s-1 strain rate 

Using the Avrami equations obtained from Equation 6.1 to Equation 6.8, the TTT 

curves for 0.2 and 0.4 strain at 0.1 s-1 were produced and modelled using Equation 5.9 

shown in Chapter 5. Figure 6.8 displays the TTT diagram for the η phase precipitation 

kinetics for 5% area fraction at 0.0, 0.2 and 0.4 strain with a 0.1 s-1 strain rate. The 

TTT equations that model the TTT curves at 0.2 and 0.4 strain are shown below in 

Equation 6.9 and Equation 6.10 respectively. 

 

5% Model  

(0.2 strain) 
𝜏−1 = 0.048(976 − 𝑇)exp [−

(976 − 𝑇)1.895

𝑇 + 273
] Equation 6.9 

 

5% Model 

(0.4 strain) 
𝜏−1 = 0.03(976 − 𝑇)exp [−

(976 − 𝑇)1.822

𝑇 + 273
] Equation 6.10 
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Figure 6.9 – Microstructure of ATI 718Plus at 0.2 strain with 0.1 s-1 strain rate and 

after heat treatment at 950°C for 720 minutes 

 

Figure 6.10 – Microstructure of ATI 718Plus at 0.4 strain with 0.1 s-1 strain rate and 

after heat treatment at 950°C for 720 minutes 
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Figure 6.11 – Microstructure of ATI 718Plus at 0.6 strain with 0.1 s-1 strain rate and 

after heat treatment at 950°C for 720 minutes 

 

Figure 6.12 – Microstructure of ATI 718Plus at 0.8 strain with 0.1 s-1 strain rate and 

after heat treatment at 950°C for 720 minutes 
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6.3 Precipitation Kinetics at 0.01 s-1 Strain Rate 

 

 

Figure 6.13 – η phase area fraction against time at 0.01 s-1 strain rate for zero to 0.4 

strain and for 900°C to 975°C 

 

Figure 6.14 – η phase area fraction against temperature at 0.01 s-1 strain rate for 

zero to 0.4 strain and for 30 mins to 720 mins 
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Time (mins) 

Area Fraction (%) 

900°C 925°C 950°C 975°C 

0 0.93 ± 0.14 0.93 ± 0.14 0.93 ± 0.14 0.93 ± 0.14 

30 1.63 ± 0.10 1.95 ± 0.01 2.14 ± 0.00 0.63 ± 0.05 

60 2.06 ± 0.15  2.61 ± 0.37 3.45 ± 0.13 0.78 ± 0.09 

180 3.08 ± 0.22 5.08 ± 0.09 5.60 ± 0.08 2.08 ± 0.21 

720 8.01 ± 0.38 7.98 ± 0.13 9.52 ± 0.14 3.02 ± 0.13 

Table 6.6 – η phase precipitation kinetics at 0.2 strain with 0.01 s-1 strain rate 

Time (mins) 

Area Fraction (%) 

900°C 925°C 950°C 975°C 

0 0.93 ± 0.14 0.93 ± 0.14 0.93 ± 0.14 0.93 ± 0.14 

30 1.66 ± 0.03 1.91 ± 0.08 2.17 ± 0.15 0.38 ± 0.16 

60 2.56 ± 0.05 2.43 ± 0.14 3.23 ± 0.21 0.63 ± 0.03 

180 2.98 ± 0.06 5.32 ± 0.16 6.06 ± 0.15 1.95 ± 0.11 

720 9.42 ± 0.55 8.88 ± 0.20 8.76 ± 0.08 2.86 ± 0.03 

Table 6.7 – η phase precipitation kinetics at 0.4 strain with 0.01 s-1 strain rate 

In this section, the results of the effect of strain on the η phase precipitation kinetics at 

0.01 s-1 strain rate are presented. Figure 6.13 displays the η phase area fraction against 

time at 0 strain, 0.2 strain and 0.4 strain with a strain rate of 0.01 s-1, whereas Figure 

6.14 displays the η phase area fraction against temperature for the same strain levels 

at the same strain rate. Numerical values of η phase area fraction at 0.2 strain and 0.4 

strain are shown in Table 6.6 and Table 6.7 respectively, while numerical values of η 

phase area fraction at 0.0 strain are shown in Table 5.2 in Chapter 5. As with the η 

phase area fraction data in the strain-free condition in Chapter 5, the errors shown in 

the above figures and tables are standard errors.  

 

Similar to the η phase area fraction results obtained at 0.1 s-1 strain rate (see Figure 6.5 

and Figure 6.6), the η phase area fraction increases as time increases and that regardless 

of the amount of strain, the amount of η phase precipitation substantially increases in 

strained material in comparison to strain-free recrystallised material, as Figure 6.13 

shows. Also similar to the results with 0.1 s-1 strain rate, some differences between 0.2 
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and 0.4 strain are observed at certain temperatures and times in which one strain is 

higher or lower than the other but the differences are not substantial enough to make 

scientific conclusions. At 900°C and 925°C after 720 minutes, a visible difference is 

observed between 0.2 and 0.4 strain, with the η phase kinetics at 0.4 strain being higher 

than at 0.2 strain in both cases. It is difficult to say whether this is an effect of the strain 

or whether this is due to fluctuations and variability of the microstructures measured, 

especially since the differences between 0.2 and 0.4 strain are incredible small from 0 

minutes to 180 minutes. At 950°C after 720 minutes of heat treatment, the area fraction 

at 0.2 strain is higher than at 0.4 strain, whereas at 180 minutes the area fraction at 0.4 

strain is higher than at 0.2 strain. However, these differences are not significant enough 

to decisively say that the η phase precipitation kinetics at one strain are higher or lower 

than the η phase kinetics at another strain at 950°C. Rather, in the authors opinion, 

these differences are due to errors in measurements and the variability of 

microstructures as mentioned before. At 975°C, the differences in η phase 

precipitation kinetics at 0.0, 0.2 and 0.4 strain are so small that they are deemed to be 

negligible. Interestingly, the presence of strain within the material has no impact on 

the η phase precipitation kinetics at 975°C.  

 

Figure 6.14 shows the η phase area fraction against temperature at 0.01 s-1 strain rate. 

As was observed with the same graph at 0.1 s-1 strain rate (see Figure 6.6), the peak of 

precipitation lies somewhere in between 925°C and 950°C, which is in agreement with 

the η phase TTT diagram for 0.1 s-1 strain rate (see Figure 6.8) and the η phase TTT 

diagram for strain-free microstructure in ATI 718Plus (see Figure 5.13 in Chapter 5).  

It can be seen that the differences between 0.2 and 0.4 strain at 30 minutes, 60 minutes 

and 180 minutes are remarkable small, whereas some negligible differences are 

observed at 720 minutes as explained earlier. 

 

Curve fittings were completed using the Origin 2021 software package in which the 

Avrami equation was used as the basis for the curve fitting, as has been done 

previously in this work. The Levenburg-Marquardt iteration algorithm was used within 

the Origin 2021 software package for the fitting. These fittings were performed for the 

curves shown in Figure 6.13 for all the temperatures studied and at both 0.2 strain and 
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0.4 strain with 0.01 s-1 strain rate. The resultant Avrami equations for 0.2 strain at 0.01 

s-1 strain rate are shown below from Equation 6.11 to Equation 6.14. 

 

900°C 𝑦 = 18.46(1 − exp(−0.00693𝑡0.66574)) Equation 6.11 

   

925°C 𝑦 = 15.45(1 − exp(−0.02405𝑡0.52184) Equation 6.12 

   

950°C 𝑦 = 10.16(1 − exp(−0.02135𝑡0.69998)  Equation 6.13 

   

975°C 𝑦 = 5.88(1 − exp(−0.01464𝑡0.59515) Equation 6.14 

 

For the η phase kinetics at 0.4 strain at 0.01 s-1 strain rate, the resultant Avrami 

equations are shown below from Equation 6.15 to Equation 6.18. 

 

900°C 𝑦 = 18.46(1 − exp(−0.00502𝑡0.74706) Equation 6.15 

   

925°C 𝑦 = 15.45(1 − exp(−0.01742𝑡0.59522) Equation 6.16 

   

950°C 𝑦 = 10.16(1 − exp(−0.02540𝑡0.67405) Equation 6.17 

   

975°C 𝑦 = 5.88(1 − exp(−0.00775𝑡0.67829) Equation 6.18 

 

Temperature (°C) 

Adjusted R2 Values 

0.2 Strain 

(0.01 s-1 Strain Rate) 

0.4 Strain 

(0.01 s-1 Strain Rate) 

900 0.9399 0.92294 

925 0.95474 0.96281 

950 0.90372 0.96659 

975 0.96944 0.97632 

Table 6.8 – Adjusted R2 values for Equation 6.11 to Equation 6.18 

The adjusted R2 values of the fitted Avrami equations for 0.2 strain and 0.4 strain at 

0.01 s-1 strain rate are shown in Table 6.8. The adjusted R2 values range between 

0.90372 and 0.97632, which is better than that obtained for the same strain values at 
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0.1 s-1 strain rate, as shown in Table 6.4. This shows that good mathematical fits have 

been obtained, which will reflect in the accuracy of the eventual TTT curves that will 

be produced from the fitted Avrami equations (Equation 6.11 to Equation 6.18). 

 

 

Figure 6.15 – η phase area fraction against time at 0.01 s-1 strain rate for zero to 0.8 

strain and at 950°C 

Time (mins) 

Area Fraction (%) 

0.2 Strain 0.4 Strain 0.6 Strain 0.8 Strain 

0 0.93 ± 0.14 0.93 ± 0.14 0.93 ± 0.14 0.93 ± 0.14 

30 2.14 ± 0.00 2.17 ± 0.15 2.39 ± 0.18 2.03 ± 0.04 

60 3.45 ± 0.13 3.23 ± 0.21 3.84 ± 0.34 3.26 ± 0.03 

180 5.60 ± 0.08 6.06 ± 0.15 6.03 ± 0.38 6.06 ± 0.21 

720 9.52 ± 0.14 8.76 ± 0.08 9.24 ± 0.56 9.62 ± 0.14 

Table 6.9 – η phase precipitation kinetics at 950°C with 0.01 s-1 strain rate 

Figure 6.15 shows the η phase area fraction against time at 950°C for strains from 0.0 

to 0.8 strain with a 0.01 s-1 strain rate, with the numerical values shown in Table 6.9. 

Similar to the results at 0.1 s-1 strain rate, it obvious to see that induced strain within 
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the microstructure has a significant impact on the η phase precipitation kinetics within 

ATI 718Plus. 

 

The amounts of η phase precipitation at all strains from 0.2 strain to 0.8 strain are all 

similar to each other, with only slight fluctuations between the area fraction curves. 

This is in contrast to the same results obtained at 0.1 s-1 strain rate (see Figure 6.7) in 

which the area fraction curve for 0.4 strain was observed to be slightly lower than the 

area fraction curves at 0.2, 0.6 and 0.8 strain.  

 

Figure 6.17 to Figure 6.20 shows the microstructures from 0.2 to 0.8 strain at 0.01 s-1 

strain rate after 720 minutes of heat treatment at 950°C. 

 

 

Figure 6.16 – TTT diagrams for 5% η phase area fraction for strain-free material, 

0.2 strain and 0.4 strain with 0.01 s-1 strain rate 

Using the Avrami equations obtained from Equation 6.11 to Equation 6.18, the TTT 

curves for 0.2 and 0.4 strain at 0.01 s-1 were produced and modelled using Equation 

5.9 shown in Chapter 5. Figure 6.16 displays the TTT diagram for the η phase 

precipitation kinetics for 5% area fraction at 0.0, 0.2 and 0.4 strain with a 0.01 s-1 strain 
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rate. The TTT equations that model the TTT curves at 0.2 and 0.4 strain are shown 

below in Equation 6.19 and Equation 6.20 respectively. 

 

5% Model  

(0.2 strain) 
𝜏−1 = 0.0196(976 − 𝑇)exp [−

(976 − 𝑇)1.822

𝑇 + 273
] Equation 6.19 

 

5% Model 

(0.4 strain) 
𝜏−1 = 0.021(976 − 𝑇)exp [−

(976 − 𝑇)1.810

𝑇 + 273
] Equation 6.20 

 

 

Figure 6.17 – Microstructure of ATI 718Plus at 0.2 strain with 0.01 s-1 strain rate 

and after heat treatment at 950°C for 720 minutes 
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Figure 6.18 – Microstructure of ATI 718Plus at 0.4 strain with 0.01 s-1 strain rate 

and after heat treatment at 950°C for 720 minutes 

 

Figure 6.19 – Microstructure of ATI 718Plus at 0.6 strain with 0.01 s-1 strain rate 

and after heat treatment at 950°C for 720 minutes 
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Figure 6.20 – Microstructure of ATI 718Plus at 0.8 strain with 0.01 s-1 strain rate 

and after heat treatment at 950°C for 720 minutes 

6.4 Discussion 

 

6.4.1 Effect of Strain 

 

As it can be clearly observed, induced strain in the microstructure via deformation has 

a significant impact on the precipitation kinetics of the η phase in ATI 718Plus. 

Deformation in ATI 718Plus considerably accelerates the precipitation kinetics of the 

η phase, as can be seen from the TTT diagrams at both 0.01 s-1 and 0.1 s-1 strain rate 

(shown in respectively) as well as the curves of area fraction against time at 950°C for 

both strain rates (Figure 6.7 for 0.1 s-1 strain rate and Figure 6.15 for 0.01 s-1 strain 

rate). 

 

However, it is interesting to observe that from 0.2 strain onwards, the amount of strain 

does not substantially impact or differentiate the η phase precipitation kinetics at both 

strain rates studied. This is in contrast to published studies that are closely related to 

the current study, from which one would expect the rate of η phase precipitation to 
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increase as the strain increases. This phenomena is observed in the studies conducted 

by McDevitt (74) in which it was found that the volume of η phase precipitation 

increases as amount of forging reduction increases. Also, the same phenomena was 

also observed in studies conducted by Liu et al. (70) in which the δ phase weight 

percentage was observed to increase as the amount of cold rolling increases in Inconel 

718. As the amount of induced strain or deformation increases, the dislocation density 

would increase. This leads to an increase in the nucleation site density and the 

diffusivity of the precipitate-forming elements within the material. Hence, as the 

amount of strain increases, one would expect the amount of precipitation to increase. 

However, the same trend is not observed in the current study. As mentioned before, a 

significant increase in η phase precipitation kinetics is observed for strains above 0 in 

comparison to no strain. However, when strain is above zero, the η phase precipitation 

kinetics stays more or less the same which is in contradiction to previous studies. 

 

From established nucleation theory, the nucleation rate is a result of the competition 

between the driving forces for nucleation against the retarding forces for nucleation. 

The retarding forces include the interfacial and strain energy that is involved with the 

creation of the precipitate phase. When second phase nucleation occurs, the interfacial 

energy retarding force (i.e., the interfacial energy between the second phase precipitate 

and the neighbouring grain) decreases while the parent phase grain boundary energy 

increases. This is assuming that the interfacial energy between the second phase 

precipitate and the parent phase is insignificant. 

 

As the amount of strain increases within the austenitic microstructure from hot 

working, the number of dislocations would be expected to increase too. The 

dislocations will increase the amount of grain boundary defect structure present, and 

this will have the effect of increasing the interfacial energy of the austenitic grain 

boundaries, including low angle (low energy) grain boundaries. This effectively 

reduces the barrier to nucleation and therefore the nucleation rate for precipitation 

should increase on all grain boundaries as the level of strain increases (67).  
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However, in this study, although induced strain is observed to promote further 

precipitation, the amount of precipitation does not increase as the strain increases. In 

fact, this finding is contrary to published works with similar studies (70,74). Little 

research has been published regarding the effect of quantitatively increasing strain on 

the δ phase precipitation in Inconel 718 and even less research exists with regards to 

the η phase precipitation in ATI 718Plus. Further fundamental studies are required to 

fully understand why the η phase precipitation stays approximately constant from 0.2 

strain onwards.  

 

It has been shown in the study conducted by Sommitsch et al. (98) (and visually 

observed in this study) that as the amount of strain present within the material 

increases, the volume percentage of recrystallised grains increases within the 

microstructure. When grains recrystallise, the dislocations present (and the associated 

dislocation density) within the grains become annihilated. This recrystallisation can 

impact the η phase precipitation kinetics depending on whether recrystallisation 

occurred before η phase precipitation or after. If recrystallisation within the austenite 

grain structure is completed prior to the onset of η phase precipitation, then 

recrystallisation will have no impact on the precipitation. However, if η phase 

precipitation starts before recrystallisation, then induced strain via deformation 

considerably increases the rate of precipitation (70).  

 

Although the recrystallisation kinetics of ATI 718Plus were not studied in this work, 

it can be observed from Figure 6.5 and Figure 6.13 that the η phase precipitation 

kinetics at 975°C are almost identical for 0.0, 0.2 and 0.4 strains for both 0.1 s-1 and 

0.01 s-1 strain rate respectively. This is an indicator that the recrystallisation of the 

austenite matrix grains has been completed before the initiation of η phase 

precipitation at 975°C and with the strains and strain rates mentioned. 

 

As mentioned earlier, if η phase precipitation commences before recrystallisation, one 

would expect the amount of η phase precipitation to increase as the strain increases 

since the number of dislocations (and therefore dislocation density) increases as the 

strain increases. More dislocations would mean more potential nucleation sites and an 
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increase in the diffusion of precipitate-forming elements (71) which would lead to 

more η phase precipitation. At 900°C, 925°C and 950°C, there is a clear marked 

increase in η phase precipitation from zero strain to any strain above zero. This 

suggests that η phase precipitation occurs before recrystallisation at these 

temperatures. However, this is not enough to explain why mixed results and trends are 

observed as the strain increases from 0.2 onwards.  

 

Liu  et al. (70) extensively studied the effect of cold rolling on the precipitation kinetics 

of δ phase in Inconel 718. The authors found that at 960°C, the austenite matrix was 

completely recrystallised before the start of δ phase precipitation, similar to what has 

been suggested in this study in regard to the η phase precipitation at 975°C. However, 

Liu et al. had found that although the austenite matrix had recrystallised, the amount 

of δ phase precipitation still increases as the level of cold rolling deformation 

increases. At 960°C, the enhancement effect of cold rolling is still observed on the δ 

phase precipitation kinetics even though the austenite matrix has been completely 

recrystallised before the onset of δ phase precipitation.  

 

This finding by Liu  et al. (70) puts into question the well-established theory that the 

increase in precipitation kinetics by deformation is attributed to the increase in 

dislocation density (which therefore increases the nucleation site density) because the 

dislocations formed during deformation would have been annihilated before the 

beginning of precipitation. To explain this interesting result, the authors theorise and 

explain that due to niobium segregation, niobium (which is one of the main 

constituents of the δ phase) enriches the dislocation cell walls as well as twin and grain 

boundaries before recrystallisation occurs. As the dislocation cell walls and initial twin 

and grain boundaries are moved away and eliminated by the shifting boundaries of 

new recrystallised grains, the formed niobium distribution doesn’t change. Therefore, 

this means that δ phase precipitation still occurs at previous deformation bands as well 

as previous twin and grain boundaries. 

 

However, the suggested theory and explanation by Liu  et al. (70) for δ phase kinetics 

at 960°C in cold rolled Inconel 718 does not work in the case of η phase precipitation 
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at 975°C in hot worked ATI 718Plus, or at least the idea of aluminium and niobium 

segregation in ATI 718Plus is not evidenced in this study. At 975°C, almost no 

difference is observed in the η phase precipitation kinetics at zero strain, 0.2 strain and 

0.4 strain which, as mentioned earlier, suggests that the recrystallisation of the 

austenite matrix has been completed before the start of η phase precipitation with the 

dislocations produced from hot working being completely annihilated. 

 

To explain the η phase precipitation kinetics from 0.2 strain and above, it could be 

suggested that the maximum allowable diffusion of η phase forming elements (i.e., 

aluminium and niobium) takes place at 0.2 strain and above for both strain rates 

studied. This leads to similar precipitation kinetics at any strain above 0.2, which is 

observed at 950°C at 0.1 s-1 (Figure 6.7) and 0.01 s-1 (Figure 6.15) strain rates. The 

maximum diffusion of η phase forming elements would be limited by the percentages 

of these elements within the elemental composition of the material. Essentially, in 

other words, the equilibrium state is reached for any given temperature, time, strain 

and strain rate. It can be observed from both Figure 6.5 and Figure 6.7 (at 0.1 s-1 strain 

rate) that the results at 0.4 strain are strangely slightly below 0.2 strain. This 

observation is attributed to variance and error in data acquisition. In fact, the slight 

differences observed in Figure 6.13 and Figure 6.15 between the curves of 0.2 and 0.4 

strain (at 0.01 s-1 strain rate) could also be ascribed to experimental variance and error. 

 

Another interesting phenomenon which was observed in the current study was the 

quick drop and subsequent rise in η phase area fraction between 0 minutes to 30 

minutes. This rapid re-solutioning and precipitation is particularly observed for η 

phase area fraction kinetics at 975°C for both 0.2 and 0.4 strains with 0.1 s-1 and 0.01 

s-1 strain rate. This trend is also observed at all temperatures for the η phase kinetics 

for the strain-free recrystallised material (see Figure 5.4). References to this 

phenomenon has not been found in the published literature as of writing but it is an 

interesting finding that could be explored further in future studies. 
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6.4.2 Effect of Strain Rate 

 

 

Figure 6.21 – TTT diagrams for 5% η phase area fraction for strain-free material, 

0.2 strain and 0.4 strain with 0.1 s-1 and 0.01 s-1 strain rates 

It can be observed from Figure 6.21 that the overall precipitation kinetics of η phase 

at 0.1 s-1 are faster than the precipitation kinetics at 0.01 s-1 for both 0.2 strain and 0.4 

strain. It is inferred that reducing the deformation strain rate has the effect of slowing 

the kinetics of η phase precipitation in ATI 718Plus. It can be suggested that a lower 

strain rate slows the rate of dislocations produced within the material microstructure. 

Therefore, the dislocation density at a given time at 0.01 s-1 strain rate would be lower 

than the dislocation density at the same time at 0.1 s-1 strain rate. As mentioned 

previously, dislocations behave as nucleation sites for η phase precipitation, so a lower 

dislocation density would mean a lower amount of η phase precipitation. 

 

Hence, it can be hypothesised that at the lower strain rate of 0.01 s-1, it takes a longer 

time to reach the same number of dislocations at a given point in comparison to that at 

0.1 s-1 strain rate. Therefore, at 0.01 s-1 strain rate it takes a longer time to reach a 

particular amount of precipitation in comparison to 0.1 s-1 strain rate. Hence the slower 
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η phase precipitation kinetics at 0.01 s-1 strain rate in comparison to that at 0.1 s-1 strain 

rate, as observed in Figure 6.21. 

 

6.4.3 Effect of n and k Parameters 

 

In Equation 5.1 within Chapter 5, k and n are coefficients in which the former is the 

rate of η phase precipitation, and the latter is a constant dependant on the nucleation 

and growth of η phase precipitates. It is of interest to see how these coefficients behave 

over time and how they are influenced by time, temperature and strain.  

 

To begin with, the Avrami equation in Equation 5.1 can be rearranged as follows: 

 

𝑦 = 𝑓𝑒𝑞(1 − exp(−𝑘𝑡𝑛)) 

 

𝑦

𝑓𝑒𝑞
= 1 − exp(−𝑘𝑡𝑛) 

 

exp(−𝑘𝑡𝑛) = 1 −
𝑦

𝑓𝑒𝑞
 

 

−𝑘𝑡𝑛 = ln [1 −
𝑦

𝑓𝑒𝑞
] 

 

 ln 𝑘𝑡𝑛 = ln [−ln [1 −
𝑦

𝑓𝑒𝑞
]] Equation 6.21 

 

By plotting ln [−ln [1 −
𝑦

𝑓𝑒𝑞
]] against time, we can observe how the constants k and n 

behave over time at different temperatures and strains. Figure 6.22 displays 

ln [−ln [1 −
y

feq
]] against time at 950°C and at 0.1 s-1 strain rate while Figure 6.23 

shows the same except at 0.01 s-1 strain rate. 
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Figure 6.22 – 𝑙𝑛 [−𝑙𝑛 [1 −
𝑦

𝑓𝑒𝑞
]] vs time at 950°C and at 0.1 s-1 strain rate  

 

Figure 6.23 –  𝑙𝑛 [−𝑙𝑛 [1 −
𝑦

𝑓𝑒𝑞
]] vs time at 950°C and at 0.01 s-1 strain rate  
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Similar to the findings found from Section 6.4.1, the constants n and k at 0.2 to 0.8 

strain differ from that at zero strain. However, at both strain rates, the differences 

between the strains from 0.2 to 0.8 do not corroborate to a particular trend and are not 

much different between each other to constitute a finding in the authors opinion. Most 

definitely however, there is a clear difference between the n- and k-values at any strain 

from 0.2 to 0.8 in comparison to that at zero strain. It must be mentioned here that 

although this is observed at 950°C in Figure 6.22 and Figure 6.23, the same findings 

have been observed at 900°C, 925°C and 975°C. 

 

The effect of temperature and strain on the value of n can also be observed in Figure 

6.24 and Figure 6.25 in which the n-value is plotted against strain at a strain rate of 0.1 

s-1 and 0.01 s-1 respectively. It is observed at both strain rates that at 900°C and 925°C, 

the n-value decreases as the strain increases from 0 to 0.4 strain. At 950°C, the value 

of n stays more or less the same as the strain increases. Interestingly, at 975°C the 

value of n is observed to increase as the strain increases from 0 to 0.4 at both strain 

rates, which is an intriguing result as this contradicts the trend observed at 900°C and 

925°C. 

 

 

Figure 6.24 – The value of n against strain with 0.1 s-1 strain rate 
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Figure 6.25 – The value of n against strain with 0.01 s-1 strain rate 

From the data presented in Figure 6.24 and Figure 6.25, the relationship between the 

n-value and strain could be represented by the following equation: 

 

 𝑛 = 𝑎1 + 𝑏1𝜀 Equation 6.22 

 

Where a1 and b1 are constants and ε is the strain.  

 

For the data obtained at the 0.1 s-1 strain rate, the numerical values of a1 and b1 as 

well as the adjusted R2 values are shown below in Table 6.10.  

 

Temperature (°C) a1 b1 Adjusted R2 Value 

900 0.84680 -1.50 ± 0.42 0.88791 

925 0.77720 -1.04 ± 0.26  0.95972 

950 0.72662 0.08 ± 0.03  0.99784 

975 0.48602 0.36 ± 0.01 0.99990 

Table 6.10 – Values of a1, b1 and adjusted R2 for Equation 6.22 at 0.1 s-1 strain rate 

For the data obtained at the 0.01 s-1 strain rate, the numerical values of a1 and b1 as 

well as the adjusted R2 values are shown in Table 6.11.  
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Temperature (°C) a1 b1 Adjusted R2 Value 

900 0.84680 -0.38 ± 0.19 0.98798 

925 0.77720 -0.62 ± 0.23 0.97366 

950 0.72662 0.01 ± 0.05 0.99401 

975 0.48602 0.49 ± 0.02 0.99981 

Table 6.11 – Values of a1, b1 and adjusted R2 for Equation 6.22 at 0.01 s-1 strain rate 

For both strain rates, it is noticed that the adjusted R2 values shown in Table 6.10 and 

Table 6.11 suggest that very good fittings have been obtained. It is seen that the value 

of b1 generally increases as the temperature increases, although there is an exception 

at 925°C at 0.01 s-1 strain rate. The value of a1 corresponds to the value of n in the 

strain-free recrystallised condition, i.e., zero strain. Temperature also effects the n-

value such that the n-value is generally observed to increase as the temperature 

increases from 900°C to 950°C, although at 975°C the n-value is generally lower than 

that at 950°C.  

 

Arrhenius plots of ln (k) against 1/T are displayed in Figure 6.26 and Figure 6.27 for 

0.1 s-1 and 0.01 s-1 strain rates respectively. 

 

 

Figure 6.26 – The value of ln(k) against 1/T for 0.1 s-1 strain rate 
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Figure 6.27 – The value of ln(k) against 1/T for 0.01 s-1 strain rate 

It can be observed from Figure 6.26 and Figure 6.27 that at 0.0 strain, the value of k 

increases as the temperature increases for both strain rates. Conversely at 0.1 s-1 strain 

rate in Figure 6.26, and at 0.2 and 0.4 strain, the value of k decreases as the temperature 

increases. The k-values at 0.2 strain are observed to be slightly higher than those at 0.4 

strain. At 0.01 s-1 strain rate in Figure 6.27, the value of k is observed to slightly 

increase as the temperature increases, which shows that the value of k is sensitive to 

the strain rate. 

 

The rate of η phase precipitation can be described using the Arrhenius equation which 

is shown below as: 

 

 𝑘 = 𝑘0𝑒
−𝐸𝐴
𝑅𝑇   

 

Where k0 is the frequency factor, EA is the apparent activation energy in J/mol, R is 

the universal gas constant and T is the temperature in Kelvin. 
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By mathematical rearrangement, the above equation can be presented as: 

 

 ln 𝑘 = ln 𝑘0 −
𝐸𝐴

𝑅𝑇
 Equation 6.23 

 

Equation 6.23 can be thought of as a linear equation of the form 𝑦 = 𝑚𝑥 + 𝑐, such 

that: 

• y = ln 𝑘 

• 𝑚 = −
𝐸𝐴

𝑅
 

• 𝑥 =
1

𝑇
 

• 𝑐 = ln 𝑘0 

 

At 0.0 strain, the apparent activation energy of η phase precipitation can be determined 

by obtaining the gradient of the 0.0 strain linear plot as shown in Figure 6.26 and 

Figure 6.27. By plotting and fitting the 0.0 strain data in Origin 2021, the gradient of 

the 0.0 strain plot is determined to be -59961.67972, therefore: 

 

−59961.67972 = −
𝐸𝐴

𝑅
 

 

𝐸𝐴 = 8.3145 × 59961.67972 

 

𝐸𝐴 = 498551.38603 𝐽 = 498.55 𝑘𝐽/𝑚𝑜𝑙 

 

𝐸𝐴 = 498.55 𝑘𝐽/𝑚𝑜𝑙 

 

Following the same methodology, the apparent activation energy can be determined 

for 0.2 and 0.4 strain at both 0.1 s-1 and 0.01 s-1 strain rates.  
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Strain 
Strain Rate 

(s-1) 

Apparent Activation Energy 

(kJ/mol) 
Adjusted R2 Value 

0.0 N/A 498.55 ± 37.32 0.98338 

0.2 
0.1 

-187.85 ± 28.30 0.93486 

0.4 -237.26 ± 67.29 0.79214 

0.2 
0.01 

106.69 ± 129.17 -0.11848 

0.4 86.65 ± 187.58 -0.3554 

Table 6.12 – Values of Ea for each strain and strain rate with adjusted R2 values 

From Table 6.12, it can be seen that the apparent activation energy decreases in 

absolute terms as the strain rate decreases. It is unclear why the activation energies at 

0.1 s-1 are negative whereas those at 0.01 s-1 strain rate are positive and perhaps this 

could be investigated for future work. However, the data presented at 0.01 s-1 strain 

rate has extremely poor adjusted R2 values, which indicates the unreliability and low 

confidence in that particular data set. 

 

6.5 Summary 

 

In this chapter, the η phase precipitation kinetics were investigated in deformed 

material. TTT diagrams were created for material that has been strained at 0.2 and 0.4 

strain and with strain rates of 0.1 s-1 and 0.01 s-1. η phase precipitation kinetics were 

also investigated up to 0.8 strain at 950°C for both strain rates. It has been shown in 

this study that deformation has markedly increased the η phase precipitation kinetics 

in comparison to that from the recrystallised strain-free material. However, it is 

interesting to note that little difference has been observed between 0.2 and 0.4 strain 

at both strain rates. Between 0.1 s-1 and 0.01 s-1 strain rate, it was observed that the η 

phase precipitation kinetics at the faster strain of 0.1 s-1 was faster than that at 0.01 s-

1. The effect of the strain and strain rate on the n and k parameters was explored and 

an attempt was made to obtain the activation energy of η phase precipitation for the 

different strains and strain rates. Using the data obtained in this study, a comparison 

can be made to η phase precipitation kinetics that has been obtained from material that 

has a larger initial grain size. 
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7 Effect of Initial Grain Size on Precipitation Kinetics 

 

7.1 Introduction 

 

In this chapter, the effects of the initial grain size (prior to deformation) on the 

precipitation kinetics of η phase in ATI 718Plus are studied. The effect of strain is also 

explored on an initial microstructure with a larger austenitic grain size. In order to 

carry out these investigations, a number of hot torsion tests were performed on material 

with larger austenite grain size in order to induce deformation within the 

microstructure of the ATI 718Plus test pieces. 

 

Initially, several torsion test pieces were machined from the as-received ATI 718Plus 

material. Once these torsion test pieces were produced, they were heat treated at 

1010°C for 180 minutes in order to fully solution the existing η phase present within 

the microstructure and to increase the austenite grain size dramatically.  

 

EBSD analysis was performed in order to determine the grain size after the initial heat 

treatment at 1010°C for 180 minutes, but prior to the hot torsion test and the subsequent 

heat treatments shown in Table 7.1. The resultant grain size map is shown in Figure 

7.1. The grain size obtained from this EBSD analysis was 36.2 µm ± 26.4 µm (standard 

deviation). This corresponds to a grain size of ASTM 6.5, which is significantly larger 

than the initial grain size that was used in Chapter 5. 

 

The torsion tests were carried out at 0.01 s-1 strain rate and at a temperature of 

approximately 1000°C. The applied strain was gradually increased until it had reached 

0.6 strain. After the hot torsion test was completed, the test piece was then water 

quenched immediately. A strain of 0.6 strain was selected for the same reason as was 

mentioned in Chapter 6; local regions of different strain values (0.2, 0.4, 0.6 and 0.8 

strain) could be found within one sample globally strain at 0.6 strain. This is also 

shown in simulations that were performed in the FORGE simulation software package 

using the stress-strain flow curves that were generated from the hot torsion tests. As a 

result of these simulations, a strain map was generated with the temperature, strain and 
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strain rate conditions applied. These strain maps are shown in Figure 7.2 and Figure 

7.3. 

 

After the hot torsion tests were completed, the resultant test pieces were machined into 

four quarters. These torsion test quarters were then isothermally heat treated from 30 

minutes to 720 minutes and from 900°C to 975°C, according to the experimental 

matrix which is shown in Table 7.1. 

 

 

Figure 7.1 – EBSD grain size map of initial microstructure after solution heat 

treatment at 1010°C after 180 minutes 
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Figure 7.2 – Torsion test strain map at 0.6 global strain with 0.01 s-1 strain rate 

(middle cut) 

 

Figure 7.3 – Torsion test strain map at 0.6 global strain with 0.01 s-1 strain rate (end 

cut) 
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The entire initial grain size study requires sixteen samples, and since one completed 

torsion test provides four smaller samples, four hot torsion tests had to be performed. 

 

Temperature (°C) 
Time (minutes) 

0.01 s-1 

900 30 60 180 720 

925 30 60 180 720 

950 30 60 180 720 

975 30 60 180 720 

Table 7.1 – Experimental matrix for η phase precipitation kinetics in material with 

larger initial grain size 

After the heat-treated quarters had gone through the planned heat treatments described 

in Table 7.1, each smaller sample was then mounted, ground and polished using the 

techniques and procedures described previously in Chapter 3 Section 3.4. 

 

Using the strain maps mentioned earlier, a number of microstructural images were 

taken at regions of different strains, specifically 0.2 and 0.4 strain, via the use of an 

SEM. For the area fraction measurements described later within this chapter, each data 

point is an average taken from the measurements of three images. It was thought that 

three images would be sufficient to obtain a good representation of the sample. Also, 

using three images per data point was more feasible because the image processing 

technique used to obtain the η phase area fraction (as described in Chapter 3) was 

considerably time consuming, and due to time constraints more images per data point 

was not practically possible. 

 

For the aspect ratio, length, and thickness measurements, ten measurements were taken 

for each data point. This was considered practical as it was thought this would be a 

good representation of the sample while being feasible at the same time. 
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7.2 Precipitation Kinetics at 0.01 s-1 Strain Rate 

 

 

Figure 7.4 – η phase area fraction against time at 0.01 s-1 strain rate for zero to 0.4 

strain and for 900°C to 975°C 

 

Figure 7.5 – η phase area fraction against temperature at 0.01 s-1 strain rate for zero 

to 0.4 strain and for 30 mins to 720 mins 
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Time (mins) 

Area Fraction (%) 

900°C 925°C 950°C 975°C 

0 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

30 0.01 ± 0.00 0.02 ± 0.00 0.11 ± 0.04 0.03 ± 0.01 

60 0.03 ± 0.01 0.08 ± 0.01 0.14 ± 0.04 0.04 ± 0.03 

180 0.27 ± 0.08 0.22 ± 0.09 0.30 ± 0.11 0.12 ± 0.02 

720 0.93 ± 0.09 1.73 ± 0.24 0.96 ± 0.20 0.26 ± 0.05 

Table 7.2 – η phase precipitation kinetics at 0.0 strain with 0.01 s-1 strain rate 

Time (mins) 

Area Fraction (%) 

900°C 925°C 950°C 975°C 

0 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

30 0.07 ± 0.01 0.10 ± 0.01 0.12 ± 0.06 0.05 ± 0.01 

60 0.17 ± 0.02 0.17 ± 0.09 0.28 ± 0.08 0.06 ± 0.01 

180 0.48 ± 0.06 1.04 ± 0.16 2.16 ± 0.34 0.19 ± 0.05 

720 3.43 ± 0.47 3.00 ± 0.26 3.22 ± 0.12 0.71 ± 0.01 

Table 7.3 – η phase precipitation kinetics at 0.2 strain with 0.01 s-1 strain rate 

Time (mins) 

Area Fraction (%) 

900°C 925°C 950°C 975°C 

0 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

30 0.19 ± 0.02 0.16 ± 0.05 0.25 ± 0.06 0.08 ± 0.04 

60 0.45 ± 0.05 0.36 ± 0.17 0.85 ± 0.11 0.08 ± 0.01 

180 1.32 ± 0.49 1.84 ± 0.73 3.07 ± 0.52 0.17 ± 0.06 

720 4.82 ± 0.71 6.88 ± 1.20 6.67 ± 0.56 1.28 ± 0.44 

Table 7.4 – η phase precipitation kinetics at 0.4 strain with 0.01 s-1 strain rate 

In this section, the results regarding the impact of the initial grain size on the η phase 

precipitation kinetics are presented. Figure 7.4 displays the η phase area fraction 

against time at 0 strain, 0.2 strain and 0.4 strain with a strain rate of 0.01 s-1, whereas 

Figure 7.5 shows the η phase area fraction for the aforementioned strain levels against 

temperature with the same strain rate of 0.01 s-1. The numerical values of the data 
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shown in Figure 7.4 and Figure 7.5 are shown in Table 7.2, Table 7.3 and Table 7.4. 

The errors shown in the previously shown tables are calculated standard errors.  

 

As is expected and like the results presented in previous chapters, the η phase area 

fraction increases as the time elapsed increases. Also, as observed in Chapter 6, the 

amount of η phase is markedly higher in strained material in comparison to strain-free 

recrystallised material. Interestingly however, there is a major difference in the results 

presented here and the results presented in Chapter 6. In Chapter 6, no major trend was 

observed between 0.2 and 0.4 strain at both 0.1 s-1 (see Figure 6.5 and Figure 6.6) and 

0.01 s-1 (see Figure 6.13 and Figure 6.14) strain rates since the data seem to be 

uncorrelatable. The same can also be said for the data from 0.2 strain to 0.8 strain at 

950°C at both 0.1 s-1 and 0.01 s-1 strain rates (see Figure 6.7 and Figure 6.15 

respectively).  

 

However, in the data presented in Figure 7.4 and Figure 7.5, there is a clear correlation 

that as the strain increases from 0.2 to 0.4, the η phase area fraction increases. This is 

observed at all temperatures including 975°C remarkably, since no effect of 

deformation was observed at 975°C for the data presented in Chapter 6 in Figure 6.5 

and Figure 6.13. It is clearly visible that a correlation exists in which as more induced 

strain is present within the microstructure, the more precipitation of η phase occurs in 

this study with a larger initial grain size. In line with previous results, the peak of η 

phase precipitation lies between 925°C and 950°C as is observed in Figure 7.5.  

 

As was done with previous studies in this work, the Origin 2021 software package was 

used to perform non-linear curve fittings. The Avrami equation was used to fit the data 

shown in Figure 7.4 and the Levenburg-Marquardt iteration algorithm was used within 

the Origin 2021 software package for the fitting. The subsequent η phase Avrami 

equations for zero strain with larger initial grain size are shown from Equation 7.1 to 

Equation 7.4. 

 

900°C 𝑦 = 18.46(1 − exp(−0.00007𝑡1.01660)) Equation 7.1 
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925°C 𝑦 = 15.45(1 − exp(−0.00001𝑡1.49799)) Equation 7.2 

   

950°C 𝑦 = 10.03(1 − exp(−0.00048𝑡0.80963)) Equation 7.3 

   

975°C 𝑦 = 5.88(1 − exp(−0.00062𝑡0.65549)) Equation 7.4 

 

The η phase Avrami equations at 0.2 strain with 0.01 s-1 strain rate and with larger 

initial grain size are shown below from Equation 7.5 to Equation 7.8. 

 

900°C 𝑦 = 18.46(1 − exp(−0.00002𝑡1.43969)) Equation 7.5 

   

925°C 𝑦 = 15.45(1 − exp(−0.00048𝑡0.92979)) Equation 7.6 

   

950°C 𝑦 = 10.16(1 − exp(−0.00463𝑡0.68201)) Equation 7.7 

   

975°C 𝑦 = 5.88(1 − exp(−0.00022𝑡0.97083)) Equation 7.8 

 

The η phase Avrami equations at 0.4 strain with 0.01 s-1 strain rate and with larger 

initial grain size are shown below from Equation 7.9 to Equation 7.12. 

 

900°C 𝑦 = 18.46(1 − exp(−0.00037𝑡1.01796)) Equation 7.9 

   

925°C 𝑦 = 15.45(1 − exp(−0.00029𝑡1.15576)) Equation 7.10 

   

950°C 𝑦 = 10.03(1 − exp(−0.00256𝑡0.92524)) Equation 7.11 

   

975°C 𝑦 = 5.88(1 − exp(−0.00002𝑡1.41748)) Equation 7.12 
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Temperature (°C) 

 Adjusted R2 Values 

0.0 Strain 
0.2 Strain 

(0.01 s-1 Strain Rate) 

0.4 Strain 

(0.01 s-1 Strain Rate) 

900 0.99155 0.99906 0.99992 

925 0.99926 0.98899 0.99849 

950 0.99596 0.87307 0.98675 

975 0.98781 0.99809 0.99297 

Table 7.5 – Adjusted R2 values for Equation 7.1 to Equation 7.12 

The adjusted R2 values of the fitted Avrami equations for 0.0 strain, 0.2 strain and 0.4 

strain at 0.01 s-1 strain rate with larger initial grain size are shown in Table 7.5. The 

adjusted R2 values range from 0.87307 to 0.99992 which show that very strong 

mathematical fits have been obtained for the η phase precipitation kinetic data for this 

study. This will benefit the accuracy of the TTT curves that will be produced from the 

Avrami equations listed from Equation 7.1 to Equation 7.12. 

 

 

Figure 7.6 – TTT diagrams for 5% η phase area fraction for material with larger 

initial grain size (LIGS) at zero strain, 0.2 strain and 0.4 strain with 0.01 s-1 strain 

rate 
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The TTT curves at 5% η phase area fraction for 0.0 strain, 0.2 strain and 0.4 strain at 

0.01 s-1 strain rate with larger initial grain size are shown in Figure 7.6. The TTT curves 

shown in Figure 7.6 were produced using the Avrami equations shown in Equation 7.1 

to Equation 7.12. Using Equation 5.9 shown in Chapter 5, the TTT curves were 

modelled to produce the equations shown below in Equation 7.13, Equation 7.14 and 

Equation 7.15. 

 

5% Model  

(0.0 strain) 
𝜏−1 = 0.0015(973 − 𝑇)exp [−

(973 − 𝑇)1.79

𝑇 + 273
] Equation 7.13 

 

5% Model 

(0.2 strain) 
𝜏−1 = 0.0025(978 − 𝑇)exp [−

(978 − 𝑇)1.72

𝑇 + 273
] Equation 7.14 

 

5% Model 

(0.4 strain) 
𝜏−1 = 0.0067(976 − 𝑇)exp [−

(976 − 𝑇)1.795

𝑇 + 273
] Equation 7.15 

 

 

Figure 7.7 – Microstructure of ATI 718Plus at zero strain with 0.01 s-1 strain rate 

and after heat treatment at 950°C for 720 minutes and with larger initial grain size 
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Figure 7.8 – Microstructure of ATI 718Plus at 0.2 strain with 0.01 s-1 strain rate and 

after heat treatment at 950°C for 720 minutes and with larger initial grain size 

 

Figure 7.9 – Microstructure of ATI 718Plus at 0.4 strain with 0.01 s-1 strain rate and 

after heat treatment at 950°C for 720 minutes and with larger initial grain size 



 

   

164 

 

7.3 Aspect Ratio, Length and Thickness 

 

As was done in the recrystallised strain free material condition (Chapter 5), the kinetics 

of the η phase precipitate length, thickness and aspect ratio was studied in 

microstructure with larger initial grain size at zero strain. The average η phase 

precipitate aspect ratio against time is shown below in Figure 7.10 with the numerical 

values shown in Table 7.6. The average η phase precipitate length against time is 

shown in Figure 7.11 with the numerical values shown in Table 7.7. Finally, the 

average η phase precipitate thickness against time is shown in Figure 7.12 with the 

numerical values shown in Table 7.8. 

 

 

Figure 7.10 – η phase precipitate aspect ratio against time in larger initial grain size 

material at zero strain 
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Time 

(mins) 

Aspect Ratio 

900°C 925°C 950°C 975°C 

0 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

30 2.20 ± 0.50 6.73 ± 2.97 37.69 ± 13.17 1.64 ± 0.17 

60 13.14 ± 4.61 14.17 ± 5.53 41.13 ± 10.89 2.86 ± 0.78 

180 13.91 ± 4.39 36.60 ± 8.25 31.86 ± 5.31 7.86 ± 2.20 

720 26.90 ± 3.68 26.21 ± 5.90 25.65 ± 6.08 34.16 ± 7.70 

Table 7.6 – Results of η phase precipitate aspect ratio in larger initial grain size 

material at zero strain 

For all temperatures studied in this chapter, there is an overall increase in aspect ratio 

from 0 minutes to 720 minutes. At 925°C and 950°C, there is an initial sharp rise in 

aspect ratio before decreasing to its final value at 720 minutes. At 925°C, this decrease 

begins after 180 minutes onwards whereas at 950°C, the decrease begins from 60 

minutes onwards. The sharp rises in aspect ratio at 925°C and 950°C reflect the sudden 

and quick nucleation and growth of η phase precipitates and further confirm that the 

fastest rates of η phase precipitation occur at (or somewhere between) these 

temperatures. Eventually, it appears that the aspect ratio tends towards a plateau.  

 

At 900°C, there is a steep rise in aspect ratio from 0 minutes to 60 minutes, after which 

the aspect ratio continues to increase but a lower rate. At 975°C the aspect ratio appears 

to steadily increase in a linear fashion. Further data would be required to observe the 

point when (and if) the aspect ratio tends towards a plateau.  
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Figure 7.11 – η phase precipitate length against time in larger initial grain size 

material at zero strain 

Time 

(mins) 

Length 

900°C 925°C 950°C 975°C 

0 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

30 0.46 ± 0.09 0.70 ± 0.19  3.25 ± 1.39  0.44 ± 0.10 

60 1.31 ± 0.38 2.79 ± 1.17 4.25 ± 1.15 0.72 ± 0.21 

180 1.87 ± 0.47 5.68 ± 1.16  5.31 ± 0.96  1.66 ± 0.40 

720 3.76 ± 0.71 6.57 ± 1.13  10.16 ± 2.07  9.72 ± 1.87 

Table 7.7 – Results of η phase precipitate length in larger initial grain size material 

at zero strain 

In terms of η phase precipitate length, the overall precipitate length increases over 

time. The largest lengths are observed at 950°C and 975°C at 720 minutes. More data 

would be required to see the point at which the precipitate length plateaus to a 

maximum value. At 925°C, the η phase precipitate length appears to tend towards a 

plateau between 180 minutes and 720 minutes. At 900°C, the η phase precipitate length 

slowly increases at a lower rate compared to the data observed at 925°C and 950°C. It 
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is unsure whether it would still increase beyond 720 minutes or plateau to an eventual 

maximum value. 

 

 

Figure 7.12 – η phase precipitate thickness against time in larger initial grain size 

material at zero strain 

Time 

(mins) 

Thickness 

900°C 925°C 950°C 975°C 

0 0.00 ± 0.00 0.00 ± 0.00  0.00 ± 0.00 0.00 ± 0.00 

30 0.23 ± 0.04 0.20 ± 0.03 0.09 ± 0.02 0.26 ± 0.04 

60  0.20 ± 0.07 0.24 ± 0.03 0.14 ± 0.03 0.26 ± 0.02 

180 0.22 ± 0.04 0.19 ± 0.03 0.17 ± 0.02 0.27 ± 0.04 

720 0.15 ± 0.03 0.30 ± 0.05 0.44 ± 0.04 0.31 ± 0.04 

Table 7.8 – Results of η phase precipitate thickness in larger initial grain size 

material at zero strain 

At 900°C, 925°C and 975°C, there is a slight drop in thickness after reaching a peak, 

but the measurements at the peak and the trough still fall within the standard deviation 

of each other. At 900°C, the thickness decreases from 180 minutes to 720 minutes but 

again the measurements fall within each other’s standard error and may have 
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plateaued. The η phase precipitate thickness seems to have also reached a plateau at 

975°C. At 925°C and 950°C, the η phase precipitate thickness continues to increase 

from 180 minutes through to 720 minutes.  

 

7.4 Discussion 

 

7.4.1 Effect of Strain 

 

As observed from the trends in Figure 7.4, Figure 7.5 and Figure 7.6, there is a clear 

effect of induced strain on the η phase precipitation kinetics on ATI 718Plus material 

with a larger initial grain size. It can be seen from the TTT diagram (with the larger 

initial grain size) in Figure 7.6 that the precipitation kinetics becomes significantly 

faster in the strained material in comparison to the strain-free material. This is expected 

since the same trend was observed on microstructure with the as-received material 

grain size (see Chapter 6) and in other published studies (74,77) 

 

Interestingly, in contrast to the results that were observed in Chapter 6, it is observed 

that as the induced strain increases, the amount of η phase precipitation increases. In 

Chapter 6, while it is seen that strain is observed to significantly increase the η phase 

precipitation kinetics in comparison to strain-free material, there was no clear trend 

from 0.2 strain onward. No correlation was observed between applied strains. 

However, in this chapter which studies the η phase precipitation kinetics with a larger 

initial grain size, there is a clear correlation between applied strain levels. As the 

amount of strain induced into the microstructure increases, the amount of η phase 

precipitation increases. As the amount of strain increases, the faster the η phase 

precipitation kinetics becomes as is observed in the TTT diagram in Figure 7.6. 

 

It is unclear as to why the η phase precipitation kinetics becomes faster as the strain 

increases from 0.2 to 0.4, but not in the deformed material study with the smaller initial 

grain size (Chapter 6). In Chapter 6, the initial as-received microstructure was heat 

treated at 990°C for 180 minutes in order to clean the microstructure from the η phase 

precipitates. However even after this heat treatment, approximately 1% area fraction 
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of η phase was still present in the microstructure prior to deformation. In this study 

(Chapter 7), the material was heat treated at 1010°C for 180 minutes in order to 

encourage grain growth, but this heat treatment had also completely removed any 

presence of η phase precipitates prior to deformation. It seems that increasing the 

induced strain amount increases the η phase precipitation kinetics in material with no 

initial η phase present within the microstructure. In material with some presence of η 

phase precipitates (≈ 1% area fraction), increasing the strain amount in the 

microstructure does not necessarily increase the η phase precipitation kinetics for 

strain levels above zero. The reasoning for these findings is unclear and further 

investigations are required to fully understand this behaviour.  

 

7.4.2 Effect of Initial Grain Size 

 

Figure 7.13 to Figure 7.16 shows the η phase area fraction against time for both the 

material with as-received initial grain size (13.2 µm ± 5.3 µm) and the material with a 

larger initial grain size (36.2 µm ± 26.4 µm) for a temperature range from 900°C to 

975°C. It is quite clear that increasing the grain size has significantly slowed the η 

phase precipitation kinetics. This is also observed by comparing the η phase TTT 

diagrams for both initial grain sizes as seen in Figure 7.17. 
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Figure 7.13 – η phase area fraction against time at 900°C for as-received initial 

grain size material and larger initial grain size material (LIGS) 

 

Figure 7.14 – η phase area fraction against time at 925°C for as-received initial 

grain size material and larger initial grain size material (LIGS) 
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Figure 7.15 – η phase area fraction against time at 950°C for as-received initial 

grain size material and larger initial grain size material (LIGS) 

 

Figure 7.16 – η phase area fraction against time at 975°C for as-received initial 

grain size material and larger initial grain size material (LIGS) 
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Figure 7.17 – TTT diagrams for 5% η phase area fraction comparing as-received 

initial grain size material with larger initial grain size material (LIGS) 

The reasoning as to why the η phase kinetics have slowed with increasing grain size is 

as follows. When the grain size of a material increases, there are less grain boundaries 

present within the microstructure. This means that there is less grain boundary area for 

the nucleation of η phase precipitates to occur. As for precipitation on twin boundaries 

and intragranular precipitation (which starts after the commencement of η phase 

precipitation on the grain boundaries), it seems from the results that it is not enough to 

keep up with the η phase precipitation kinetics from the as-received initial grain size. 

The reduction in grain boundary area associated with the larger initial grain size is 

observed to slow down the η phase precipitation kinetics compared to that from the as-

received initial grain size.  

 

On the contrary, a material with a lower grain size means that there are more grains 

present within the microstructure. Hence, there would be more grain boundary area to 

nucleate η phase precipitates on. 
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7.4.3 Aspect Ratio, Length and Thickness 

 

 

Figure 7.18 – η phase aspect ratio against time for as-received initial grain size 

material and larger initial grain size material (LIGS) 

 

Figure 7.19 - η phase length against time for as-received initial grain size material 

and larger initial grain size material (LIGS) 
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Figure 7.20 - η phase thickness against time for as-received initial grain size 

material and larger initial grain size material (LIGS) 

Figure 7.18, Figure 7.19 and Figure 7.20 show a comparison of the as-received initial 

grain size microstructure against the larger initial grain size microstructure in terms of 

η phase precipitate aspect ratio, length, and thickness respectively. 

 

In terms of aspect ratio, the η phase precipitates from the larger initial grain size 

microstructure appear to have a lower aspect ratio than the η phase precipitates in the 

as-received initial grain size microstructure. As mentioned previously, the 

microstructure from the as-received initial grain size microstructure still has 

approximately 1% η phase area fraction after the heat treatment at 990°C for 180 

minutes, whereas the larger initial grain size microstructure was completely solutioned 

and therefore no η phase precipitates were initially present in the microstructure. 

Therefore, it is observed that completely solutioning the material appears to provide η 

phase precipitates with a lower aspect ratio.  

 

From Figure 7.19, it can be generally observed that the η phase precipitate length from 

the larger initial grain size microstructure is lower than that of the as-received initial 
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grain size microstructure, although there is not much difference after 720 minutes at 

950°C and 975°C. Therefore, this suggests that completely solutioning the material 

appears to slow the lengthwise growth of the η phase precipitates, which should be 

investigated further. 

 

The η phase precipitate thickness comparison (Figure 7.20) for both the as-received 

initial grain size and the larger initial grain size microstructures seems to be scattered 

and it is difficult to deduce a meaningful correlation from the data. Interestingly, 

Beaubois et al. (48) had obtained data which indicated that the lateral growth of the δ 

phase precipitates in Inconel 718 is inhibited in solution treated material. However, 

such a trend is not observed from Figure 7.20 due to the volatile and scattered nature 

of the data. It is known that the thickness is restricted due to the competition between 

the η phase precipitates for constituent elements (77) namely aluminium and niobium, 

which may be a cause for the scattering of the data. 

 

7.4.4 Effect of n and k Parameters 

 

Similar to the analysis shown in Section 6.4.3 in Chapter 6, we can see how the n and 

k coefficients are affected by time, temperature and strain, and we can then compare 

this against those from the strain-free η phase precipitation kinetics. Using the same 

Equation 6.21, we can plot ln [−ln [1 −
𝑦

𝑓𝑒𝑞
]] against time to see how the k and n 

coefficients behave over time at different temperatures and strains.  

 

Figure 7.21 displays ln [−ln [1 −
𝑦

𝑓𝑒𝑞
]] against time at 950°C and at 0.01 s-1 strain rate 

with a larger initial grain size. 
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Figure 7.21 – 𝑙𝑛 [−𝑙𝑛 [1 −
𝑦

𝑓𝑒𝑞
]] vs time at 950°C and at 0.01 s-1 strain rate with larger 

initial grain size 

As is observed from Figure 7.21, the n and k coefficients at 0.2 and 0.4 strain are higher 

than that at zero strain. Interestingly, the n- and k-values increase as strain increases 

from zero to 0.4. This is contrast to what was found in Chapter 6 with the material with 

the smaller initial grain size, where the n- and k-values do not differ much and do not 

correlate well from any strain above zero. The observation that the n- and k-values 

increase gradually from zero to 0.4 strain was also found at 900°C, 925°C and 975°C. 
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Figure 7.22 – The n-value against strain with 0.01 s-1 strain rate and with larger 

initial grain size 

The effect of temperature and strain on the n coefficient can also be observed in Figure 

7.22 in which the value of n is plotted against strain at a strain rate of 0.01 s-1 with a 

larger initial grain size. It is observed that at 900°C the value of n stays constant from 

zero strain to 0.4 strain, while at 925°C, the n-value decreases during the same strain 

region. At 950°C, the value of n stays somewhat the same and at 975°C the value of n 

is observed to rise as the strain increases from 0 to 0.4. These trends are very similar 

to what was observed for the material with the smaller initial grain size. 

 

Using Equation 6.22, the same analysis can be performed as was done in Chapter 6 in 

which a linear relationship can be derived between the n-value and strain. For the 

material with the larger initial grain size, the numerical values of a1, b1 and the adjusted 

R2 values are shown in Table 7.9. 
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Temperature (°C) a1 b1 Adjusted R2 Value 

900 1.01660 0.43 ± 0.60 0.94831 

925 1.49799 -1.25 ± 0.56  0.95743 

950 0.80963 0.10 ± 0.26  0.97913 

975 0.65549 1.84 ± 0.09 0.99847 

Table 7.9 – Values of a1, b1 and adjusted R2 for material with larger initial grain size 

The adjusted R2 values shown in Table 7.9 show that excellent fittings have been 

obtained. It is observed that the a1 value increases from 900°C to 925°C but then 

drastically reduces from 925°C to 975°C. As mentioned previously, the value of a1 

corresponds to the value of n in the strain-free recrystallised condition. The results of 

b1 are mixed such that there is no correlation between b1 and temperature. There also 

does not appear to be any trend between the n-value and temperature.  

 

 

Figure 7.23 – n against strain for material with larger initial grain size (LIGS) and 

smaller initial grain size 

Figure 7.23 displays a comparison of the n-value from the material with a smaller 

initial grain size (Chapter 6) against the material from the larger initial grain size. 

Interestingly, it can be observed from Figure 7.23 that generally speaking, the n-values 
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from the larger initial grain size material are higher than those from the smaller initial 

grain size material.  

 

 

Figure 7.24 – The value of ln(k) against 1/T for material with larger initial grain size 

The Arrhenius plot for the material with the larger initial grain size is shown in Figure 

7.24. It can be observed from Figure 7.24, that for both 0.0 and 0.2 strain, the value of 

k increases as the temperature increases, which is the same as what was found in the 

material used in Chapter 6 with a smaller initial grain size. However, it was 

interestingly noticed that at 0.4 strain, the value of k decreases as the temperature 

increases, which contrasts with the findings at 0.0 and 0.2 strain in this study and the 

findings in Chapter 6. The reasoning behind this observation is not known and 

understood at this stage. To further clarify this finding, it would be interesting for 

future work to obtain values of k at a wider temperature range. This would allow for 

more data points to be used to potentially have more confidence in the observed trend. 

It would also be useful for this analysis to be conducted again to see if similar findings 

are observed. 

 

It was found from Chapter 6 that the value of k is sensitive to strain rate, but it would 

be of interest to see how the initial grain size affects the value of k.  
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Figure 7.25 – ln(k) against 1/T for material with larger initial grain size (LIGS) and 

smaller initial grain size 

Intriguingly, it is observed from Figure 7.25 that the k-values from the larger initial 

grain size are lower than the k-values from the smaller initial grain size, for all strains 

from 0.0 to 0.4 strain. 

 

By using Equation 6.23 and by performing a similar analysis to that was done in 

Section 6.4.3, the apparent activation energy of η phase precipitation in the material 

with the larger initial grain size can be determined. The 0.0 strain data from the larger 

initial grain size study (0.0 strain line from Figure 7.24) was plotted and fitted in the 

Origin 2021 software package in order to obtain the gradient. As mentioned previously 

in Section 6.4.3, the gradient of this line is equal to −
𝐸𝐴

𝑅
. From Origin 2021, the 

gradient of the 0.0 strain plot from the larger initial grain size material was determined 

to be -6.43266 therefore: 

 

−6.43266 = −
𝐸𝐴

𝑅
 

 

𝐸𝐴 = 8.3145 × 6.43266 



 

   

181 

 

𝐸𝐴 = 53.48435 𝐽 = 0.0535 𝑘𝐽/𝑚𝑜𝑙 

 

𝐸𝐴 = 0.0535 𝑘𝐽/𝑚𝑜𝑙 

 

Following the same methodology, the apparent activation energy can be determined 

for 0.2 and 0.4 strain at 0.01 s-1 strain rate for the material with the larger initial grain 

size.  

 

Strain 
Strain Rate 

(s-1) 

Apparent Activation Energy 

(kJ/mol) 
Adjusted R2 Value 

0.0 N/A 0.0535 ± 0.0425  0.1623 

0.2 
0.01 

472.93 ± 496.74  -0.0322 

0.4  -300.99 ± 476.98 -0.25094 

Table 7.10 – Values of Ea for the larger initial grain size material for each strain at 

0.01 s-1 strain rate with adjusted R2 values  

As Table 7.10 shows, the apparent activation data obtained at all three strains is 

incredibly scattered and unreliable, with a very low adjusted R2 value at 0.0 strain and 

negative R2 values at 0.2 and 0.4 strain (which indicates no fitting was obtained). In 

fact, the data is so poorly fitted to Equation 6.23 that it may be misleading to attempt 

to compare this to the data obtained for the smaller initial grain size (Table 6.12). The 

issue here is that the data shown in Figure 7.24 is incredible scattered and does not 

sufficiently fit Equation 6.23, which then provides inaccurate results when trying to 

deduce the apparent activation energies. It would be of interest for future work to try 

to obtain more accurate values of apparent activation energy at the strains, strain rate 

and initial grain size used in this study.  
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7.5 Summary 

 

In this chapter, the η phase precipitation kinetics was investigated in material that had 

a larger initial grain size in comparison to the material used in Chapter 5 and Chapter 

6. It was clearly observed that the η phase precipitation kinetics in the material with 

the larger initial grain size was slower that that with the smaller initial grain size. This 

was observed in microstructures with both 0.2 and 0.4 strain, as well as in 

microstructure with no strain. Effect of deformation was also investigated in this 

chapter using the material with the larger initial grain size. TTT diagrams were 

produced at zero, 0.2 and 0.4 strain with a strain rate of 0.01 s-1. It is interesting to 

observe that the η phase precipitation kinetics became faster as the strain increases 

from 0 to 0.2 to 0.4. This is in contrast to the material with the smaller initial grain size 

in Chapter 6, where little difference was observed between 0.2 and 0.4 strain (at both 

strain rates 0.1 s-1 and 0.01 s-1). Comparisons were made of the η phase precipitate 

aspect ratio, length and thickness between the smaller initial grain size material and 

larger initial grain size material. Also, an attempt was made to see the effect of strain 

on the n and k parameters and activation energies were obtained for η phase 

precipitation at 0, 0.2 and 0.4 strain. However, the activation energy results were 

deemed too unreliable. 
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8 Conclusions 

 

8.1 Introduction 

 

In the present body of work the η phase precipitation kinetics was studied during 

forging and heat treatment. Hot isothermal compression testing was performed to 

simulate the effects of forging. η phase precipitation kinetics was studied in the 

recrystallised strain-free condition as well as in the deformed strained condition. The 

equilibrium η phase content was studied and the effect of the initial grain size on the 

η phase precipitation kinetics was investigated. 

 

8.2 Equilibrium Study 

 

8.2.1 Equilibrium Area Fraction 

 

As part of this study, the equilibrium η phase area fraction was investigated. In order 

to accelerate the η phase precipitation as much as possible, a number of tensile tests 

were performed, after which a number of samples were created. Each sample was then 

heat treated at a particular temperature ranging from 850°C to 975°C. The initial grain 

size of the tensile test bars was the same as in the as-received material condition. It 

was observed that the equilibrium η phase area fraction increases from 850°C to reach 

a peak at 875°C. After this temperature, the equilibrium η phase area fraction decreases 

gradually from 875°C to 975°C. Due to the acicular nature of many of the η phase 

precipitates within the microstructures, it was difficult to threshold the microstructural 

image properly and therefore this is a source of error within the data set for this study. 

 

8.2.2 Aspect Ratio, Length and Thickness 

 

The aspect ratio of the equilibrium η phase precipitates were observed to fluctuate with 

increasing and decreasing value as the temperature increases until 925°C ( 

Figure 4.9). Beyond 925°C, the aspect ratio is seen to decrease drastically which 

indicates that the η phase precipitates at these temperatures are coarser. The 
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equilibrium η phase length was observed to increase from 850°C to 875°C, beyond 

which it stays rather constant until 950°C (Figure 4.10). Between 950°C and 975°C, 

the equilibrium η phase length decreases considerably. The η phase precipitate 

thickness was observed to stay rather constant from 850°C to 925°C, after which it 

increases notable from 925°C to 975°C (Figure 4.11). 

 

8.3 Recrystallised η Phase Precipitation Kinetics 

 

8.3.1 TTT Diagram 

 

A TTT diagram displaying the η phase precipitation kinetics in recrystallised strain-

free material was produced (Figure 5.13). Samples of as-received ATI 718Plus were 

heat treated at 990°C for 180 minutes in order to remove the initial η phase precipitates 

without changing the initial grain size. Approximately 1% area fraction of η phase 

precipitation was remaining after this heat treatment, therefore the resultant 

microstructure was not completely “clean” of η phase precipitation. A comparison was 

made with various TTT diagrams for ATI 718Plus from the existing published 

literature. The nose of the curve was seen to be between 925°C and 950°C, which is 

in agreement with the majority of currently published literature. 

 

8.3.2 Aspect Ratio, Length and Thickness 

 

The η phase precipitate aspect ratio, length and thickness kinetics were also studied. 

Although the data set in this study is largely scattered, it is generally noted that these 

characteristics either increase or stay the same as heat treatment time increases. An 

attempt to compare between intergranular and intragranular precipitates was made. It 

was found that the thickness of the intragranular precipitates tended to be thinner than 

those of the intergranular precipitates (Figure 5.34). The intragranular precipitates also 

were shown to have a larger aspect ratio than those of the intergranular precipitates 

(Figure 5.32). No correlation between intragranular and intergranular η phase 

precipitates could be found in terms of length. 
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8.4 Effect of Deformation on η Phase Precipitation Kinetics 

 

8.4.1 Effect of Strain 

 

High temperature isothermal compression tests were performed on cylindrical samples 

at 990°C to emulate the industrial forging process for ATI 718Plus at Aubert & Duval. 

Before the compression tests, the samples were heat treated at 990°C for 180 minutes 

to remove the initial η phase precipitates in the as-received material condition without 

increasing the initial grain size too much. Approximately 1% area fraction of η phase 

precipitates were still present after this heat treatment. During the isothermal 

compression tests, a global strain of 0.6 was applied, but localised strains of 0, 0.2 and 

0.4 within the sample was studied. The strain rates studied were 0.1 s-1 and 0.01 s-1.  

 

It has been clearly shown from the study that deformation markedly impacts the η 

phase precipitation kinetics for both strain rates studied. From Figure 6.8 and Figure 

6.16, the η phase precipitation kinetics in the deformed samples is notable faster in 

comparison to the η phase kinetics in the recrystallised strain-free material. 

Interestingly, the η phase kinetics between 0.2 strain and 0.4 strain shows very little 

difference if at all for both strain rates. 

 

One theory that could be proposed to explain the little variance in η phase precipitation 

between 0.2 and 0.4 strain is that the maximum possible diffusion of η phase forming 

elements (namely aluminium and niobium) is reached at 0.2 strain for the data at both 

0.1 s-1 and 0.01 s-1 strain rates. In other words, the equilibrium state has been reached. 

 

Interestingly at 975°C, no impact on deformation was observed on the η phase 

precipitation kinetics. This suggests that recrystallisation of the γ matrix has been 

completed before the onset of η phase precipitation. At 900°C, 925°C and 950°C, a 

notable increase in η phase precipitation was observed from zero strain to 0.2 and 0.4 

strain, which suggests that η phase precipitation occurs before recrystallisation of the 

γ matrix. 
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An observation that was made in the study was the sudden drop and rise in η phase 

area fraction between 0 minutes and 30 minutes. It is unknown at this stage as to the 

scientific understanding and reasoning as to why this occurs. To verify this finding in 

future work, a number of samples can be heat treated (at a certain interval) up to 30 

minutes after the same deformation process and parameters used in this study. These 

samples should then be analysed for η phase area fraction in order to assess the trend 

from 0 to 30 minutes.  

 

8.4.2 Effect of Strain Rate 

 

It was observed from Figure 6.21 that the η phase precipitation kinetics at the higher 

strain rate of 0.1 s-1 was faster than the η phase precipitation kinetics at 0.01 s-1. A 

possible explanation could be that a lower strain rate reduces the rate at which 

dislocations are produced, hence a lower dislocation density would exist in the material 

being deformed at 0.01 s-1 in comparison to 0.1 s-1. Since dislocations behave as 

nucleation sites, this would mean that a lower strain rate would provide a lower amount 

of η phase precipitation. 

 

8.4.3 Effect of n and k Parameters 

 

The effect of deformation on the n-values was observed to be dependent on the 

temperature. At 900°C and 925°C, the n-value was observed to decrease as the strain 

increases, whereas at 950°C, the n-value stays somewhat constant. Interestingly, at 

975°C, the n-value is seen to increase as the strain increases. These trends were 

observed for both 0.1 s-1 and 0.01 s-1 strain rates. 

 

To study the effect of deformation on the k-values, Arrhenius plots of ln (k) against 

1/T were plotted (Figure 6.26 and Figure 6.27). It was observed for both strain rates 

(0.1 s-1 and 0.01 s-1) and strains (0.2 and 0.4) that the value of ln (k) decreases as the 

value of 1/T decreases. Interestingly, the reverse is observed for the data at zero strain. 

For zero strain, the value of ln (k) increases as the value of 1/T decreases.  
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An attempt was made to determine whether a correlation exists between strain, strain 

rate and apparent activation energy. It was found that the apparent activation energy 

decreases as the strain rate increases. It was also seen that the apparent activation 

energy decreases as the strain increases from 0 to 0.4. However, the adjusted R2 values 

at 0.01 s-1 strain rate are really poor which shows the unreliability and low confidence 

of the data.  

 

8.5 Effect of Initial Grain Size on η Phase Precipitation Kinetics 

 

8.5.1 Effect of Strain 

 

The effect of strain was also studied in the samples with the larger initial grain size. 

The samples of as-received ATI 718Plus were heat treated at 1010°C for 180 minutes 

in order to completely re-solution the existing η phase precipitates and increase the 

grain size. As expected, the strain has the impact of considerably increasing the η phase 

precipitation kinetics in comparison to that at zero strain, similar to that observed in 

Chapter 6 with the as-received initial grain size.  

 

However, an interesting difference is that in the study with the larger initial grain size, 

the η phase precipitation kinetics becomes faster as the strain increases from 0.2 to 0.4 

strain (Figure 7.6). In the study with the as-received initial grain size, the η phase 

precipitation kinetics at 0.2 and 0.4 strain are almost the same if not have very little 

differences. It has been suggested that fully re-solutioning the material will allow for 

the η phase area fraction to increase with increasing strain, but if η phase precipitates 

are already existing within the microstructure, then the η phase area fraction will be 

limited at any strain above zero. The reasoning for this theory is unclear at this stage, 

and further in-depth investigations are required to explore this suggestion. 

 

8.5.2 Effect of Initial Grain Size 

 

It was shown very clearly that increasing the initial grain size of the austenitic γ matrix 

considerably slows down the η phase precipitation kinetics in comparison to that of 
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the as-received initial grain size. This can be observed in the TTT diagram shown in 

Figure 7.17. The reasoning for this finding is that as the grain size increases, there are 

less grain boundaries present which means that there are less grain boundaries for η 

phase precipitation to occur from. 

 

8.5.3 Aspect Ratio, Length and Thickness 

 

It was observed that the η phase precipitates from the larger initial grain size 

microstructure appear to have a lower aspect ratio than that from the as-received initial 

grain size microstructure. It appears that completely solutioning the material and then 

heat treating subsequently provides η phase precipitates with a lower aspect ratio.  

 

It was also observed that the η phase precipitate length from the larger initial grain size 

microstructure was lower than that from the as-received initial grain size 

microstructure. As with the aspect ratio, it shows that fully solutioning the 

microstructure and then heat treating slows down the longitudinal growth of the η 

phase precipitates. 

 

In terms of η phase thickness, the data was found to be highly scattered and thus it was 

not possible to find any meaningful correlation. This could be due to the competition 

between η phase precipitates for constituent elements for further growth. 

 

8.5.4 Effect of n and k Parameters 

 

Like the material with the as-received initial grain size, the effect of deformation on 

the n-values was observed to be dependent on the temperature. At 900°C, the n-value 

is seen to stay constant as the strain increases. At 925°C, the n-value was observed to 

decrease as the strain increases, whereas at 950°C, the n-value stays somewhat 

constant. Interestingly, at 975°C, the n-value is seen to increase as the strain increases. 

It was found that generally speaking, the n-values from the material with the larger 

initial grain size were higher than those from the as-received initial grain size. 
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It was observed that the value of ln (k) increases as the value of 1/T decreases at 0 and 

0.2 strain. Surprisingly, the value of ln (k) was actually observed to decrease as 1/T 

decreases for 0.4 strain. This finding is unexplainable at this stage and further work 

will be required to investigate this. Also, the values of ln (k) were noticeably lower for 

the material with the larger initial grain in comparison than those from the as-received 

initial grain size. 

 

An attempt was made to obtain the apparent activation energy for η phase precipitation 

at each strain. Unfortunately, the R2 values were not good enough for the data to be 

relied upon and hence no confident correlations could be made. 

 

8.6 Future Work 

 

For future studies, it would be of interest to investigate a number of phenomena which 

were observed during this project that could not be explained by the author. The first 

of which is the sudden drop and subsequent increase in η phase area fraction between 

0 minutes to 30 minutes. This was especially noticed for η phase area fraction kinetics 

at 975°C for both 0.2 and 0.4 strains with 0.1 s-1 and 0.01 s-1 and was also noticed at 

all temperatures for η phase kinetics for the strain-free recrystallised material (Figure 

5.4). 

 

Another result that could be explored for future work is the negative activation energy 

that was found in Chapter 6. The apparent activation energies at 0.1 s-1 were found to 

be negative whereas the activation energies at 0.01 s-1 was positive. It was not expected 

to obtain a negative activation energy in this study because negative activation energies 

are against the hypothesis of Arrhenius. However, these results could be explored 

further in future works. Also, the adjusted R2 values for some of the activation energies 

obtained in this study were very poor, and perhaps further work can be done to improve 

on the reliability of these results. 
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Importantly, it would be significantly interesting to implement these findings on an 

industrial scale level. This could be achieved via the use of representative large-scale 

modelling and the implementation of these results in the model. 
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