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Abstract 

 

Today aerospace industry is growing fast on developing the mechanical 

component for the hot section part of the jet engine. The prediction of the 

dynamic behavior of metals is usually investigated by phenomenological 

models. In this study, we described the hot deformation behavior by using 

different approaches for constitutive model: Hansel and spittle equation, 

Garofalo equation and basic modelling. In the present PhD work, three 

different metals were used (Inconel 718, Ti-6Al-4V and AA2024 – T3) which 

are extensively used in the aerospace industry. A basic model was applied to 

pure Ni and then to a single-phase superalloy. In the case of Ti-6Al-4V alloy, 

the hot deformation behavior was studied by hot compression test in β phase 

domain. The effects of hot deformation parameters (deformation temperature 

and strain rate) on flow stress were analyzed. A phenomenological model 

based on the Hansel and Spittel equation was used to obtain a quite accurate 

description of the flow curves for processing temperatures between 1010 and 

1150 ºC and strain rates of 100 and 0.001 s-¹. The model used gave an accurate 

excellent experiments result. The high temperature deformation of the 

superalloy, a solution treated IN718, was investigated by torsion testing in              

a high-temperature regime (1000–1100 °C). The peak-flow stress dependence 

on strain-rate and temperature was described by a physically-based 

constitutive equations, which took into account both dislocation hardening 

and solid solution strengthening, and represents a substantial advancement 

over phenomenological models, although, in the present form, it cannot give 

the full shape of the flow curves.  



 

 

 

 

 

 v 

The creep response for AA2024-T3 alloy produced by a friction stir 

processing (FSP) has been investigated, the same creep modeling based on 

the theoretical approach. The hardness variation with creep duration was used 

to quantify the particle strengthening term.  
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Chapter 1. 

Introduction 

 
 

1.1. Thermomechanical Modelling  

 

Flow behavior of the metals during hot forming process is often complex. 

The hardening and softening mechanisms are both significantly influenced 

by many factors such as strain, strain rate, and forming temperature.                        

A given combination of thermo-mechanical parameters yields a particular 

metallurgical phenomenon (microstructure evolution); on the other hand, 

microstructure changes of the metal during the hot forming process in turn 

affect the mechanical characteristics of the metal such as the flow stress, and 

hence influence the forming processes.  

Understanding the flow behaviors of metals and alloys at hot deformation 

condition has a great importance for designers of metal forming processes 

(hot rolling, forging and extrusion) because of its effective role on metal 

flow pattern as well as the kinetics of metallurgical transformation (for 

example, static, dynamic, and metadynamic recrystallization behaviors).            

In the industrial practice with the help of the FEM simulation,                                   

the distribution of stress and strain during the deformation can be analyzed 

in any part of the work piece.  
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To obtain accurate simulations and good results, the materials flow stress 

has to be determined in reliable basic experiments. Some tests like torsion 

tests, compression tests, etc. have been developed with the aim to 

characterize the materials flow stress. 

The constitutive models are the mathematical representation of the flow 

behavior of materials, which used to describe the plastic flow properties of 

the metals and alloys, which are divided into three categories, including the 

phenomenological and physically-based models, and descriptions by 

artificial neural networks. The constitutive models are used as input to FE 

code for calculating the material’s response under determinated loading 

conditions. The success of the numerical simulation to accurately reproduce 

the flow behavior, depends on how accurately the constitutive equation 

represent the deformation behavior of the metals.  

Nonetheless, numerical simulations can be truly reliable only when                          

a proper constitutive model is built. Therefore, based on the experimentally 

measured data, a number of research groups have made efforts to develop 

constitutive equations to describe the hot deformation behaviors of metals 

and alloys. in meanwhile a number of constitutive models have been 

proposed or modified in recent years to describe the strain rate, stain and 

temperature-dependent flow behavior of metals and alloys. These models 

all show that increasing the strain-rate and decreasing the temperature can 

both enhance the resistance of plastic deformation and cause a rise of the 

flow stress. For the original constitutive models, there are always some 

limitations when the authors firstly proposed for their studied materials. 
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1.2.  Project Aims 

 
The aim of this thesis is to investigate the prediction of the dynamic behavior 

of metals by using a constitutive model (basic creep modelling, Hansel and 

spittle equation and Garofalo equation), in order to describe the hot 

deformation behavior. For this purpose, three different metals were 

considered: The Inconel 718 (age -hardenable nickel-based super alloy), the 

Titanium Ti-6Al-4V and the commercial AA2024-T3/ Al-Cu-Mg 2024 

aluminum alloy. In order to investigate the mechanical response of these 

metals in dynamic conditions, different experimental techniques were 

developed and used, microstructural analysis is performed.                                         

The experimental data were analyzed through different procedures with the 

aim to provide consistent methodologies suited to extract sets of model 

parameters. 

 

1.3. Thesis Outline 

 

Chapter 2 is a review of the literature discussing the metallurgical 

background of   IN 718 Superalloy, titanium (Ti-6Al-4V.) and AA2024-

T3 aluminum alloys which included: applications, alloy classification, 

features and characterization of each alloy, workability and hot 

deformation behavior. 

 

Chapter 3 discusses the constitutive modeling on the β transus of Ti-6Al-

4V alloys at high temperatures and strain rates. The hot compression test 

was used to investigate the high temperature deformation.  
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Hensel and Spittel equation was used, peak-flow stress dependence on 

temperature and strain rate are discussed using a classic phenomenological 

approach (Garofalo and Arrhenius equations). This Chapter thus outline 

ones of the classical phenomenological approaches commonly used to 

describe the high temperature response of advanced materials. 

 

Chapter 4 discusses the hot workability of solution treated for IN718 

superalloy. A basic model was applied to pure Ni and then to a single-phase 

superalloy. Hot torsion tests were used to investigate the high temperature 

deformation of the superalloy and a solution treated IN718. An alternative 

physically-based approach, developed for creep of fcc metals, was used for 

a pure Ni and then to a single-phase superalloy. Microstructure 

characterization of the torsioned samples, dislocation hardening and solid 

solution strengthening are all discussed. 

 

 Chapter 5 discusses the physical modeling of the creep response for the 

AA2024-T3 aluminum alloy produced by friction stir processing (FSP).              

The same constitutive model based on a theoretical approach have been 

discussed to describe the creep response of this multi-phase material. 

Microstructural evolution during creep, hardness variation with creep 

duration, creep rate dependence on applied stress at steady state and the 

dislocation mobility M are all discussed. 

 

 

Chapter 6 documents the key conclusions from this work. 
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Chapter 2. 

Literature Review 

  
This chapter begins with an introduction to the high temperature materials 

(IN718, titanium and its alloys and Aluminum alloys), that were the subjects 

of this work. Features and characterizations, workability and hot 

deformation behavior for each alloy has been discussed. The second section 

discusses the constitutive descriptions for metals and alloys in hot working.  

 

2.1. High Temperature Materials 

The subject of high temperature materials is a very broad topic indeed. 

When a material is used at elevated temperatures, its strength, as reflected 

in tensile strength, stress rupture life, or fatigue life, is of prime importance. 

It is also likely that corrosion processes affect strength; therefore,                         

high temperature corrosion resistance is critical. The most demanding 

applications for high temperature materials are found in aircraft jet engines, 

industrial gas turbine and nuclear reactor. However, many furnaces, ducting 

and electronic and lighting devices operate at such high temperature.                  

High temperature materials are mainly used in aircraft engines components, 

where Ti and Ni based super alloys are important materials to be used for 

manufacturing the blades and disks[1][2].Their excellent mechanical 

properties, even under extreme conditions, come from their two-phase 

optimized microstructures.  
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Refractory metals have high strengths at 1200 °C, but oxidation resistance 

is poor[1][2]. Nickel and cobalt base superalloys have good strengths up to 

1000°C with reasonable oxidation resistance[3]. Titanium alloys and some 

steels can be used to temperatures of about 600 to 700°C[4], Aluminum 

alloys cannot be subjected to high loads at temperatures much above about 

- 200°C, but fiber-reinforced aluminum has flexural strengths as high as 300 

to 400 MPa at 300°C [5]. 

2.2. The need for high-temperature materials 
 

High-temperature technology is of major importance in many industries 

including primary metal and nonmetal production, material processing, 

chemical engineering, transportation and power generation. For many                  

of these industries the price of fuel is a major component of overall operating 

costs. Materials that allow operation at high temperature are essential for 

industrial competitiveness because the efficiency of fuel conversion and use 

is related to operating temperature. Current operating temperatures in 

various applications are shown in Fig. 2.1, together with the melting 

temperatures of selected materials [2]. However, no material is capable of 

operating approximately above 4000°C and thermal ablation must be used 

at these temperatures. Many industries could benefit from still higher 

operating temperatures. The temperature of super heater tubes for steam-

raising boilers in power plants is currently 560 °C; if this could be increased 

to 650 °C, efficiency would increase from 35% to 36.5%. This would result 

in a saving approximately 3.5 x 10 6 ton of coal per year, i.e. 4% of the total 

coal used in the United Kingdom for power generation. The use of ceramics-
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in diesel engine development in the United States has allowed higher 

operating temperatures, thus improving efficiency (an increase from 38%  

to 65% appears possible) and reducing exhaust pollution. Higher 

temperature operation has a powerful effect on the performance of the gas 

turbine engine. For example, an increase of 150 °C in turbine entry 

temperature combined with elimination of internal air cooling of turbine 

components can give an improvement of around 6% in gas generator 

thermal efficiency. This order of benefit led to the progressive development 

of nickel superalloys for gas turbine applications and more recently led to 

the search for materials with higher temperature capability than the 

superalloys [1][2]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Typical operating temperatures in high-temperature 

environments[2]. 
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2.3. Operating environment 

 

High-temperature materials operate in environments with a wide spectrum 

of mechanical and chemical conditions. The temperature may be relatively 

constant (e.g. in continuously operated heat-treatment furnaces) or subject 

to severe cycling (e.g. in jet engines where the thin edges of turbine blades 

can experience temperature changes of more than 1000 °C in seconds).             

The operating stress can vary from very low stress levels in furnace heating 

elements, for example, to high combined centrifugal and thermal stresses               

in a gas turbine disc [1][2]. Some measure of inherent oxidation resistance 

is an essential characteristic of high-temperature materials; however, many 

applications involve significantly more complex corrosive environments 

than simple oxidation. In certain types of coal gasification, the atmosphere 

may be reducing to some extent; thus, alloys that rely on chromium oxide 

scales for protection do not perform as well as aluminum oxide forming 

alloys. Oxidation is further modified by atmospheric and fuel contaminants 

as in, for example, the use of lower grade fuel such as residual fuel oil, 

instead of higher fractions such as kerosene, in industrial turbines, and 

boilers. The lower grade fuels contain larger amounts of impurities such as 

vanadium, Sulphur and sodium which accelerate corrosion. Erosion is an 

important factor in applications such as fluidized-bed coal combustion.         

The required life can range from minutes for rocket motor, through 50000 

to 100000h for industrial steam and gas turbines, to more than 20 y for large 

steam turbine installations. Operational stress has a major influence on 

temperature capability, with the limit being 0.7 to 0.9 of the melting 

temperatures, Tm, in unstressed applications and 0.3 to 0.7 Tm in stressed- 
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applications Table 2.1. On the basis of the Tu, / Tm factor, aluminum alloys 

can be considered as high-temperature alloys. Although they can operate up 

to 300 °C, compared with 580°C for low-alloy steels, this represents                            

a Tu, / Tm factor of 0.45 compared with 0.37 for low alloy steels. The broad 

stress-temperature operational regimes of various materials in stressed 

applications are illustrated in Fig. 2.2[2]. The strength is based on the 0.2% 

proof stress for metals and an appropriate proportion of the flexure strength 

for ceramics and composites. Specific strength Fig. 2.3[2] is an important 

property in materials for rotating machinery [1][2]. 

 

 

 

Table 2.1: Temperature capability of high-temperature material systems 

[2]. 

 

 

 

 

Material Approx. max. use 

temp., Tu (°C) 

Tu/Tm cApplication 

Aluminium (RR350) 300 0.45 Stressed 

Low-alloy steel 580 0.37 Stressed 

Austenitic steel (A286) 600 0.4 Stressed 

Nickel superalloy 

(MarM002) 

1000 0.77 Stressed 

Nickel (Brightray H) 1250 0.9 Unstressed 

Alummina 1850 0.9 Unstressed 

Tungsten 2500 0.74 Unstressed 
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Figure 2.2:  Stress/temperature regimes of high-temperature materials[2]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: Specific strength comparison of high-temperature alloys [2]. 
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The superior specific strength of titanium relative to steel and nickel 

superalloys provided the motivation for its development for aerospace 

applications. Major progress has been achieved in increasing the 

temperature capability of titanium alloys. A recent alloy, IMI829, can be 

used up to 600 ~ some 250 ~ higher than the early Ti 6-4 alloy Fig. 2.4[2] 

Despite the fact that the Tu / Tm factor for IMI829 of 0.36 is similar to that 

for low-alloy steel[1][2]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: Typical 0.1% / 100h creep strength for various titanium alloys 

[2]. 
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2.4. Constitutive descriptions for metals and alloys in 

hot working 

 

Flow behavior of materials under the hot deformation process is a very 

complex affair. Many factors such as strain, strain rate and deformation 

temperature significantly influence the hardening and softening 

mechanisms. During hot deformation, the microstructure changes, and this 

in turn affects the mechanical response of the material. Understanding the 

flow behaviors of metals and alloys at hot deformation condition has thus,  

a great importance for designers of metal forming processes (hot rolling, 

forging and extrusion) because of its effective role on metal flow pattern as 

well as the kinetics of metallurgical transformation[6][7].The flow 

properties of the metals and alloys are described by the constitutive relations 

that can be used in a computer code to model the forging response of 

mechanical part members under prevailing loading conditions. So, the 

numerical simulations can be truly effective only when a proper constitutive 

model is built. Therefore, much work was done by many researchers to 

develop reliable constitutive equations, to describe the hot deformation 

behaviors of metals and alloys. Fig.2.5 a. shows the typical true stress strain 

curves obtained from the hot compression of 42CrMo steel[8]. The figure 

shows that the effects of the temperature and strain-rate on the flow stress 

are significant for all the tested conditions. At small strains, the true stress 

strain curves exhibit a peak stress (σpeak), while the stress level decreases 

with increasing deformation temperature and decreasing strain rate (έ).                

The flow curves obtained from experiments consist of four different stage, 
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as shown in Fig. 2.5b[8]. stage I (Work hardening stage), stage II (Transition 

stage), stage III (Softening stage) and stage IV (Steady stage) [8] . 

 

 
 

Figure 2.5: (a) Typical true stress–strain curves for 42CrMo steel under the 

different deformation temperatures with strain-rate of 0.01s-1;                        

(b) typical flow stress curve [8]. 

 

Some constitutive models have been modified, to describe the strain rate, 

strain, temperature and flow behavior of metals and alloys. The 

constitutive models are divided into three categories [9][10][11]: 

 

1. Phenomenological constitutive models. They consist of some 

mathematical functions, that provide the definition of the flow stress- 
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depending on empirical observations. So, this kind of model is used in                       

a limited applications fields which covering the limited ranges of strain rate 

and temperature and they exhibit the reduced flexibility. Yet, since 

phenomenological models are easy to handle, still form the backbone of the 

libraries of material properties in FEM codes[12].  

2. Physical-based constitutive models. This type of model takes into 

account the physical aspects of material behaviors. The majority of the 

models are based on the thermally activated dislocation movement theory. 

Compared to the phenomenological model, they allow an accurate definition 

of material behavior under wide ranges of loading conditions with some physical 

assumptions and large number of the material constants. In addition, they are 

reasonably affective for simple microstructures, but become increasingly complex 

for alloys in which several micro mechanisms coexist, which is the normal case in 

practice[12]. 

3. Artificial neural network (ANN). This approach solves the problems 

that are very difficult to solve by a normal methods. Therefore, it can 

provide a different approach for materials modeling than a statistical or 

numerical method[12].  

 

  2.4.1. Arrhenius equation 

 

The Arrhenius equation is widely used especially at high temperature to 

describe the relationship between the strain rate, flow stress and 

temperature. The effects of the temperatures and strain rate on the 

deformation behavior can be then represented by Zener–Hollomon 

parameter (Z) in a power-law type equation[12].  
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The hyperbolic law in Arrhenius type equation gives better approximations 

between Zener–Hollomon parameter and flow stress. 

 

 έ = 𝐴𝐹(𝜎) exp (− 
𝑄𝐻𝑊  

𝑅𝑇
 )                                                                          (2.1)         

 

 𝑍 =  휀̇exp ( 
𝑄𝐻𝑊  

𝑅𝑇
 )                                                                                        (2.2)  

 

έ = 𝐴  1
 𝜎  𝑛′ exp  (– 

𝑄𝐻𝑊

𝑅𝑇
 )      (𝛼𝜎 < 0,8 )                                             (2.3) 

                                                                                                       

έ = 𝐴  2
 exp(βσ) exp (– 

𝑄 𝐻𝑊

𝑅𝑇
 )      (𝛼𝜎  > 1,2)                                   (2.4) 

 

έ  = A [Sinh (α σ)] n exp (– 
𝑄 𝐻𝑊

RT
 )           (all)                                         (2.5) 

 

where έ is the strain rate (s−1), R is the universal gas constant 

(8.3145 J mol−1 K−1), T is the absolute temperature (K), and Q is the 

activation energy of hot deformation (J mol−1), A, n′, β and n are the 

materials constants. α is stress multiplier, MPa-¹ defined as α = β/n′ for all 

stress level. Eq. (2.1) can be represented as shown in Eq.2.5. Then, the flow 

stress σ can be written as a function of Z parameter, considering the 

definition of the hyperbolic law given as, 

 

 𝜎 =  
1

𝛼
ln [(

𝑧

𝐴
)

 1/𝑛

+ [(
𝑧

𝐴
)

 2/𝑛

+ 1]
1/2

]                                                                         (2.6)     

 

The lower the Zener–Hollomon parameter is, the larger the extent of flow 

softening becomes. Moreover, the higher the Zener–Hollomon parameter, 

the lower the power dissipation rate is. Flow instability occurring under high 

Zener–Hollomon parameter manifests itself as flow localization.                           

https://www.sciencedirect.com/science/article/pii/S0261306910006746?via%3Dihub#e0160
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In the recent years, investigations [13][14][15] established the flow behavior 

of different metals and alloys during hot deformation by the Arrhenius 

equation. Lin et al.[6],for example,  revised the models to describe the flow 

behaviors of 42CrMo steel over wide range of forming temperatures and 

strain-rates by compensation of strain and strain-rate. They found that the 

values of Q, A, n and α should be expressed as polynomial functions of 

strain, Eq.2.7. 

 

                  Q = E0
  + E1 ε + E2 ε2 + E3 ε2+ E4 ε2+E5 ε2 

                 α = C0
  + C1 ε + C2 ε2 +C3 ε2 + C4 ε2 + C5 ε2                      (2.7) 

                 n = D0 + D1 ε + D2 ε2 +D3 ε2 + D4 ε2 + D5 ε2 

                ln A = F0 + F1 ε + F2 ε2 +F3 ε2 + F4 ε2 + F5 ε2 

 

In order to accurately predict the flow behavior of the 42CrMo steel, the 

Zener–Hollomon parameter should be compensated by multiplying both 

sides of Eq. (2.2) by ε˙1/3. Then, the modified Zener–Hollomon 

parameter, Z′, can be expressed as, 

 

 Z′ = 휀̇4/3  exp ( 
𝑄𝐻𝑊 𝑅  

𝑇
 )                                                                           (2.8) 

 

Fig. 2.6 [12] shows the comparisons between predicted and measured flow 

stress curves of 42CrMo steel. It can be easily found that the proposed 

deformation constitutive equations can gives an accurate and precise 

estimate of the flow stress for 42CrMo steel, and can be used for the analysis 

problem of metal forming processes. 

https://www.sciencedirect.com/science/article/pii/S0261306910006746?via%3Dihub#e0165
https://www.sciencedirect.com/science/article/pii/S0261306910006746?via%3Dihub#f0090
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Figure 2.6: Comparisons between predicted and measured flow stress 

curves of 42CrMo steel under strain-rates of (a) 0.01s-1 and (b) 50s-1[12]. 

 

The proposed modifications by Lin et al.[6] was verified by Mandal et 

al. [15] and Samantaray et al. [14]. Mandal et al.[15] modified the material 

constants by incorporating fourth-order polynomial function of strains, and 

their model can accurately predict the high-temperature flow stress of a Ti-

modified austenitic stainless steel. Samantaray et al [14].modified them with 

third-order polynomial function of strains, and their modified constitutive 

model is effective for describing the high-temperature flow behaviors of 

modified 9Cr–1Mo (P91) steel. In addition, this modification method by 

strain compensation is also useful for the aluminum alloy [13].The examples 

mentioned above are typical of empirical models developed to describe                    

a single material, which can be useful for the specific case, But are of little-  
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interest when one considers different alloys or even the same material with 

a different microstructure. 

 

2.5. The material for high temperature application: 

what is the superalloy? 

 

A superalloy, or high-performance alloy, is an alloy that exhibits an 

excellent mechanical strength, creep resistance, good surface stability, and 

corrosion resistance. The face-centered cubic is the crystal structure, some 

examples for such alloys are Hastelloy, Inconel, Waspaloy, Rene alloys, 

Incoloy, MP98T, TMS alloys, and CMSX single crystal alloys. Superalloys 

develop high temperature strength through solid solution strengthening. 

Precipitation strengthening is an important strengthening mechanism, which 

forms secondary phase precipitates such as gamma prime and carbides. 

Aluminum and chromium give a good corrosion resistance, so this mean 

that the primary applications for such alloys is in the hot sections parts of 

the aircraft engines[1][16].  

2.5.1. Classification of superalloys 

 

The Superalloys are classified into three categories, depending on the main 

metal present in the alloy:[16] [17] 

• Iron-based superalloys  

• Nickel-based superalloys  

• Cobalt-based superalloys  
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2.5.1.1. Iron-based superalloy 

 

Irons-base super alloys were developed from austenitic stainless steels and 

are based on the principle of combining a closed-packed FCC matrix with 

both solid-solution hardening and precipitate forming elements.                             

The austenitic matrix is based on nickel and iron, with at least 25% Ni 

needed to stabilize the FCC phase [17]. Other alloying elements, such as 

chromium, partition primarily to the austenite for solid solution hardening. 

These alloys are less expensive than cobalt and nickel-based superalloys, 

and can be classified into three types: alloys that can be strengthened by           

a martensitic type of transformation, alloys that are austenitic and are 

strengthened by a sequence of hot and cold working (usually, forging at 

1093.3 to 1148.8 °C followed by finishing at 648.8 to 871.1°C) and 

austenitic alloys strengthened by precipitation hardening. The last group can 

be considering as a superalloy, the other are usually categorized as high 

temperature and high strength alloys. The martensitic types mainly used                 

at temperatures below 537.7 °C and the austenitic types are used above 

537.7 °C [17][18]. 

The AISI 600 series of superalloys consists of six subclasses of iron-based 

alloys[16]:  

• 601 through 604: Martensitic low-alloy steels.  

• 610 through 613: Martensitic secondary 

hardening steels.  

• 614 through 619: Martensitic chromium steels.  
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• 630 through 635: Semi-austenitic and       

Martensitic precipitation-hardening stainless 

steels.  

• 650 through 653: Austenitic steels 

strengthened by hot/cold work.  

• 660 through 665: Austenitic superalloys; All 

grades except alloy 661 are strengthened by 

second-phase precipitation.  

Iron-based super alloys give a good high temperature as well as room 

temperature strength and resistance to creep, oxidation, corrosion, and wear.  

The wear resistance increases by the carbon content. Alloys 611, 612, and 

613, have a maximum wear resistance which are used in high-temperature 

aircraft bearings and sliding machinery parts. The martensitic chromium 

steels, particularly alloy 616, are used for steam-turbine blades. Austenitic 

alloys are more difficult to machine than martensitic types, which can                     

be better machined in the annealed condition. The most of the martensitic 

steels are difficult to weld because of the crack sensitivity. These alloys 

should be annealed or tempered prior to welding; also, pre-heating and post-

heating are recommended [17][18]. 

2.5.1.2. Nickel-base superalloys 

 

Nickel-base superalloys are very complex, widely used for the hottest parts, 

and, for many metallurgists, the most interesting of all superalloys[17].     

They currently constitute over 50% of the weight of advanced aircraft 

engines[19].  
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The high phase stability of FCC nickel matrix gives a principal characteristic 

and the capability to be strengthened by a variety of direct and indirect 

means. So, chromium and aluminum are improve the surface at ability of 

nickel [20]. Nickel ‘based superalloys are extensively used in aerospace 

industry, for the manufacture of gas turbines in military and commercial 

aircraft, due to their high corrosion resistance, high strength and long creep 

life at elevated temperature[21]. Ni-base superalloys can be divided into 

three types[16]: 

• Solid solution strengthened alloys, such as Haynes 230 and HastelloyX, 

which usually contains the following alloying elements: Fe, Co, Cr, Mo, 

W, Ti, Nb and Al. Among these Al, Cr, W and Mo are potential solid–

solution strengtheners because of different atomic radius as compared                

to Ni. They are more suitable for processing, for example Mby welding 

and can also be manufactured into complex geometries from powders 

using laser melting techniques. 

• Precipitation (age) hardened alloys, such as In718, 738, 939 and 

Waspalloy. Usually they contain Al, Ti, Ta and sometimes Nb that 

facilitate the formation of γ′ and γ′′ precipitates in the γ matrix. From figure 

2.7[16], it is evident that precipitation hardened alloys possess higher 

strengths compared to solid solution strengthened alloys and are widely 

used in high temperature applications. 

• Oxide dispersion strengthened (ODS) alloys: they are alloys that contain 

fine oxide particles of Y2O3 about 0.5 to 1%. 
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Figure 1: Tensile strength of superalloys at different temperature ranges. 

 

 

 

 

Figure 2.7: Tensile strength of superalloys at different temperature 

ranges[16].  

 

Nickel-based superalloys can be subdivided in many categories, depending 

on their composition, below are listed the types and some of the 

applications[16]:  

• Inconel Alloy 600 (76Ni-15Cr-8Fe), used for construction of nuclear 

reactors & chemical industry; 

• Nimonic alloy 75 (80/20 nickel-chromium alloy with additions of titanium 

and carbon), used in gas turbine and heat-treatment equipment; 

• Alloy 601. Lower nickel (61%) content with aluminium and silicon 

additions, used aerospace, and power generation; 
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• Alloy X750. Aluminium and titanium additions for age hardening.             

Used in gas turbines, rocket engines and aircraft structures;  

• Alloy 718. (55Ni-21Cr-5Nb-3Mo). Niobium addition to overcome cracking 

problems during welding. Used in aircraft and land-based gas turbine 

engines and cryogenic tanks; 

• Alloy X (48Ni-22Cr-18Fe-9Mo + W). High temperature flat-rolled product 

for aerospace applications;  

• Waspaloy (60Ni-19Cr-4Mo-3Ti-1.3Al). Proprietary alloy for jet engine 

applications; 

• ATI 718Plus. A lower cost alloy which exceeds the operating temperature 

capability of standard 718 alloy by 100 Fº (55 Cº) allowing engine 

manufacturers to improve fuel efficiency;  

• Nimonic 90. (Ni 54% min Cr 18-21% Co 15-21% Ti 2-3% Al 1-2%) used 

for turbine blades, discs, forgings, ring sections and hot-working tools;  

• Rene' N6. (4Cr-12Co-1Mo-W6 -Ta7- Al5.8 - Hf 0.2 - Re5- BalNi) 3rd 

generation single crystal alloy used in jet engines;  

• TMS 162 (3Cr- 6Co-4Mo-6W-6Ta-6Al-5Re-6Rubalance Ni) 5th generation 

single crystal alloy for turbine blades. 
 

2.6. Application of Superalloys 

 

The superalloys are mainly used in the high temperature applications, 

including components for aircraft[20]. Fig.2.8. shows the materials for 

the aircraft engine, the huge used of this alloy are in (a)gas turbines; 

like disks, combustion chambers, bolts, casings and blades, (b) space 

vehicles and rocket engine parts, (c) Nuclear applications[22]. 
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Figure 2.8: Cross section of the Rolls-Royce jet engine (extensive use of 

nickel-based superalloys in the combustor and turbine sections)[1].  

 

2.7. Physical metallurgy of nickel and its alloys  

 

Nickel is one of the most widely used elements on earth and has a Face 

Centered Cubic (FCC) crystal structure as shown in Fig. 2.9[16]; it belongs,          

to the family of transition metals and exists in the form of five stable- 

isotopes. The elements that are alloyed with Ni to form superalloys and the 

phases they contribute to also is mentioned in the Fig. 2.10[16]. The melting 

temperature is 1455 °C and has a density of 8907 kg/m3 at room 

temperature. The low diffusion rate in FCC metals give good 

microstructural stability even at very high temperatures [1]. 
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Figure 2.9: Face Centered Cubic (FCC) crystal structure[16]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10: Representation of different alloying elements present in Ni 

base alloys[16] . 
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Ni based superalloys belong to the family of austenitic nickel chromium 

based materials that typically contains 80% Ni and 20% Cr. Several alloying 

elements are included in different percentages depending on the need to 

achieve better mechanical properties. Ni based alloys are usually 

strengthened by precipitation (age) hardeners, they may be wrought or cast 

depending on the application  and composition involved [17].The 

microstructure consists of different phases. The important ones such as 

gamma phase (γ), gamma prime (γ'), gamma double prime (γ''), delta phase 

(δ) and various carbides and borides are explained below [1]. The gamma 

phase (γ): The gamma phase is the matrix phase of nickel-based superalloys 

in which the other phases reside[1][16].  

It exhibits an FCC crystal structure and its composition mainly consist of Ni 

with other elements such as Co, Cr, Mo, Ru, Re, & Fe[1][16].  

Gamma prime (γ′): forms the precipitate phase, which is usually coherent 

with the γ-matrix and is the main strengthening precipitate in nickel-based 

superalloys. Similar to the γ phase γ′ have an ordered FCC crystal structure. 

γ′ mainly consist of Ni, Al, Ti, and Ta i-e Ni3(Al,Ti)[1][16]. 

Gamma double prime (γ′′): is a strong coherent metastable precipitate with 

a body center tetragonal (BCT) structure, it is the primary strengthening 

precipitate[1][16].  

The γ′′ unit cell precipitate i-e Ni3Nb consist of Ni and Nb is shown in 

Fig.2.11[16], is usually found in Ni-Fe superalloys. At higher temperature 

γ′′ become unstable and can transform into δ phase[1][16]. 
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Figure 2.11: The unit cell of γ′′ precipitate[16] . 

 

Delta phase (δ): is a non-hardening precipitate usually present at grain 

boundaries. The loss of hardening is due to depletion of γ′′. The structure              

is orthorhombic and the δ phase improves the creep rupture and grain 

boundary sliding resistance. It is composed mainly of Ni, Nb and Ti. 

Carbides and borides: Carbide usually forms when carbon reacts with Ti, Ta 

and Hf and result in MC carbides, where M represents elements such as Cr, 

Mo, Ti, Ta, or Hf. The MC carbides break down during service to other 

species, such as M23C6, M6C, M7C3, and M3B2. These decomposed 

compounds usually reside in the γ grain boundaries. Borides are found in 

superalloy in the form of M3B2, having a tetragonal unit cell. Which is also 

present in grain boundaries and improve the creep rupture resistance of 

superalloys[1][16].  
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2.8. Inconel 718: Features and characterization 

 

Inconel 718 alloy is an age-hardenable Ni-Cr-Fe based wrought superalloy, 

it is  extensively used in the aerospace industry due to its high corrosion and 

oxidation resistance, high strength and long creep life at elevated 

temperatures [23]. Inconel 718 has a good machinability and welding 

capability in comparison with other superalloys [1]. Fig 2.12  shows the 

comparison of creep strength for all three types of superalloys with different 

type of strengthening[1][16]. Nickel based alloys, have a relatively high 

yield (700–1200 MPa) and tensile (900–1600 MPa) strength at room 

temperature, the most remarkable property is that they maintain their 

mechanical properties within a wide range of temperatures, (up to 600–800 

°C)[16][17]. The mechanical properties (Table 2.2) depend on the chemistry 

and the microstructural features, such as grain size, γ'/γ” size                                     

and distribution, carbide and boride size and content, and grain boundary 

morphology. The metastable phase may finally transform into the stable 

phase δ (Ni3Nb) at temperatures above 650 °C after long term thermal 

exposure[1].During the hot forming process, the high-temperature 

deformation behavior of metals or alloys is generally very complex[20].           

It is well known that the hot deformation behavior is sensitive to the thermo-

mechanical parameters, such as the deformation temperature (T), strain rate 

(έ) and strain (Ɛ)[24][25].Complex deformation mechanisms, such as the 

work hardening (WH), dynamic recovery (DRV) and dynamic 

recrystallization (DRX), often occur in the metals or alloys with low 

stacking fault energy during the hot deformation [20].  
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For the multi-pass hot forming process, the static and metadynamic 

recrystallization behavior also occurs. At the beginning of hot deformation, 

the obvious work hardening behavior can often be observed for the low 

stacking fault energy alloy. So, actually the high temperature deformation is 

a competitive process of the strain hardening and dynamic softening 

mechanisms. Therefore, developing the suitable constitutive relations to 

describe the complex strain hardening and dynamic softening behavior of 

metals or alloys are significant [20]. 

 

Alloy UTS (MPa) 

at temperature 

Y.S.  (MPa) at 

temperature 

Tensile elongation (%) at 

temperature 

 21 °C 540 °C 760 °C 21 °C 540 °C 760 °C 21 °C 540 °C 760 °C 

Ni based 
         

Astroloy 1415 1240 1160 1050 965 910 16 16 21 

Inconel 587© 1187 1035 830 705 620 605 28 22 20 

Inconel 600 660 560 260 285 220 180 45 41 70 

Inconel 718 1435 1275 950 1185 1065 740 21 18 25 

Nimonic 75 745 675 310 285 200 160 40 40 67 

Nimonic942© 1405 1300 900 1060 970 860 37 26 42 

René 95 1620 1550 1170 1310 1255 1100 15 12 15 

Udimet 720 1570 … 1455 1195 … 1050 13 … 9 

Fe‐Ni based 
         

A ‐286 1005 905 440 725 605 430 25 19 19 

Alloy 901 1205 1030 725 895 780 635 14 14 19 

Incoloy 801 © 785 660 325 385 310 290 30 28 55 

Incoloy 909 1310 1160 615 1020 945 540 16 14 34 

Co based 
         

Haynes 188 960 740 635 485 305 290 56 70 43 

MP159 2025 … … 1620 … … 10 … … 

 

Table 2.2: Mechanical properties depending on temperature for selected 

Fe-, Ni- and Co based superalloys[3][16]. 
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Figure 2.12: Stress-rupture characteristics of wrought Ni-, Fe-Ni- and Co- 

based superalloys depending on the strengthening mechanism[3]. 

 

 

2.9. Workability and hot deformation behavior of 

IN718 

 

The hot deformation behavior of IN718 is usually investigated by using hot 

compression and torsion tests.[26][27][28]. Several models have been 

proposed in the form of a hyperbolic-sine[29], an exponential and a power 

law for hot compression of IN718[30]. Experimental data obtained  by J.M. 

Zhang et al[31], who analyzed the shape of the flow stress curves                          

vs. deformation parameters, to develop a mathematical model. 
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Recently, M.Z. Hussain et al.[32] proposed a constitutive relationship                   

for thermo-mechanical processing of IN718 through double multivariate 

nonlinear regression. Considering hot deformation of IN718, it is worth 

noting that it is essential to develop comprehensive equations for a wide 

range of temperature (T) and strain rate (έ). The mechanical properties of  

the alloy generally depend on the microstructure which is  controlled by hot 

deformation parameters such as temperature, strain and strain rate.                         

So, the Arrhenius-type equation and processing map could play important 

roles in characterization of flow stress behavior, optimization of process 

parameters and microstructure control for metals and alloys during hot 

deformation. Tan et al.[20] studied the hot deformation behavior of fine 

grained Inconel 718 superalloy. The flow stress values predicted by the 

developed Arrhenius-type constitutive equation were in reasonable 

agreement with the experimental values, and optimum process parameters 

were determined based on the established processing maps. The hot working 

characteristics of Ni-Cr-Mo-based C276 superalloy based on the flow stress 

curves and microstructure were investigated by Zhang et al[21].                            

Fig. 2.13[28] shows the true stress–true strain curves obtained from the 

Gleeble tests. 

            

 

 

 

 

 

https://www.sciencedirect.com/topics/materials-science/microstructure
https://www.sciencedirect.com/topics/materials-science/strain-rate
https://www.sciencedirect.com/topics/materials-science/characterization
https://www.sciencedirect.com/topics/materials-science/inconel
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Figure 2.13: The true stress–true strain curves of IN718 at various strain 

rates: (a) ε̇=0.001 s−1, (b) ε̇=0.01 s−1, (c) ε ̇=0.1 s−1, (d) ε̇=1 s−1 [28]. 

 

Fig. 2.14[28]. Shows the the relationship between ln σp and ln ε ̇ and the 

relationship between ln(sinh(ασp)) and ln ε̇ that are analysed within a value 

of n1, β and n2 are 6.6, 0.0247 and 4.9, respectively. The value of the 

activation energy (Q) was 429.56 KJ/mol (Fig. 2.15) [28]. 
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Figure 2.14:  The dependence of the peak stress on strain rate at different 

temperatures: (a) ln σp versus ln ε̇, (b) σp versus ln ε̇ (c) ln(sinh(ασp)) versus 

ln ε̇.[28].  
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         Figure 2.15:  ln(sinh(ασp)) versus 1/T [28]. 

 

2.10. Titanium Alloys  

 

Titanium alloys are widely used in aerospace, primarily due to excellent 

strength to weight ratio and good high temperature properties. The high 

strength, coupled with low density (60% of that of steel) offer attractive 

weight saving[4]. For example, the landing gear of the Boeing 777 and the 

Airbus A380 achieved weight savings of over 580 kg by substituting certain 

struts, rods and beams of steel (4340M) for the titanium alloy Ti-10V-2Fe-

3Al. Due to its corrosion and temperature resistance, titanium can be widely 

used in Jet engine component, airframes casing [33][34].     
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It’s very interesting also to note that using titanium in landing gear; can 

reduce the maintenance costs. Specific Titanium alloys have been designed 

to operate at over 600°C. Other advantages of titanium alloys for aerospace 

applications include their compatibility with carbon fiber reinforced 

polymer (CFRP); low modulus of elasticity and high ballistic resistance. 

Fig. 2.16. shows the typical titanium alloy usage in the aero-engine[35]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.16: Titanium usage in the aero-engine[4]. 
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Titanium alloys find interesting applications also in chemical industry               

(e.g. reaction vessels) due to their corrosion resistance, and also in heat 

exchangers. Beside of the chemical and aerospace applications, titanium 

alloys can be used also in other sectors, like marine and offshore 

applications. The sports car industry uses titanium alloys for coil springs and 

engine valves because of its high strength to weight ratio. Furthermore, 

Titanium alloys also find their use in medical applications such as hip and 

dental implants due to its biocompatibility [4]. 

2.10.1. Classification of titanium alloys 

  
Titanium has a two elemental crystal structures, hexagonal close packed 

(hcp) at room temperature and body centered cubic (bcc) at higher 

temperatures (Fig.2.17)[4]. These two systems are the basis for the five 

classes of titanium alloys: α, near-α, α+β, near-β and β.The temperature at 

which the material transforms to 100% β is known as the β transus 

temperature (Tβ) [35]. 

 

 

 

 

 

 

 

 

 

 
Figure 2.17: Crystal structure of hcp α and bcc β phase[4]. 
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Properties such as plastic deformation and diffusion rate are closely 

connected with the respective crystal structure. Fig.2.18[4] classifies the 

alloying elements as neutral, α-stabilisers or β-stabilisers depending on their 

influence on Tβ[4]. 

 

 

 

Figure 2.18: Influence of alloying elements on phase diagrams of titanium 

alloys[4]. 

 

The α phase field is extended to higher temperatures by α-stabilising 

elements, while the β phase field is shifted to lower temperatures by                             

β - stabilising elements. Neutral elements have a negligible effect on Tβ. 

Examples of α stabilisers include Al, O and N, and β stabilisers include Mo, 

Cr, Mn, V and Fe. [35]. Fig. 2.19 shows a schematic quasi-vertical section 

of a ternary titanium system containing both α and β stabilising solute 

species. The schematic shows the martensitic start and finish lines denoted- 
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as Ms/Mf which are close together. The classes of titanium alloy are marked 

at the top of the diagram [4].  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.19: Schematic quasi-vertical section for ternary titanium alloys 

containing both α and β stabilising solute elements [4].  

 

2.10.1.1. α alloys 

  
Mainly consist in pure titanium (commercially pure Titanium),                                  

Ti-5Al-2.5Sn and Ti-0.3Mo-0.9Ni. This class of alloys is mostly α phase 

with a very small volume fraction (few per cent maximum) of β.                            

Small alloying addition gives the α alloys an excellent weldability. 
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Furthermore, contrary to α+β and β alloys, thermomechanical processing is 

used to control the grain size rather than manipulate the microstructure.                 

In addition to their high weldability, α alloys exhibit excellent corrosion 

resistance. For this reason, commercially pure Titanium is the material of 

choice for manufacture of chemical and petrochemical processing 

equipment [4][36]. The weldability is useful in heat exchangers and other 

piping applications.  

 

2.10.1.2. α+β alloys  

 
Ti-6Al-4V (Ti-64) is the most popular titanium alloy in the aerospace 

industry. Today this type of (α+β) alloy accounts for more than 50% of all 

alloys in use and for near 90% of the titanium used in the aerospace market. 

Ti-64 can be heat treated up to tensile strengths of 1100 MPa via a solution 

treatment and aging process. These alloys have the best combination of 

processability, strength, ductility and durability [36][37].Ti-64 is weldable 

by almost all welding methods too. So, Ti-64, is used in almost every section 

of the aircraft including the fuselage, wing, empennage, nacelle and landing 

gear, usually in the annealed condition[4][38]. 

2.10.1.3. β alloys  
 

β - alloys contain an extremely high concentration of β stabilizing elements 

which results in the β phase being thermodynamically stable at room 

temperature. An example of a β alloy is Ti-13V-11Cr-3Mo. β alloys give                

a high tensile and fatigue strengths along with easy fabrication into sheet-
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type products. On the other hand, the disadvantages are low resistance to 

crack propagation and poor weldability[4][37]. 

 

2.11. Ti-6Al-4V features and characterization 

 

Ti6Al4V is an + alloy, with 6 wt% aluminium stabilizing the  phase and 

4 wt% vanadium stabilizing the  phase. At room temperature the 

microstructure at equilibrium consists mainly of the  phase (hcp) with 

some retained  phase (bcc) [39]. Ti6Al4V provides a good machinability 

and excellent mechanical properties, which offer the best performance for  

a variety of weight reduction applications in aerospace, automotive and 

marine equipment, racing and aerospace industry[38][40]. The Heat 

Treatment by hot Isostatic Pressing (HIP) is recommended for fatigue-

loaded components. The higher the solution heat treatment temperature,              

the smaller is the vanadium enrichment in the  phase [41], leading to 

transformation into hexagonal ’ upon quenching (from temperatures above 

900C)[33]. Fig.2.20[4] is a schematic illustration of the microstructures 

resulting from quenching from various temperatures. The figure attempts 

only to illustrate the principle transformations upon quenching; in reality 

mixtures of both ’, ’’ and metastable/stable  can occur, depending on 

chemical compositional variations[4]. 
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Figure 2.20: A schematic illustration of microstructures occurring in Ti-

6Al-4V after quenching from different temperatures [4].  

 

The  − phase contains lower concentration of those elements (especially 

oxygen) that promote age hardening by formation of coherent Ti3Al 

particles[4]. The mechanical properties of Ti-6Al-4V are also affected                    

by the texture of the alpha phase[38]. Forming processes are usually 

performed by hot rolling or hot forging in the  phase field or in the + 

phase field which generally induces relatively sharp textures in the  phase 

formed upon cooling[39]. Different investigations have been carried out to 

study the influence of the deformation parameters on microstructures and 

texture[36].  
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In the hot rolled of Ti-6Al-4V products, N. Gey et. al. found that the degree 

of deformation in the  field (high temperature) significantly affects the 

inherited resulting  texture[39]. Albrecht et. al. made some well-defined 

comparisons between mechanical properties and texture  for Ti-6Al-4V[42]. 

Their work shows that the orientation of the basal plane with respect to the 

loading direction is of primary importance.  

 

2.12. Workability and hot deformation behavior of Ti-

6Al-4V 

Also in the case of titanium alloys, the hot workability is studied by 

using hot compression or hot torsion tests[43][44]. With hot torsion it is 

possible to apply large deformations while keeping the sample length 

constant[44]. Hot compression tests are suitable for determining material 

behavior at low strains[45]. The hot behavior of the Ti6AL4V was already 

investigated by Reddy[46], who limited his study on low strain-rates and 

low strains obtained during hot compression. Steady-state flow stress was 

also modeled by mean of regression for strain-rate up to 10/s taking into 

account the initial grain size. Prasad et al. investigate the Mechanisms 

of deformation of Ti-6Al-4V in the β phase domain using a hot 

compression; also he used an Arrhenius type equation to model the steady 

state flow stress; the prior β grain size was also modeled as a function                     

of the Zener-Hollomon parameter using a power law[47]. Fig. 2.21[44] 

shows the flow curves for the torsion results under different strain rate;                  

the steady-state flow stress and the maximum stress increase by increasing 

the strain rate and decrease by increasing the temperature.  



 

 

 

 

 

 44 

During hot torsion of Ti-6Al-4V, different deformation modes were 

observed according to the allotropic form: dynamic recrystallization for the 

α + β phase domain and dynamic recovery for the β phase domain [44]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.21: Flow curves obtained at 1000 °C (a), 1050 °C (b), 1100 °C (c) 

at different strain rates [44]. 
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2.13. Aluminum and Aluminum Alloys 

Aluminum is one of the most versatile, economical, and attractive metallic 

materials for a wide range of uses ranging from soft, highly ductile wrapping 

foil to the most demanding engineering applications. Aluminum has                        

a density of only 2.7 g/cm3, approximately one-third as much as steel                  

(7.83 g/cm3). Aluminum typically displays excellent electrical and thermal 

conductivity, but specific alloys have been developed with high degrees of 

electrical resistivity. These alloys are useful, for example, in high-torque 

electric motors. Aluminum is often selected for its electrical conductivity, 

which is nearly twice that of copper on an equivalent weight basis.                        

The thermal conductivity of aluminum alloys, about 50 to 60% that of 

copper, is advantageous in heat exchangers, evaporators, electrically heated 

appliances and utensils, and automotive cylinder heads and radiators 

[5][48].  

2.13.1. Alloy Categories 

 

Aluminum alloys are classified in two types; wrought alloys and cast alloys. 

Each category has a nomenclature that is based on the primary mechanism 

of the property development. Based on phase solubilities many alloys 

respond to thermal treatment, like solution heat treatment, age hardening 

and quenching. Both casting and wrought alloys include heat treatable 

materials. The majority of the other wrought compositions rely instead on 

work hardening through mechanical reduction, usually in combination with 

various annealing procedures for property development[5].  
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These materials are referred as a work hardening alloys. Several cast alloys 

are essentially not heat treatable and used only in as cast or in thermally 

modified conditions unrelated to solution or precipitation effects [5].                     

In general, the families of aluminum alloys are represented by 1XXX, 

2XXX, 3XXX up to 8XXX as shown in the Table 2.3. 

 

Table 2.3: Standard Terminology and Principle Alloy Element of Aluminum 

Alloy [5]. 

Aluminum Alloy 

Designation 

Principle Alloy 

Element 
1XXX 99% pure 

2XXX Cu 

3XXX Mn 

4XXX Si 

5XXX Mg 

6XXX Mg and Si 

7XXX Zn 

8XXX Others 

 

Casting alloys have a 3-digit number identifying the alloy group. Table 2.4. 

describes the general classifications of aluminum for cast alloys.                           

The number after the decimal is referring to the casting process [5] [49]. 

These designations include:[5][50]. 

         XXX.0 = casting; 

         XXX.1 = ingot used to make the casting; 

         XXX.2 = ingot used to make the casting (having typically tighter              

                         chemical limits than the XXX.1 ingot designation)                                                                                          
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Table 2.4: Aluminum Alloy Series Designation of Casting Alloys [5]. 

 

Aluminium Series Principle Alloy Element 

100's Aluminum 99% 

200's Copper 

300's Silicon+ copper and/or magnesium 

400's Silicon 

500's Magnesium 

600's Presently Unused, future alloys 

700's Zinc 

800's Tin 

900's Other 

 

 

2.13.2. Wrought Alloy Classes 

 

The general characteristics of the wrought alloy groups are described as;  

1xxx Series.is a high purity alloy that contains 99% of aluminum, it has an 

excellent corrosion resistance and a high thermal conductivity, and is 

especially used in the electrical and chemical application[5].  

2xxx Series. Alloying element is copper, with magnesium as a secondary 

addition. The alloy requires a solution heat treatment followed by ageing to 

gain an optimum property. Fig. 2.22[5] shows the relationships between 

some of the more commonly used alloys in the 2xxx series[5]. 

3xxx Series. Major alloying element is manganese, with an increase of 20% 

in strength compared with 1xxx series. They are mainly used for a moderate 

strength application[5]. 
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4xxx Series. Silicon is the major alloying element, they have a low thermal 

expansion coefficient with high wear resistance; thus these alloys are well 

suited to production of forged engine pistons [5] [48][49].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.22: Relationships among commonly used alloys in the 2xxx 

series (Al-Cu)[5]. 

 

5xxx Series. Magnesium is used as a major alloying element or with 

manganese. The alloys have a moderate to high strength, good weldability 

and corrosion resistance[5][51].  
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Fig. 2.23. shows the relationships between some of the more commonly used 

alloys in the 5xxx series [5][48]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.23: Relationships among commonly used alloys in the 5xxx series 

(Al-Mg). Tensile strength (TS) and yield strength (YS) are in ksi unit[5]. 

 

6xxx Series. Alloying elements are silicon and magnesium approximately 

in the proportions required for formation of magnesium silicide (Mg2Si), 

that make them heat treatable. These alloys have a good weldability, 
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formability and corrosion resistance and are heat treatable[52]. The alloy 

may be formed in the T4 temper and strengthened after forming to full T6 

properties by precipitation heat treatment. Fig. 2.24[5] Show the 

relationships among commonly used alloys in the 6xxx series (Al-Mg-

Si)[5][48]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.24: Relationships among commonly used alloys in the 6xxx series 

(Al-Mg-Si).Tensile strength  (TS) and yield strength (YS) are in ksi units[5]. 

 

7xxx Series. Zinc is the major alloying elements with amounts of 1 to 8%, 

other elements like copper and chromium are added in a small quantity.               

The alloys can be used in the airframe structure, but exhibit a reduced 

resistance to stress corrosion cracking[53].  
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Fig. 2.25 shows the relationships between some of the more commonly used 

alloys in the 7xxx series [5][48].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.25: Relationships among commonly used alloys in the 7xxx series 

(Al-Zn-Cu-Mg-Cr).Tensile strength (TS) and yield strength (YS) are in ksi 

units[5]. 
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2.14. Hot deformation and creep of Aluminum alloys 
 

Many researches have been performed on the aluminum alloys, especially 

on 6xxx an 2xxx. An example are the Al−Si−Mg alloys, that are widely 

applied in automotive and aerospace industries due to their excellent 

weldability, desirable wear resistance, and corrosion resistance.                            

The constitutive model is found to be an effective method to describe the 

change in mechanical response during hot deformation [12]. An accurate 

constitutive model can be embedded into the commercial FEM software for 

numerical simulation and analyzing the hot forming process. Thus, lots                  

of constitutive models have been established to characterize the high-

temperature flow behaviors of alloys in recent years. These approaches 

mainly include the above mentioned physically-based models [54][55], 

phenomenological models[56], and artificial neural networks [57][58].  

 

2.15. Conclusions 

 

This brief literature review has outlined the fundamentals behind the 

proposed work, describing the metallurgical background of IN 718 

Superalloy, titanium (Ti-6Al-4V.) and aluminum. A study of the high 

temperature deformation behavior of the alloys mentioned above was 

performed by using different technics under a wide range of temperature (T) 

and strain rate (έ). The study will present 3 case-studies of the hot 

deformation of complex alloy, investigated by increasingly complex 

approaches.  
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In particular, the first part of the study deals with a material (a Ti alloy) 

deformed in a single-phase field. In this case, the traditional approach based 

on phenomenological equations was used, purposely modified to describe 

the whole shape of the flow curves. 

The second part will deal with another alloy (a Ni-base superalloy) tested in 

the single-phase field, but described by using a recently developed basic 

model, which took into account dislocation theory. The complexity of the 

model required that, at least in a first instance, the microstructure was as 

simple as possible. 

The third and last part deals with the study of the creep response of a friction 

stir welded 2024 alloy. In this case the microstructure was extremely 

complex, so a number of different mechanisms, such as Hall-Petch 

strengthening, solid solution hardening and particle strengthening had in 

principle to be taken into account. Nevertheless, the basic model already 

used for the Ni-base superalloy was successfully used to describe the 

experiments.   
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Chapter 3. 

Constitutive Modeling On β Transus of 

Ti-6Al-4V Alloy at High Temperature 

and Strain Rates 

 
This chapter will describe the hot deformation behavior of Ti-6Al-4V alloy 

by a hot compression test in β phase in a wide range of temperature and 

strain rate range from 1010 ºC - 1150 ºC and 0.001 s-1 – 100 s-1 respectively. 

The effects of the hot deformation parameters (deformation temperature and 

strain rate) on the flow stress will be analyzed by a phenomenological 

model. The influence of strain in the constitutive equation of Ti-6Al-4V 

alloy (β phase) will be included in a modified formulation of the Hensel and 

Spittel equation. The peak flow stress dependence on temperature and strain 

rate will be described by the classic phenomenological approach, based on 

Garofalo and Arrhenius equations.    

 

3.1. Introduction  

 

For the Ti-6Al-4V alloy the β transus temperature is close to 1000 °C [59]. 

Hot compression tests in the dual-phase domain usually exhibit different 

results from tests in the β phase domain [60]. Different 

methods[61][62][63][64] have been proposed by researchers to evaluate                 

a model for metal plasticity. Phenomenological models have relatively 

simple forms compared with the physic based models, and for this reason 

have been widely used to describe the deformation behaviors of different,                         
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metallic materials[13][65] [66][67]. In recent years, researchers studied the 

hot-deformation mechanisms of β Ti-alloys with β-structure to analyse the 

deformation process and the microstructural evolution. For example, Zhao 

et al. [68]. investigated the deformation behaviour and mechanisms during 

hot compression at supertransus temperatures in Ti-10V-2Fe-3Al in the 

temperature range of 820–900 °C. Chen et al.[69] studied the high-

temperature deformation behaviors of Ti–2Al–9.2Mo–2Fe alloy with boron 

alloy. They analyzed the microstructure evolution and softening 

mechanisms during the hot deformation, and found that dynamic 

recrystallization (DRX), is the dominant restoration mechanism at low strain 

rates, while dynamic recovery (DRV) dominates at high strain rates (10 s−1) 

and low temperatures. Based on the previous works[46] [65][70], in this 

chapter we find a suitable constitutive equation to model and study the hot 

deformation behaviour of Ti-6Al-4V over wide ranges of deformation 

temperature and strain rate in the β-state. 

 

3.2.  Compression test  

 

The compression test is the most commonly used method for measure the 

flow curve of bulk material. In this test, a cylinder specimen is subjected to 

a compressive load, between two parallel dies with a constant strain rate. 

Obviously, the height and the diameter of the specimen change during the 

experiment, and these changes are calculated. So, when a cylinder specimen 

with a diameter D0 and initial height h0 is compressed to height h and spread 

out to diameter D according to the law of constancy of volume[71].  
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𝜋
𝐷2

0.

4
ℎ0  =  𝜋 

𝐷2

4
 ℎ →  𝐷2

0.ℎ0   =  𝐷2ℎ                             (3.1) 

 
The flow stress, σ is: 

 

𝜎 =  
𝐹

𝐴
 =  

4𝐹

𝜋 𝐷2
 =  

4𝐹ℎ

𝜋𝐷2
0.ℎ0

                                             (3.2) 

 

and 
 

 휀 = ln (
ℎ0

ℎ
)                                                                   (3.3) 

 
 

where ε is the true compressive strain. These equations are used to obtain 

the flow curve. The main advantage of the compression test is that no 

necking occurs, in contrast with the tension test, so relatively large strain 

can be achieved. The disadvantage in this test is the friction between the 

specimen and the dies, which cause an effect called barreling. The equations 

described above are valid if there is a condition of uniaxiality, with friction 

neglected. The barreling establishes a triaxial state of stress tensor, because 

of interaction of the friction forces. This happens since the expansion of 

cross section in the center of specimen is greater than at the surface,                         

see Fig. 3.1. The less deformed zone at the contact surface lead to the 

accumulation of stress and loss of uniaxial deformation. 
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Figure 3.1: (a) slight barreling as a result of light friction which hinders 

sliding and (b) severe barreling as a result of high friction which prevents 

slipping[48]. 

 

 

3.3. Experimental Procedure  

 

The chemical composition of the investigated alloy is given in Table 3.1. 

The β - transus for this material is close to 1010 ºC. Compression specimens 

of Ti–6Al–4V (Fig 3.2.) were machined with 24.6 mm height and 15.96 mm 

diameter. The samples were heat treated before the deformation at 1100°C 

for 30 min to obtain a single-phase microstructure. The isothermal 

compression tests were carried out in the temperatures range of 1010, 1050, 

1100 and 1150 ºC under strain rates of 100, 50, 10, 1, 0.1 and 0.001 s-1.                

The temperature was measured by thermocouple. After deformation,                     

the specimens were quenched in water. The experiments were carried out in 

the Institute of Materials science, Thermomechanical Modelling Group, 

TuGraz, Austria.  
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Figure 3.2: Double cone specimens before and after the compression test 

for (Ti64). 

 

Table 3.1: Chemical composition of the Ti6Al4V used in this study (in wt.%) 

Al V Fe                     C  H O Ti 

6.33 4.00 0.20 0.03 0.004 0.17 Balance 

 

 

3.4. Experimental results for Ti – 6Al – 4V 

3.4.1. Peak flow stress dependence on strain rate and 

temperature. 
 

Although different forms of constitutive equations can be used, the most 

accurate description is in fact obtained by the Garofalo equation. Fig. 3.3. 

shows the true-stress strain curve of Ti-6Al-4V alloy under different 

deformation conditions. 
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Figure 3.3: Representative stress-strain high temperature flow curves of the 

Ti – 6Al – 4V alloy under different compression deformation conditions: (a) 

1050°C; (b)1150°C. 

 

 

Phenomenological constitutive equations were used to describe the 

relationship between the flow stress, strain rate and temperature. Arrhenius 

type equation is an accurate approach to describe the relationships between 

the flow stress, strain rate and deformation temperature. The strain rate 

values as a function of the peak flow stress shown in Fig. 3.4, described by 

Equation 2.5 (Chapter 2). A good parallelism of the isothermal curves is 

obtained with α = 0.0154 MPa-1, which will be used in the following.                   

The stress exponent n ranged from 3.9 to 4.2.  
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The activation energy is an important physical parameter and it can be 

determined by considering the average slope of ln[sinh] vs. (1/T), as shown 

in Fig.3.5. At strain of 0.79, QHW was 202 kJ/mol. This value is intermediate 

between the activation energy for self-diffusion in pure Ti (131 kJ/mol), and 

that observed in a similar alloy tested in -field (270 kJ/mol)[72]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: Strain rate dependence on the peak flow stress with α = 0.0154 

MPa-1. 
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Figure 3.5:  Plot used to calculate the activation energy, ln [sinh (ασ)]                     

vs 1/T. 

 

The Zener-Hollomon parameter can be determined by Equation 2.2 

(described in Chapter 2), showed in (Fig. 3.6).  All the peak flow stress 

values align on the same straight line of slope close to 4, as expected.   
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Figure 3.6: The relationships between the peak stress and the Zener-

Hollomon parameter for the calculated peaks; compression test. 

  

3.4.2. Flow stress variation with strain, strain rate and 

temperature 

 

The combination of high-temperature testing and of a different 

computational approach was recently used to model the high-temperature 

response of the AA6082 alloy[73]. The constitutive model was based on an 

equation developed by Hensel and Spittel[74], in the form, Eq.3.4. 

 



 

 

 

 

 

 64 

𝜎

𝑀𝑃𝑎
= 𝐵 𝑒𝑥𝑝 (

𝑚1𝑇

𝐾
) 휀𝑚2 (

�̇�

𝑠−1)
𝑚3

𝑒𝑥𝑝 (
𝑚4

𝜀
) (1 + 휀)𝑚5𝑇 𝑒𝑥𝑝(𝑚7휀) (

�̇�

𝑠−1)
𝑚8𝑇

(
𝑇

𝐾
)

𝑚9

   (3.4) 

 

 

where B, m1, m2, m3, m4, m5, m7, m8 and m9 are material parameters.                     

The stress, the strain rate and the absolute temperature are normalized                    

by the respective units (MPa, s-1 and K) to make B a dimensionless constant. 

Since the differentiation at constant strain of Eqn.3.4, gives a temperature-

dependent but constant slope of the isothermal curve in double logarithmic 

coordinates, this equation leads to a power-law dependence of strain rate on 

applied stress, with a stress exponent n = 1/(m3+m8T).  By contrast, in the 

hot-working regime, the strain rate sensitivity of the flow stress decreases 

with increasing strain rate. Thus, a new constitutive model[75] was 

developed by replacing  with sinh(), i.e.  

 

𝑠𝑖𝑛ℎ(𝛼𝜎) = 𝐴 𝑒𝑥𝑝 (
𝑚1𝑇

𝐾
) 휀𝑚2 (

�̇�

𝑠−1)
𝑚3

𝑒𝑥𝑝 (
𝑚4

𝜀
) (1 + 휀)𝑚5𝑇 𝑒𝑥𝑝(𝑚7휀)                (3.5) 

 

 

The m8 parameter has been omitted, since it was assumed that at a given 

strain the stress exponent n should be temperature independent, i.e. m8=0. 

In addition, the m9 parameter was also neglected in order to obtain                          

a simpler formulation. Figures 3.7-3.10, plots the model curves obtained by 

the model equation 3.5, after the different parameters were calculated by                

a regression procedure. The correlation between the experimental data and 

the model curves is indeed very good, a major deviation being observed in 

the early stage of deformation under low strain rates. In this regime, the 

model tends to underestimate the work hardening response of the alloy, 

indicating a possible difference in the deformation mechanisms.  
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Notwithstanding the observed deviations in the low strain regime, the 

accuracy of the model in describing the material response is still more than 

satisfactory, in particular when one considers that the proposed equation is 

very easy to handle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: Comparison between the modelled flow curves and 

experimental data at 0.1 s-1. 
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Figure 3.8: Comparison between the modelled flow curves and 

experimental data at 1 s-1. 
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Figure 3.9: Comparison between the modelled flow curves and 

experimental data at 10 s-1. 
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Figure 3.10: Comparison between the modelled flow curves and 

experimental data at 50 s-1. 

 

Although the study of hot deformation of a single-phase alloy, such as the 

Ti-6Al-4V above -transus, should be a quite simple affair, the available 

evidences attest quite the contrary.  
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Values of the activation energy for hot-deformation ranging from                          

172 kJ/mol [76] up to 376 kJ/mol [59] have been indeed observed. At high 

temperature (1050°C), in particular, after straining in compression                          

up to   = 0.8, the alloy microstructure was still largely un recrystallized 

after testing at 10 s-1, while under lower strain rates (0.001 s-1) only a limited 

fraction of fine DRX grains were observed[77]. These results support the 

picture presented in [76], where DRX, for strains below 0.6 at 1100°C,                     

is considered to be significant only for strain rates lower than 0.1 s-1,                       

and with the evidences presented in[78] , where recrystallization kinetics 

were described at 1000-1100°C, under a very low strain rate (0.001 s-1).                 

In the last study, on the other hand, the calculated volume fraction                            

of recrystallized material approached 100% only for strain above 5.0 

(1100°C), 7.5 (1050°C) and 10 (1000°C), i.e. well above the maximum 

strain achievable by a compression test. Testing in torsion permits to attain 

much larger deformations, and only in this case the flow softening which 

accompanies DRX will be observed[44]. In the present study, the model 

provides flow curves that are typical of materials in which deformation                   

is controlled by recovery; thus, a strain hardening stage is followed by                      

a “steady state”. This is actually the behavior one should observe in the high 

strain rate regime, where DRX has minor effects since it will become 

dominant only for much larger strains. The observed “steady state” should 

be actually more properly considered the “peak region” which precedes the 

flow softening associated to extensive, occurrence of DRX. The scatter in 

the values of the activation energy could be in part rationalized                                  

by accounting for the different experimental envelopes considered-                            
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in the various studies. The value of 172 kJ/mol was obtained in [59]                          

by considering only the data at 0.01 s-1 and 1000-1100°C, while 376 kJ/mol 

were calculated for tests carried out- between 1025 and 1075°C, under strain 

rates ranging from 0.001 to 1 s-1, i.e. in a much wider regime, where DRX 

was operative on in a limited range of conditions. 

 

3.5. Summary and Conclusions 
 

 In this chapter, the high-temperature deformation behavior of the Ti-6Al-

4V was investigated by hot compression tests in β phase domain, within 

temperature range of from 1010 °C - 1150 °C and strain rates from 0.001 s−1 

- 100 s−1. Based on the experimental data, a constitutive model was 

developed to describe the high-temperature deformation behavior of the 

studied titanium alloy. As usual, the flow stress of Ti-6Al-4V increased with 

the strain rate and decreased with increasing deformation temperature.                 

The influence of strain in the constitutive equation of Ti–6Al–4V alloy                   

(β - phase) was incorporated in a modified formulation of the Hensel and 

Spittel equation. The peak-flow stress dependence on temperature and strain 

rate was described using the classic phenomenological approach, based on 

Garofalo and Arrhenius equations, obtaining an activation energy high-

temperature deformation of 202 kJ mol–1. The analysis of the Ti-6Al-4V 

here presented, provides an excellent tool for the prediction of the working 

loads during hot working of the alloy, but, due to its phenomenological 

nature, does not permit a generalization. Thus, the excellent results cannot 

be extended to similar materials. This obvious drawback requires the use of 

basic models, which will be dealt in the next chapters. 
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Chapter 4. 

A model for the Hot Workability of 

Solution Treated IN718 Superalloy 
 

 

The work present in this chapter discusses the hot workability of IN718 

superalloy investigated by a hot torsion tests over a wide range of strain rate 

and temperature. Although the classical phenomenological approach, based 

on Garofalo and Arrhenius equations was used to describe the hot 

deformation behavior, an alternative physically-based approach was also 

applied. The model considered dislocation hardening and solid solution 

strengthening. 

 

4.1. Torsion test 

 

The torsion test has been used for about 50 years as a means of hot 

workability assessment in metals and alloys Fig. (4.1) [71]. For this method 

the specimen is mounted between the two heads of a testing machine and 

twisted Fig.(4.2). 

 

 

 

 

 

 

Figure 4.1: typical torsion‐test specimen[71]. 
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The main advantage of the torsion test is the fact that is possible reach                 

very large strain and investigate the plastic behavior without friction or 

necking. Furthermore, the specimen does not present significant changes               

in shape during deformation as long as the gage section is restrained to                    

a fixed length[71].The disadvantage of the torsion test is the fact that                                       

is characterized by non‐uniform distribution of deformation over the length 

and cross‐section of specimen, in fact the stress and strain are 0 at the center 

and maximum at the surface of the specimen. Hence the deformation in the 

torsion is not an accurate simulation of metalworking processes, because of 

excessive material reorientation at large strain[79].  The output of the torsion 

test is represented by torque versus twist angle, that must be converted into 

the stress and strain (determination of flow curve). For this purpose, there 

are several methods, such as Nadai’s graphical method, Field and Backofen 

method etc. The problem of these methods is characterized by the fact                

that, for the conversion they use analytical equations that reproduce 

homogeneous deformation; this is in contrast with the nature of the torsion 

test that is an inhomogeneous process[80]. 

 

4.2. Test device 
 

The torsion test is widely used as compression and tension test, Individual 

researcher, designed the apparatus for specific experiments, and most of 

these machines are designed to provide a range of constant twist rate only. 

In general, the torsion machines have: test frame, drive system, twist and 

torque monitoring device and a furnace[71][48]. The two major types of test 

frame are horizontal and vertical frame.  
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The test machine used for the experimental part of this thesis is an 

electrohydraulic machine, (Fig 4.2). In the torsion test the specimen                         

is twisted around its axis without bending, therefore the test frame should 

have high rigidity and an accurate alignment. The drive system is the set of 

a twist head, a weight head and a motor. The twist and torque sensor 

(monitor system) record the twist of specimen and torque of the motor.                  

The operation of the machine is controlled by a computer, which also 

records all the data and can print out stress–strain curves. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: Servo controlled, hydraulic torsion test machine. 

 

For investigating the workability at elevated temperatures using torsion 

tests, a heating system is necessary. The two most common methods of 

heating are furnace and induction [71]. 
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4.3. Evaluation methods 

 

In order to analyze and therefore predict the constitutive equation that 

represents the flow behavior of material, the raw data must be converted into 

flow curves. There are different methods for converting this raw data 

(torque‐twist) to the shear stress‐shear strain curve. In any case a cylinder 

solid bar is considered with length L and the radius R. The torque M                          

is applied at one end of this bar which introduces the shear stress τ and shear 

strain ϒ, Fig 4.3. 

 

 

 

Figure 4.3. Torsion of solid bar specimen[80]. 

 

 

In according to the Hooke’s law, the relationship between shear stress and 

shear strain can be expressed as: 

 

𝜏 = 𝐺γ                                                                                                         (4.1) 
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                  Where the shear strain is:  

 

𝛾 =
𝑟𝜃

𝐿
                                                                                                        (4.2) 

 

Herein, θ is the twisted angle (in radians), r is the radial position and L the 

length of gauge When the specimen is twisted, the component of torque, dM 

in area dA is given by: 

 𝑑𝑀 = 𝜏𝑟𝑑𝐴                                                                                              (4.3) 

Instead the total torque applied to the specimen is: 

 𝑀 = ∫ 𝑑𝑚
𝑚

= ∫𝜏𝑟𝑑𝐴
𝐴

= 2𝜋 ∫ 𝜏𝑟2𝑑𝑟
𝑅

0

                                             (4.4) 

 

The resistance to torsion is represented by the polar moment (I) of area (A), 

and can be expressed as: 

 𝐼 = ∫ 𝑟2𝑑𝐴 
𝐴

                                                                                            (4.5) 

Combining Eq 3.3 and Eq 3.4, the shear stress is: 

 𝜏 =
𝑀𝑟

𝐼
                                                                                                     (4.6) 

For a solid bar specimen, being that the polar moment is I = πr4/2, the 

maximum shear stress is: 

 𝜏𝑚𝑎𝑥 =
2𝑀

𝜋𝑅3                                                                                               (4.7)  

The maximum shear stress for a tubular specimen, instead, is: 

 𝜏𝑚𝑎𝑥

2𝑀

𝜋(𝑎3
1  −  𝑎3

2 ) 
                                                                            (4.8) 
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where a1 is the outside radius of tube and a2 the inside radius. In tubular 

specimen, the shear stress gradient can be neglected since the wall is very 

thin. The effective stress, σ, and effective strain ε are converted by means of 

the von Mises yielding criterion[81]. 

 

𝜎 = √3𝜏                                                                                                     (4.9)   

 

휀 =
𝛾

√3
                                                                                                       (4.10) 

 

             

4.4. Experimental results for IN 718 

Experimental testing was performed for the age-hardenable Ni-Cr-Fe-Mo-

Al-Ti wrought superalloy (53% Ni, 18.3% Cr, 18% Fe, 2.97% Mo & 0.59% 

Al). This kind of material are extensively used in the aerospace industry due 

to their high corrosion and oxidation resistance, high strength and long creep 

life at elevated temperatures. Inconel 718 possesses remarkable 

machinability and welding ability, in comparison with other superalloys. 

These materials have a relatively high yield (700–1200 MPa) and tensile 

(900–1600 MPa) strength at room temperature. The most remarkable 

property of these materials is that they maintain their mechanical properties 

within a wide range of temperatures (up to- 600–800 °C). Therefore, these 

alloys are used in the hot section of jet engines[82][83]. In this work, the 

interest to study the mechanical behavior of Inconel 718 at high strain-rates 

and temperatures.  
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The specimen of Inconel 718 and the results of the torsion experimental   

tests are shown in Fig. 4.4., 4.5. Samples with a 10 mm diameter and                   

a gauge length of 15 mm, were machined from the as received rod prior                 

to the solution treatment (1100°C for 4 h) to obtain a single-phase 

microstructure. The true stress vs. true strain curves are reported in function 

of temperature (from 1050 °C up to 1100 °C) and strain-rate (from 0.01 up 

to 1 s-1). Samples were heated by a high frequency induction coil at 1°C/s to 

the testing temperature and maintained at this temperature for 300 s. 

Subsequently the samples were strained up to a strain of 2.0 and quenched 

by a water jet. The torque M and the number of revolutions N were recorded 

and converted into von Mises equivalent stress σ and equivalent strain ε at: 

surface by the simplified formulas: 

𝜎 =
3√3𝑀

2𝜋. 𝑅3
                                                                                                (4.11)                    

     

 휀 =
2. 𝜋. 𝑁. 𝑅

√3𝐿
                                                                                           (4.12) 

                                                                                 

where R and L are respectively the radius and length of the gauge.                             

All the tests were carried out up to an equivalent strain of 2.0, unless rupture 

occurred before this deformation was attained. The true stress-strain curves 

exhibited completely different shapes depending on the deformation 

temperature and strain rate. The deformation temperature and initial strain 

rate strongly affect the flow stress during hot deformation.  
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High deformation temperature is known to promote the nucleation and 

growth of dynamically recrystallized grains and dislocation annihilation, 

and thus reduces the stress level[65][84]. At the beginning of                                   

the deformation, the flow stress increases rapidly, due to work hardening 

caused by the rapid generation and multiplication of dislocation. With the 

increase of strain, the flow stress achieves a peak value, and then the flow 

stresses monotonically decrease due to the occurrence of dynamic 

recrystallization. The peak, thus usually associated with DRX, is well 

evident in the high-strain rate regime but becomes barely noticeable when 

the strain rate decreases. As expected, the material strength gradually 

decreases with increasing the temperature and the shape of the stress-strain 

curve dramatically changes at 1050 °C, where the material behaves like                   

a perfectly plastic material. The strain at failure increases with strain-rate 

and temperature. 

 

   

 

 

 

 

Figure 4.4: Specimen for torsion testing and experimental layout for torsion 

testing. 

 

 



 

 

 

 

 

 80 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 Figure 4.5: Representative flow equivalent-stress vs equivalent strain flow 

curves obtained by testing the IN718 in torsion. 

 

The peak-flow stress variation with experimental strain-rate, is shown in 

Fig. 4.6. Peak stress usually corresponds, in materials that undergo DRX,             

to a condition in which a mere fraction, (roughly 30% at maximum) of the 

microstructure is recrystallized[85].  
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Figure 4.6: Peak flow stress in torsion as a function of the testing strain 

rate. 

 

At steady-state, DRX is complete. In this sense, any model developed to 

describe high-temperature recovery-controlled deformation, where DRX 

does not occur, can be hardly applied to the steady state of a material that 

undergoes dynamic recrystallization. The situation is somewhat different                

if one considers the peak condition, since the peak stress (σp) is in most cases 

reasonably close to the “saturation stress” (σs*), That is, to the steady-state 

stress the material would have, to reach in the absence of DRX. An estimate 

of the difference between the saturation and the peak stresses can be 

obtained by plotting, the strain-hardening rate ( =    ) as a function of 

the flow stress.  
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The inflection in the curve indicates the start of DRX, i.e. the critical stress 

for the onset of recrystallization, while extrapolation at  = 0 of the linear 

part of the curve gives the saturation stress. The analysis of Fig. 4.7, which 

is representative of the behavior of IN718, suggests that the difference 

between σs* and σp can be appreciated only under the high strain rates,                 

but in any case, it is limited. (3% and 6% at 1150°C-1s-1 and 1000°C-1s-1 

respectively). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7: Strain-hardening rate ( =    ) as a function of flow stress 

for representative conditions. The Figure also plots the peak stress (σp) and 

the saturation stress(σs*). 
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4.5. Effects of solid solution strengthening 

 

A comparison between the peak flow stress in torsion obtained in this study 

on IN718, and the results in torsion and compression for pure Ni[61][86]               

is illustrated in Fig. 4.8 Although both pure Ni and the IN718 investigated 

in the present study were single-phase materials, the superalloy exhibited 

substantially higher values of the peak   stress. In addition, the value of the 

activation energy was substantially higher in the superalloy (345 kJ mol-1, 

to be compared with the value of 294 kJ mol-1 for the activation energy for 

self-diffusion in Ni). This behavior can be hardly rationalized by                              

the phenomenological approach followed in the present study, which 

provides an excellent description of the data, but cannot be easily related              

to microstructural mechanisms. The increase of the peak flow stress and of 

the value of the activation energy for hot working, on the other hand, can be 

qualitatively explained as an effect of solid-solution strengthening,                            

by introducing physical-based models such the one described in [87].                       

Solid solution hardening introduces a drag stress due to viscous motion                  

of dislocations in solute atoms atmospheres, which can explain the higher 

Peak flow stress of the solution treated IN718. In addition, also the 

activation energy for hot deformation increases due to the presence of atoms 

in solid solution, since these atoms are forced to jump in and out the solute 

atmospheres as dislocations  move[88]. 
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Figure 4.8: Comparison between the peak flow stress values obtained by 

testing in  torsion single-phase IN718 (this study) and pure-Ni in torsion 

and compression at 1000 and 1100°C[61][86]. 
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4.6. Material models 

 
During the last decades several material models were proposed with the aim 

to reproduce the mechanical response of the materials varying the strain-rate 

and the temperature[89][90]. Among various phenomenological models,   

the combination of the Garofalo and Zener-Hollomon equations will be 

described for calculating the peak flow stress in the hot working regime[65] 

[61].   

4.6.1. Constitutive analysis 

The peak flow stress dependence on strain rate can be adequately expressed 

by the Zener-Hollomon parameter (Z), which is a function of temperature 

and stress:          

 

 Z =  έ exp ( 
Q 𝐻𝑇

RT
 ) =  A [Sinh (α σ)] n                                                  (4.13) lk 

In this study, the strain rate as a function of sinh(σp), with  = 0.003                    

is shown in Fig. 4.9, The experimental data align on almost parallel straight 

line of slope n close to 4.2, The activation energy for hot working was 

calculated (QHW350 kJ mol-1 ) by plotting sinh(σp) as a function of 1/T 

that shown in Fig 4.10, The Zener-Hollomon parameter as a function                     

of sinh(σp) described in Fig. 4.11, since all the experimental data overlap 

on a single straight line of slope close to 4, so it can be found that the peak 

stress increases with the increase of the Z parameter, one can reasonably, 
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conclude that the constitutive model gives an excellent description of the 

experimental data. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9:  Strain rate as a function of sinh(σp), with =0.003. 

 

 

 

 

 

 

 

 

Figure 4.10: Calculation of the activation energy for hot working of single-

phase IN718. 
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Figure 4.11: Zener-Hollomon parameter as a function of sinh(σp) 

 

4.7. Microstructure analysis  
 

The microstructural evolution produced depends on processing and heat 

treatment. Fig. 4.12. shows the initial coarse microstructure produced by 

solution – treatment and analyzed by optical microscopy. As expected, the 

grain size increases after heat treatment for the microstructures of IN718 of 

the received alloy before hot torsion deformation. High temperature torsion 

results in substantial grain refining due to the occurrence of DRX. 

 

 

 

 



 

 

 

 

 

 88 

 

 

 

 

Figure 4.12: Microstructure of the received alloy (IN 718), heat treatment 

1150 ºC for 4 h (Light optical microscopy), before a hot torsion deformation. 

 

 

In Fig. 4.13. (a, b, c & d), the microstructures results are reported for the 

specimens deformed at 1100 °C and 1000 °C at different strain rates 

corresponding to 1 and 0.01 s-¹. As expected, it is clearly observed that 

increasing temperature leads to higher tendency to DRX. Higher testing 

temperature produces coarser grains, which was expected, while the smaller 

grain size observed under lower strain rates is somewhat unusual.                          

The sluggish kinetics of DRX in this material seems to be the characteristic 

of high Ni alloys and is in sharp contrast to the fast DRX in other alloys such 

as stainless steels. The figures below indicate the influence of increase                    

in strain rate from 0.01s_1 to 1s_1 on the microstructure of DRX at two 

deformation temperatures of 1000 °C and 1100 °C.  
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It is quite evident that increasing strain rate has favored the progress                         

of DRX, especially at 1100 °C. In order to shed more light on the mechanism 

of DRX, typical magnified views of deformed microstructures are shown in 

the figures.  It is clear that the new small DRX grains have formed at the 

vicinity of grain boundaries. The strain gradient that is usually present inside 

the grains seems to be responsible for the nucleation of DRX grains around 

grain boundaries. It is well known that more slip systems operate at the grain 

boundary regions to adapt different strain levels of adjacent grains. 

Therefore, microstructural events commence primarily at the grain 

boundary regions and then are spread out to the grain’s interiors. 
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                                                                                   d)               

                                                                                          

Figure 4.13: Optical images of the IN718 alloy microstructure deformed at: 

(a) 1100 ºC ,1 s-¹; (b) 1100 ºC, 0,01 s-¹; (c)1000 ºC; 1 s-¹; (d) 1000 ºC,0, 01 

s-¹. 

        

 

4.8. Basic creep modelling of Nickel and single-phase 

Ni based superalloy   

         
The basic model that will be used here to describe the high-temperature 

deformation under constant strain rate of IN718, was originally developed 

for Cu [91] [92]. The model is based on physically-derived equations, which 

will be illustrated here for a single-phase alloy containing elements in solid 

solution.  
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The free dislocation density (ρ)[91], is usually related to the applied stress 

by the Taylor equation, 

 

𝜎 = 𝜎𝑖 + 𝜎𝑠𝑠 + 𝜎𝑑 = 𝜎𝑖 + 𝜎𝑠𝑠 + 𝛼𝑚𝐺𝑏√𝜌                     (4.14)                  

                                       

where m is the Taylor factor (3.06 for fcc metals), b is the length of the 

Burgers vector and σd = αmGbρ1/2 is the dislocation hardening term.                  

The term σi represents the stress required to move a dislocation in the 

absence of other dislocations, while  is a constant. In solid solution alloys, 

where the viscous drag of dislocations reduces dislocation mobility, the term 

σss represents the stress required for dislocations to move in presence of 

solute atoms atmospheres. The evolution of the dislocation density during 

straining can be expressed as[92]. 

 

𝑑𝜌

𝑑𝜀
=

𝑚

𝑏𝐿
− 𝜔𝜌 −

2

�̇�
𝑀𝜏𝑙𝜌2                                    (4.15)  

where  is a constant, l is the dislocation line tension (l = 0.5Gb2), M is the 

dislocation mobility and L is the dislocation mean free path, i.e. the distance 

travelled by a dislocation before it undergoes a reaction, customarily 

expressed as 

 

𝐿 =
𝐶𝐿

√𝜌
                                                                       (4.16)        

CL being the strain-hardening constant[91][92]. 
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The first term on the right-hand side of Eqn. (4.15) represents the strain 

hardening effect due to dislocation multiplication.  The second and third 

terms at the right-hand side of Eqn. (4.15) describe the effect of dynamic 

recovery. Since at high temperature, the last term into Eqn. (4.15) largely 

predominates on the second term, and our main emphasis in this study is to 

describe high-temperature behaviour (T 950°C), Eqn.(4.15) can be 

simplified as, 

 

𝑑𝜌

𝑑𝜀
=

𝑚

𝑏𝐿
−

2

�̇�
𝑀𝜏𝑙𝜌

2                (4.17)  

 

The dislocation climb mobility in a solid solution strengthened alloy, 

assumes the form[87][91][92]: 

 

𝑀 ≅
𝐷0𝑚𝑏

𝑘𝑇
𝑒𝑥𝑝 [

𝜎𝑑𝑏3

𝑘𝑇
] 𝑒𝑥𝑝 {−

𝑄𝑚

𝑅𝑇
[1 − (

𝜎𝑑

𝑅𝑚𝑎𝑥
)

𝑝
]

𝑞

} exp (−
𝑈𝑠𝑠

𝑅𝑇
)      (4.18) 

 

where Rmax, which depends on material structure, is the flow stress required 

to plastically deform the material in the absence of thermal activation and 

D=D0mexp(-Qm/RT) is the appropriate diffusion coefficient, (Qm is thus the 

activation energy to overcome the obstacle field). Recent 

studies[87][92][93], showed that Eqn.(4.18) works very well for pure Cu 

and Al with p=2 and q=1, with Rmax =1.2-1.5Ruts, where  Ruts is the ultimate 

tensile strength. The Uss term has been introduced to take into account that 

during viscous glide in solid solution alloys, solute atoms have to jump in- 
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and out the atmospheres that spontaneously form around dislocations.                     

Thus, an additional term, describing the energy due to overcome this barrier, 

must be added to the activation energy. This additional term has the 

form[94]: 

 

𝑈𝑠𝑠 =
𝛽𝑅

𝑏𝑘
                                               (4.19) 

     
With 

           𝛽 =
1

3𝜋

(1+𝜈)

(1−𝜈)
𝑏𝐺𝛺𝛿𝑖                         (4.20) 

where  is the Poisson’s ratio,   is the average atomic volume and i is the 

volume atomic misfit for the i-species in solid solution, (details about  and 

i calculation in complex alloys are given in [94]. At steady state,                               

(a condition here assimilated to the peak) Eqn. (4.17) gives: 

 

        휀̇ =
2𝑀𝜏𝑙𝑏𝐶𝐿

𝑚
(

𝜎𝑑

𝛼𝑚𝐺𝑏
)

3

                          (4.21) 

 

The model based on the combination of Eqns. (4.18) and (4.21), which 

obviously does not take into account DRX, requires the determination of CL 

(CL = 86 in pure Al[93]) and of the two terms which appear into Eqn. (4.14), 

0namely σi and σss. The determination of σi, which is temperature and strain 

rate dependent, in the case of a pure metal, was based on the assumption that 

the annealed dislocation density and the- σi values account for the annealed, 

yield strength of the pure metal[93]. The yield stress is thus given by 

Eqn.(4.14) [95], where the dislocation density is virtually nihil.  
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The traditional way of describing the temperature dependence of the yield 

strength is to assume that in the creep range, the yield strength is 

proportional to the creep strength, whereas below the creep range the yield 

strength is proportional to the shear modulus. On these bases, the following 

expression was used in[93] 

 

 

 𝜎𝑖 = 𝐴𝑦√𝜎𝐺                                                            (4.22) 

where   was the creep stress which, for the considered pure metal, 

corresponded to a given steady state creep rate, or the peak flow stress 

obtained at a given testing strain rate. The Ay constant was determined                     

to obtain a reliable estimate of the yield strength at room temperature.                 

An equation for solid solution strengthening stress was given in[94], in the 

form:  

 

𝜎𝑠𝑠 =
𝑣𝑑𝑐𝑖𝑠𝑠𝛽2

𝑏𝛺𝐷𝑖𝑠𝑠𝑘𝑇
𝐼(𝑧0)                                                 (4.23)                                                   

where vd is the dislocation velocity, being ciss the atomic concentration of 

the i-species in solid solution and Diss =D0iss exp(-Qiss/RT) is the diffusivity 

of the i-species in the matrix. The term I(z0) can be calculated by numerical 

integration of   

 

𝐼(𝑧0) = ∫
2√2𝜋

3

𝑧0

1
𝑧−5 2⁄ 𝑒𝑥𝑝( 𝑧)𝑑𝑧                         (4.24)                                          

with     bkTz =0 . 
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4.9.  Description of pure Nickel 

 

To properly describe the stress-strain rate relationship for a complex 

material like IN718, one has to first apply the basic model to the parent-

alloy, i.e. pure Nickel. Fig.4.14 plots the peak flow stress as a function of 

strain rate for pure Nickel as obtained by Luton and Sellars [61]. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14:  Peak-flow stress in pure Ni[61]. The curves were calculated 

by the model equation described in Section 3.6, with G=(93x104-

36T)[MPa][96],Rmax=570 MPa (=1.5RUTS), D=DNi=2x10-4exp(290/RT) 

[m2s-1][97],Uss=σss=0, p=2, q=1 and CL=86. 
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This data was used to assess the predictive capability of the basic model, 

taking G=(93x104-36T) [MPa] [96], Rmax=570 MPa (=1.5RUTS) and D 

equivalent to the vacancy diffusivity in Ni (D=DNi=2x10-4exp(290/RT)  

[m2s-1] [97]. The only variation with the procedure reported in[93] was that 

the Rmax term was recalculated at each T by taking into account the 

temperature dependence of the shear modulus, (that is, it was here assumed 

that the ratio Rmax/G remains constant with increasing temperature).                     

The Ay term (=0.0035) was estimated by assuming a yield stress at room 

temperature close to 25 MPa with an initial (annealed) dislocation density 

of 1x1011m-2. The curves presented in Fig. 4.14 were then obtained with 

Uss=σss=0, p=2, q=1 and CL=86 as in pure Al [93]. In fact, the model 

captures the general trend of the experimental data, but strongly 

overestimates the effect of temperature in the low stress regime. To fully 

understand the reasons for this behaviour, Fig. 4.15 plots the Kσ term: 

 

𝐾𝜎 = [1 − (
𝜎𝑑

𝑅𝑚𝑎𝑥
)

𝑝

]
𝑞

≅
𝑄𝐻𝑇

𝑄𝑠𝑑
                                       (4.25)     

                 

where QHT is the experimental value of the activation energy for high-

temperature deformation, and Qsd is the activation energy for vacancy 

diffusion, (the Kσ term does not exactly equal QHT/Qsd due to the complex 

temperature dependence of the M term).  
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Figure 4.15: Plot of the Kσ term as a function of σd /RUTS for p=2 and q=1, 

or p=1and q=0.5. The boxed area represents the interval of activation 

energy values obtained in[61]. 

 
The activation energy for high-temperature deformation can be calculated 

as: 

 

 

𝑄𝐻𝑇 = [
𝜕 ln �̇�

𝜕(−
1

𝑅𝑇
)
]

𝜎

                                                   (4.26)    

          

Luton and Sellars reported an activation energy for high-temperature 

deformation of 23416 kJ mol-1, that is, for an activation energy for self-

diffusion in Ni of 290 kJ mol-1, The Kσ range should be between 0.75 and 

0.86, with σd/Rmax ranging from 0.04 to 0.49.  
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Figure 4.15 clearly shows that assuming p=2 and q=1, this results in a too 

high of an estimate of the activation energy for high-temperature 

deformation. A more reasonable value can be obtained with p=1 and q=0.5. 

Fig. 4.16. plots the model curves recalculated with these new p and q values. 

The agreement with the Luton and Sellars data is now much better,                           

a significant deviation being observed at the two extreme temperatures,                   

in the low strain rate regime. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16: Peak-flow stress in pure Ni[61]. The curves were recalculated 

by the model equation described in Section 4.1, with G=(93x104-36T) 

[MPa]  [96], Rmax=570 MPa (=1.5RUTS), D=DNi=2x10-4exp(-290/RT)               

[m2s-1]  [97], Uss=σss=0, p=1, q=0.5 and CL=86                                  
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Fig. 4.17. plots the model curves for another dataset, obtained by 

compression testing [86], and for creep experiments carried out at lower 

temperatures [98].  In the case of compression data, the agreement between 

model curves and the experimental data is more than reasonable, although   

a deviation appears in the very low strain rate regime. Fig. 4.17 b., shows 

that the model provides a good description also of the creep data, obtained 

under lower stresses and at lower temperatures. On these bases, the 

assumption p=1 and q=0.5 will be maintained in the following. 

 

 

a)
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b) 

                                                                    

Figure 4.17:  a) Peak-flow stress in pure Ni by compression testing[86]; b) 

steady state creep rate a function of applied stress[98]. The model curves 

were calculated as in Figure 4.15. 
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4.10. Description of IN718 solutioned alloy 
 

The application of the basic modelling for pure Ni gave very good results 

with D0sd=2x10-4m2s-1, Qsd=290 kJ mol-1, Ay=3.5x10-3, CL=86, p=1 and 

q=0.5. The same values could be used to model the peak flow stress 

variation with strain rate for the solutioned IN718 alloy, provided that Rmax, 

σss and Uss are properly estimated. This task, in the case of Rmax is 

straightforward, since it could be obtained as 1.5RUTS, being RUTS800 MPa, 

and then be recalculated at each temperature to take into account                            

the variation of G, as in pure Ni. The calculation of the Uss and of the drag 

stress term is a more complex affair. An initial rough estimate of Uss can be 

obtained for simple Ni-X binary alloys by Eqns. (4.19) and (4.20), where i 

is obtained from [99]. Calculation for X=Al, Ti and Mo, for example, gives 

at T/Tm=0.77, Uss=9, 18 and 32 kJ mol-1 respectively (to be compared with 

the value close to 14 kJ mol-1 in the same range of homologous temperature, 

for Al-Mg alloys). Although it has been demonstrated that a first-principles 

evaluation could also be made in the case of multi-component alloys 

containing different elements in solid solution[94][99], in which the average 

atomic volume should be calculated, a simpler procedure will be followed 

here. The first point to be discussed is the relationship between the applied 

stress and the drag stress. The analysis in[87] demonstrated that in Al-Mg 

solid solution alloys, the drag stress, in the high temperature and low stress 

regime, (that is, below the break-away of dislocation from solute atoms 

atmospheres), is roughly proportional to the applied stress, i.e. 
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𝜎𝑠𝑠 = 𝐾𝑐𝜎                                                                  (4.27) 

with Kc0.29 for 2% Mg, independent on the testing temperature (Fig.4.18). 

Let one maintain that Eqn. (4.27) is fulfilled in the case of IN718. 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.18: Plot of the drag stress as a function of applied stress for Al-

2%Mg[87]. The curves obtained at different homologous temperatures 

overlap on a straight line in the low stress regime. 

 

Then, any difference in the value of the activation energy for high-

temperature deformation should only depend on the magnitude of the Uss 

term. The analysis of the experimental data gave QHT345 kJ mol-1.  
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Eqn. (4.21), for a given material with a constant amount of elements in solid 

solution, could be rewritten, by considering only the temperature-dependent 

terms: 

 

휀�̇�𝑠 ∝ [
𝜎−𝜎𝑖−𝐾𝑐𝜎

𝐺(𝑇)
]

3

𝑀(𝑇) ≅ [
𝜎−𝐾𝑐𝜎

𝐺(𝑇)
]

3

𝑀(𝑇) ∝ [
𝜎

𝐺(𝑇)
]

3

𝑀(𝑇)         (4.28) 

 

Substitution of Eqns. (4.18) and (4.28) into Eqn. (4.26) gives the variation 

of the activation energy for hot working with Uss. Thus, once the complex 

temperature dependence of the M term is taken into account, one easily 

ascertains that QHT = 345 kJ mol-1 for Uss=30 kJ mol-1, which is comparable 

with the value obtained in Ni-Mo binary solid solutions. The last parameter 

to be calculated is the Kc constant. Equation (4.14), at room temperature,              

in correspondence with the ultimate tensile strength, becomes: 

 

𝑅𝑈𝑇𝑆 = 𝜎𝑖 + 𝐾𝑐𝑅𝑈𝑇𝑆 + 𝛼𝑚𝐺𝑏√𝜌𝑈𝑇𝑆                                    (4.29)            

Where σi should be the same as that calculated for pure Ni, (the effect of                 

a difference in grain size is neglected here), i.e. 19 MPa, RUTS = 800 MPa, 

and UTS is the dislocation density at rupture. Typical dislocation density 

values at rupture at room temperature should largely exceed 1x1014 m-2.                

Let one assume UTS = 5-7.5x1014m-2, one obtains Kc ranging from 0.33 and 

0.45. Comparison with experimental data at 1000°C shows that an excellent 

description is indeed obtained with Kc = 0.37. Fig. 4.19 thus, plots the model, 

curves calculated with Rmax=1215 MPa, Uss=30 kJ mol-1, Kc=0.37.                       

The description of the data is excellent.  
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Fig. 4.20. shows the experimental data obtained by Azarbarmas and 

coworkers[90] by testing in compression in an equivalent range of 

temperature an IN718 solutioned at 1050°C-1 h. The Figure also plots the 

model curves obtained in the present study, (actually, the same curves 

presented in Figure 4.19, extrapolated in a wider range of strain rates).                

The analysis of the Figure reveals that the model gives an excellent 

description of the tests carried out at 1100°C, while slightly underestimates 

the peak flow stress at the lower temperature.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.19: Peak flow stress as a function of the strain rate for solution 

treated IN718 (G=(93x104-36T) [MPa][96], Rmax=1215 MPa 

(=1.5RUTS),D=DNi=2x10-4exp(290/RT) [m2s-1][97], Uss=30 kJ mol-1, 

σss=0.37σ, p=1, q=0.5 and CL=86 
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Figure 4.20: Peak flow stress as a function of the strain rate for 1050°C-             

1 h solution treated IN718[99], with (G=(93x104-36T) [MPa] [96], 

Rmax=1215 MPa (=1.5RUTS), D=DNi=2x10-4exp(-290/RT) [m2s-1][97], 

Uss=30 kJ mol-1, σss=0.37σ , p=1, q=0.5 and CL=86 
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As a matter of fact, Azarbarmas et al. [90] obtained an activation energy for 

high-temperature deformation of 437 kJ mol-1, that is, 100 kJ mol-1 higher 

than in the present study. The deviation between the model and the data in 

[90], on the other hand, can be easily explained if one takes into account the 

different solution treatment temperatures and durations. Fig. 4.21. plots the 

variation of the tensile strength with solution treatment temperature (for 1h 

duration, from[100]). The curve for yielding is substantially parallel and 

shifted of 400 MPa toward lower values of the stress. It can be easily 

appreciated, that the increase of the solution treatment temperature from 

1050 to 1100°C causes an 80 MPa decrease of the tensile strength. Since 

major grain coarsening was not observed due to the relatively low duration 

of high temperature exposure, the only reasonable explanation of the 

behaviour illustrated in Fig. 4.21, is that heating at 1050°C for 1h causes an 

incomplete dissolution of the secondary phase precipitates. Thus, a residual 

amount of precipitates can be expected when the material is deformed                     

at 1050 or 1000°C, and, as a result, a particle-strengthening contribution 

should be considered. By contrast, heating at 1100°C before compression 

testing, causes the complete solubilisation of the alloy, which behaves as the 

IN718 solution treated at the same temperature investigated in the present 

study. The accuracy of the equations in describing the temperature and strain 

rate dependence of the peak stress of the single-phase IN718 superalloy 

provides an excellent validation of the model, which thus constitutes an 

ideal physical basis for further developments in the case of multi-phase 

microstructures. 
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Figure 4.21: Variation of the ultimate tensile strength with solution 

treatment temperature, for a standard duration of 1h (data from[90]). 
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4.11. Summary and Conclusions 

 

In this chapter, a basic model was applied to pure Ni and then to a single-

phase superalloy. The high temperature deformation of the superalloy,                  

a solution treated IN718, was investigated by torsion testing in a high-

temperature regime (1000–1100 °C) where no precipitation of secondary 

phases was expected. The high-temperature deformation of the solution 

treated IN718 superalloy was investigated in a temperature range selected 

to avoid any form of precipitation during straining. The superalloy exhibited 

the classical behavior of materials that undergo DRX. The peak-flow                 

stress dependence on temperature and strain rate was described using                     

the classic phenomenological approach, based on Garofalo and Arrhenius 

equations, obtaining an activation energy high-temperature deformation              

of 345 kJ mol–1. An alternative physically-based approach, developed for 

creep of fcc metals, was then used to describe the response of pure Ni in the 

first instance, and then applied to the solution treated IN718 single-phase 

alloy. The model, in the form used in the present study, takes into account 

both dislocation hardening and solid solution strengthening, and presents an 

important advantage over traditional phenomenological approaches, since it 

is predictive. Once the different parameters which appear in the model were 

properly calculated, an excellent description of the experimental peak flow 

stress dependence on strain-rate and temperature was obtained. This finding 

confirms that a model, originally developed for describing creep of pure Cu, 

is indeed fully able to describe the high-temperature deformation of Ni. 
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Chapter 5. 

Physical Modeling of The Creep Response 

for Al-Cu-Mg Alloy Produced by Friction 

Stir Processing  

 
 

Within this chapter, the creep response of an Al-Cu-Mg 2024 Aluminum 

alloy with refined microstructures produced friction stir processing (FSP) 

will be discussed. A constitutive model based on a thermotical approach has 

been used to correlate the microstructure features and creep properties.               

The hardness variation with creep duration is used to quantify the particle 

strengthening term. 

 

5.1. Introduction 

 
The creep response of AA 2024-T3 aluminium alloy with a refined 

microstructure produced by Friction Stir Processing (FSP) was considered. 

The material investigated in the present study was a commercial AA2024-

T3 aluminium alloy.  A thermomechanical process, such as the FSP, alters 

the temper condition of the parent metal and produces distinct variations 

across the affected regions of the material. Also, it is interesting to note that 

modifications in the FSP parameters can alter the corrosion susceptibility  

of an alloy.  
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This is because the modifications introduce different degrees of deformation 

and thermal cycles[101][102]. AA2024 alloy is an advanced aluminum 

alloys for aerospace application are required to possess high fracture 

toughness, high fatigue performance, high formability, and super plasticity 

to meet the needs for lower structural weight, higher damage tolerance, and 

higher durability[101][103].The heat-treatable 2024-T3 aluminum alloy, 

reported in this investigation, has attractive features of high strength and that 

its ductility does not significantly decrease during the strengthening heat 

treatment. This alloy has an excellent strength vs. density ratio, formability 

and corrosion resistance which make the high-copper Al-Cu-Mg alloys                  

a potential candidate for a number of industrial applications[104]. Also, they 

are mainly considered as a substitute of iron-based materials for structural 

parts in the transportation industry, So, in this type of alloy, the aluminum 

is the primary constituent and Copper has been the most common alloying 

element almost since the beginning of the aluminum industry, and a variety 

of alloys in which copper is the major addition were developed. Magnesium 

is usually combined with copper. The constituents formed in the alloys 

containing only one or more of copper, magnesium, etc. are soluble ones. 

Depending on the alloy composition (% Cu content and Cu/Mg ratio), 

different phase distributions and consequently different material 

characteristics can be obtained[105]. A constitutive model based on                           

a theoretical approach has been used to correlate microstructural features 

and creep properties. The basic models have been developed by Sandström, 

to describe the creep response of pure Cu[106], and was applied to Ni in the 

previous chapter.  
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5.2. Creep and Creep testing 

 

Creep of materials is classically associated with time-dependent plasticity 

under a fixed stress at an elevated temperature, often greater than roughly 

0.5TM, where TM is the absolute melting temperature. The plasticity under 

these conditions is described in Figure 5.2 for constant stress (1) and 

constant strain rate (2) conditions. As the characteristic aspect of the curve, 

three regions are delineated; Stage I, or primary creep, denotes that portion 

where the creep rate (plastic strain rate), έ (= dε/dt) is changing with 

increasing plastic strain or time. In Fig. 5.2a. the primary creep rate 

decreases with increasing strain, but with some types of creep, such as solute 

drag with “three power creep,” an “inverted” primary occurs where the 

strain rate increases with strain. Analogously, in Fig. 5.2b., under constant 

strain-rate conditions, the metal hardens, resulting in increasing flow 

stresses. Often, in pure metals, the strain rate decreases or the stress 

increases to a value that is constant over a range of strain. The phenomenon 

is termed Stage II, secondary, or steady-state creep. Eventually, cavitation 

and/or cracking increase the apparent strain rate or decrease the flow stress. 

This regime is termed Stage III, or tertiary creep, and leads to fracture. 

Sometimes, Stage I leads directly to Stage III and an “inflection” is 

observed. Thus, care must sometimes be exercised in concluding                                

a mechanical steady state (ss).  
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The term “creep” as applied to plasticity of materials likely arose from the 

observation that at modest and constant stress, at or even below the 

macroscopic yield stress of the metal (at a “conventional” strain rate), plastic 

deformation occurs over time as described in Fig. 5.2a. This is in contrast 

with the general observation, such as at ambient temperature, where,                         

a material deformed at, for example, 0.1–0.3 TM shows very little plasticity 

under constant stress at or below the yield stress, again, at “conventional” 

or typical tensile testing strain rates (e.g., 10−4–10−3 s−1)[48][107]. The latter 

observation is not always true as it has been observed that some primary 

creep is observed (e.g., a few percent strain, or so) over relatively short 

periods of time at stresses less than the yield stress in some `rate- sensitive' 

and relatively low strain-hardening alloys such as titanium and steels[107]. 

The creep test is conducted using a tensile specimen to which a constant 

stress is applied, often by the simple method of suspending weights from it. 

Surrounding the specimen is a thermostatically controlled furnace,                        

the temperature being controlled by a thermocouple attached to the gauge 

length of the specimen, Fig.5.1. The extension of the specimen is measured 

by a very sensitive extensometer since the actual amount of deformation 

before failure may be only two or three per cent. The results of the test are 

then plotted on a graph of strain versus time to give a curve similar to that 

illustrated in Fig.5.2. 
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Figure.5.1: Schematic of a creep test[108]. 

 
 
 

 
 
  
 
 
 
 
 
 
 
 
 
 

Figure.5.2: Constant true stress (a) and constant strain rate (b) creep 

behavior in pure and Class M (or Class I) metals[48]. 
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The test specimen design is based on a standard tensile specimen. It must      

be proportional in order that results can be compared and ideally should                 

be machined to tighter tolerances than a standard tensile test piece.                     

In particular the straightness of the specimen should be controlled to within 

some ½% of the diameter. A slightly bent specimen will introduce bending 

stresses that will seriously affect the results. The surface finish is also 

important - the specimen should be smooth, scratch free and not cold worked 

by the machining operation[109]. The extensometer should be fitted on the 

gauge length and not to any of the other load carrying parts as it is difficult 

to separate any extension of these parts from that in the specimen. Testing 

is generally carried out in air at atmospheric pressure. However, if it is 

necessary to produce creep data for materials that react with air these may 

be tested in a chamber containing an inert atmosphere such as argon or in                          

a vacuum. If the material is to operate in an aggressive environment then the 

testing may need to be carried out in a controlled environment simulating 

service conditions. Fig.5.2. shows that creep failure occurs in three distinct 

phases - a rapid increase in length known as primary creep where the creep 

rate decreases as the metal work hardens[107]. This is followed by a period 

of almost constant creep rate, steady state or secondary creep and it is this 

period that forms the bulk of the creep life of a component. The third stage, 

tertiary creep, occurs when the creep life is almost exhausted, voids have 

formed in the material and the effective cross-sectional area has been 

reduced. The creep rate accelerates as the stress per unit area increases until 

the specimen finally fails.  
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The creep test has the objective of precisely measuring the rate at which 

secondary or steady state creep occurs. Increasing the stress or temperature 

has the effect of increasing the slope of the line, the amount of deformation 

in a given time increases. There are therefore two additional variations on 

the creep test that use the same equipment and test specimen as the standard 

creep test and that are used to provide data for use by the designer in the 

latter case. These are the creep rupture test and the stress rupture 

test[107][109]. As the names suggest both of these tests are continued until 

the specimen fails. In the creep rupture test the amount of creep that has 

occurred at the point of failure is recorded. The test results would be 

expressed as % age strain, time and temperature e.g, rupture occurs at 2% 

strain at 450°C in 85,000 hours. The stress rupture test gives the time to 

rupture at a given stress and temperature e.g 45N/mm2 will cause failure                

at 450°C in 97,000 hrs. This data, if properly interpreted, is useful in 

specifying the design life of components when dimensional changes due to 

creep are not important since they give a measure of the load carrying 

capacity of a material as a function of time[109]. 

5.2.1.  Phenomenological laws and coefficients 

      

The analytical description of a creep curve as a function of time or strain, 

which is based solely on elementary mechanisms, is not easy at all. At least 

the microstructural details (metal, precipitates, grain size, etc.), as well as 

the contribution of different mechanisms (dislocations, diffusion, grain 

boundaries) have to be accounted for. In practice, in most cases, measured 

curves are used.  
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To estimate the effect of stress σ and temperature T, one focuses generally 

on stage II (constant creep rate). For those materials that do not exhibit                     

a distinct stage II, the minimum creep rate is used[107]. Consideration of 

the constant creep rate stage is justified by the fact that it often represents                        

a substantial part of the lifespan of a part. Stage I only lasts a short time, and 

stage III is not of engineering interest, since the useful lifespan of a structural 

part has expired by then and the part has to be replaced for safety reasons. 

In the following, we focus on stage II. The steady state creep rate έss                          

is a function of both stress (a) and temperature (b), as shown in                                

Fig. 5.3[107][109]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3: Stress and temperature dependence of the steady state creep 

rate[110]. 
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The stress dependence can be described as: 

 

 έ = 𝐵. 𝜎𝜎𝑛                                                                   (5.1) 

 

The temperature dependence as: 

 

  έ𝑠𝑠 =  𝐶 . 𝑒𝑥𝑝 (
−𝑄𝑐

𝑅𝑇
)                                                      (5.2) 

                                                                                                                

Combining gives for the minimum creep rate (i.e., in steady state creep, 

stage II), 

 

έ𝑠𝑠 =  𝐴 . 𝜎𝑛. 𝑒𝑥𝑝 (
−𝑄𝑐

𝑅𝑇
)                                                  (5.3) 

 

where A: constant, σ : stress [MPa], n: exponent, Qc: activation energy 

[J/mol], R = 8.314 J/mol·K (ideal gas constant). When the applied stress                 

is not too high, this law usually gives a satisfactory description of the                 

creep rate as a function of temperature and applied stress. The constant A, 

the exponent n, and the activation energy for creep Qc are material 

characteristics and can be determined from a series of creep tests.                            

The phenomenological law is not precise enough to calculate (by 

extrapolation) the creep rate at low- temperatures from measurements taken 

at high stress near the melting temperature, where things happen very fast. 

The exponent n can be easily determined through a double-logarithmic 

representation of the creep rate (at T = constant) and the stress.  
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When the observed results satisfy the law mentioned above, a straight line 

of slope n should be obtained. Similarly, the logarithm of the creep rate                 

(at constant stress) can be plotted as a function of 1/T. The slope of the 

straight line should equal Qc/R. For pure metals only a few control measures 

need to be taken, since it is well established that the activation energy for 

creep corresponds to the activation energy for auto diffusion. This fact is 

also confirmed by theory, since the stationary creep rate is limited by 

rearrangements that require the climb of dislocations in the sub grain 

boundaries. In pure metals, the exponent n varies between 4 and 5 (Norton 

power law). For single phased alloys (solid solutions), n equals rather 3.                

In these two metal groups, results obtained at very high temperatures show 

an exponential dependence of stress such that the creep curve deviates from 

Norton’s law. A very strong dependence can also be observed in precipitate 

hardened alloys. It is not unusual that n has to be chosen above 10 to describe 

the experimental results, even at low stress. In order to “save” Norton’s law 

with reasonable exponents (3–5), one may argue that solely the difference 

between applied stress and the back-stress induced by the precipitates is 

available for driving creep deformation. The applied stress in Norton’s law 

should then be replaced by the “effective” stress, which corresponds to this 

difference[107][110]. 
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5.3. Experimental procedure for AA2024-T3 

 

Specimens of a commercial AA2024-T3 aluminum alloy were machined 

from a plate of 200 mm x 100 mm,3 mm thickness. The chemical 

composition is given in table 5.1., The plates were processed by Friction Stir 

processing (FSP) by using a SHARNOA CNC milling machine, with                       

a rotational speed of 800 rpm and a transverse speed of 80 mm/min.             

The Friction stir Processing (FSP), invented by (TWI), UK in 

1991[111][112], is one of the most promising joining processes for 

lightweight metals owing to its promising metallurgical advantages 

compared to conventional fusion welding. Friction stir Processing (FSP) 

joint generally contains four characteristic zones, i.e. stirred zone (SZ), 

thermo-mechanically affected zone (TMAZ), heat affected zone (HAZ), and 

base metal (BM). It has been demonstrated that temperature history, strain 

and stain rate evolution during FSP significantly affect microstructure of the 

zones in joints. A schematic diagram illustrating the FSP process is shown 

in Fig. 5.4. The creep sample shown in Fig. 5.5.  with square 3 mm x 3 mm 

transversal section with 25 mm gauge length were machined from the FSP 

region of the plates. The longitudinal axis of the samples was parallel to the 

FSP direction, so that the whole body of the specimen was included in the 

stir zone. Constant load creep experiments (CLE) and variable load 

experiments (VLE) were carried out at 250 °C and 315 °C with the initial 

stress of 50 MPa and 12 MPa, all the experiments are maintained until the 

starting of the minimum creep rate range. Then, the applied stress was 

increased one of two times, and then maintained up to sample rupture.  
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The samples after creep were analyzed by a PhilipsTM CM-200® 

transmission electron microscope (TEM) operated at 200 Kev. The 

quantitative evaluation of volume, FV, number fraction, NV, spacing, , and 

mean size, dspp, of the detected secondary phase rod particles was thus 

carried out on statistically meaningful number of elements (i.e., at least 300 

per experimental condition).    

 

 

 

Table 5.1: chemical composition of AA2024-T3 (wt.%)[101]  

 

 

 

 

 

 

 

 

 

 

                                                                                             a) 

 

 

Cr  

max 

 Cu Fe 

max 

Mg Mn Si 

max 

Ti 

max 

Zn 

max 

Al Other 

0.1 3.8-4.9 0.5 1.2-1.8 0.3-0.9 0.5 0.15 0.25 Bal. 0.2 
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                                                                                            b) 

 

        Figure 5.4: Schematic drawing of a) friction stir processing process      

        and b) tool[113]. 

 

 

 

 

 

 

 

 

Figure 5.5: Schematic drawing of the Creep specimen[101]. 
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5.4.  Results for AA2024-T3 

5.4.1. Microstructure evaluation during creep 

 

Within this chapter, the microstructures as a result of FSP processing 

AA2024-T3 will be discussed. Work describing microstructures developed 

by FSP is relatively scarce and, of the available literature, processing 

conditions tend to be omitted. To the date, many publications in the field of 

FSP of the 2024 aluminum, has been published. Nadammal et al. [112] 

applied a bottom-up approach for optimizing the process parameters                       

to obtain adefect-free processed material. Their results included mechanical 

properties and residual stress analysis together with grain size and 

precipitate studies conducted using Scanning Electron Microscopy (SEM). 

Charit and Mishra [111] studied the superplastic behavior of friction-stir-

processed AA2024-T4. Based on Qualitative-Transmission Electron 

Microscope (TEM) examination, they claimed that the grain size obtained 

at the stir zone was ∼ 3.9 μm. Cavaliere [114] also reported on the 

superplastic behavior of friction-stir processed 2024 Al alloy and further 

studied the effect of the addition of Sc and Zr, reporting on the average grain 

size of  1 μm at the stir zone. Suri et al.[115] reported that FSP yielded an 

improvement in tensile strength of about 20%, while they observed                         

a negligible drop in yield strength with respect to the raw material. 

Concerning elongation to fracture, Suri et al.[115] pointed to a drop                          

of approximately 40% in the case of processed material. Nadammal et 

al.[116] studied microstructure and texture evolution during single and 

multiple pass FSP.  
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They reported on the formation of equiaxed grains with an average size                  

of 4–5 μm at the stir zone, claiming that Dynamic Recrystallization (DRX) 

was the dominant mechanism while Particle Stimulated Nucleation (PSN) 

was a participating nucleation mechanism. Ren et al.[117] studied crack 

repairing by FSP in the 2024 aluminum alloy. They used optical microscopy 

for their microstructure study and provided microhardness profiles, but they 

did not conduct any quantitative analysis of the microstructure at the 

repaired zone. The alloy after friction stir processing (FSP) is shown in 

optical and TEM micrographs in Fig. 5.6. The variation of the 

microhardness is reported in Fig 5.7, which shows that the hardness reaches 

a maximum value (128 HV), which is lower than the hardness of the parent 

alloy (144 HV), then it decreases down in the middle section to the 

minimum valve (113 HV). Fig. 5.8. and table 5.2. illustrate the hardness 

variation with creep time (te) at 250 and 315 °C, the lowest temperature (T) 

indicate a decrease in the hardness (HV).  
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                                                                                              a) 

                                          

                                   

 

 

 

 

 

                                                                                              b) 

 

Figure 5.6: Microstructure of the FSP 2024-T3 alloy: a) optical 

micrograph; b) structure observed by TEM. 
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Figure 5.7: Vickers hardness variation along the thickness of the FSP 2024-

T3 alloy, measured in the center of the FSP zone. The broken line represents 

the average HV value. 
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Figure 5.8: Hardness variation as a function of time of exposure (creep test 

duration) for the sampletested at 250 and 315°C. 
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Table 5.2: Summary of the experimental results. The strain rate values 

reported in italic font were those of the VLE. 

 

 In the case of the samples tested at the highest temperature, hardness 

remains invariably low, and just a moderate further decrease in HV can be 

observed. Fig. 5.9. shows the hardness as a function of temperature 

compensated time (tc), expressed as equation (5.4):  

 

 𝑡𝑐 = 𝑡𝑒 𝑒𝑥𝑝   (−
𝑄

𝑅𝑇
)                                            (5.4) 

 

The hardness data, with Q ≅ 260 kJ mol-1, collapse on a single master curve, 

that can be profitably used to recalculate the hardness value for the different 

experimental conditions. 

T 

 

[°C] 

Load 

sequence 

[MPa] 

�̇�𝐦 

 

[s-1] 

te 

 

[h] 

HV  

 

[nm] 

Fv 

 

[%] 

Nv 

 

[m-3] 

 

 

250 

 

 

30 

 

4.010-9 

 

337 

 

63 1.0 

 

550 

 

0.06 

 

1 

50-70-

100 
1.810-7-2.510-6-

1.210-4 

82.7 71  0.6 - - - 

70 7.210-7 13.8 67  2.4 - - - 

100 2.510-6 4.0 83  1.0 190 0.74 26 

120 8.610-6 0.62 89  0.5 - - - 

140 

140 
2.610-4 

7.310-5 

0.03 

0.98 
94  0.5 

88 0.5 

110 

- 

1.73 

- 

138 

- 

        

 

315 

 

 

12-50 

 

6.010-9-4.510-6 

 

237 

 

54  1.9 

 

- 

 

- 

 

- 

25 8.110-7 0.87 57  0.6 - - - 

40 1.010-5 0.42 72  0.6 - - - 

60 2.210-4 0.04 68  0.6 - - - 
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Figure 5.9: Hardness variation as a function of the temperature-

compensated time, with Q = 260 kJ mol-1. The data substantially overlap on 

the same sigmoidal curve. The Figure also shows the hardness value for the 

T3 state, for the alloy after FSP, and for the fully annealed condition[118]. 

 

The reasons for the decrease in hardness clearly illustrated in Figures 5.8 

and 5.9, can be easily found by analyzing the particle distribution after creep 

(Table 4.2). The table shows the interparticle spacing of the intergranular 

strengthening precipitates (), the respective volume fraction (Fv),                            

and their number per unit volume (Nv).  Figures 5.10 and 5.11. clearly shows 

the typical rod morphology of the particles, typically aligned along the 

(200)-Al crystallographic direction.  
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                                                                                               a) 

                                                                                            

 

 

 

 

 

 

 
                                                                                          b) 

 

Figure 5.10: Representative TEM micrographs of the sample tested under 

140 MPa at 250°C. (a) The presence of large intergranular precipitates is 

well documented; (b), an example of the fine intragranular particles is 

shown. 
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                                                                                            a)                                                               

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                                        
                                                                                       b) 

                                                                                             

Figure 5.11: Representative TEM micrographs of the sample tested under 

100 MPa at 250°C.    
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With this regard, the almost equiaxed precipitates visible in the TEM 

micrographs of Figures 5.10-to-5.12 are actually rods laying along the 

(002)-Al direction, i.e. the along the electron beam direction. The dramatic 

reduction of the volume fraction of intragranular precipitates, and their 

progressive loss of effectiveness as dislocation obstacles due to the very 

large interparticle distance (spacing, ), are self-apparent. Other than these 

meaningful features, the secondary phase particle mean dimensions were 

also affected by the different creep loads at 250°C. It is worth to mention 

here that the volume size of the rod-shaped secondary phase particles did 

evolve primarily in their length. The lateral size ranged from 5 to 50 nm, 

while the thickness varied correspondingly only from 25 to 30 nm. On the 

other hand, the plate length greatly varied from typical minimum values               

of few tens to maximum of thousands of nanometers. Thence, Fig. 5.13.  

reports the cumulative size distribution of the plate length for the creep loads 

of 30, 100, and 140 MPa at 250°C, corresponding to the conditions inspected 

by TEM, which are representatively reported in Figure 5.12. It is apparent 

that the mean particle length reduced to almost half from 30 to 140 MPa, 

with concurrent dramatic volume fraction, FV, increment of almost 30-times 

(showen in Table 5.2). The corresponding distribution appears to be rather 

similar among the three conditions spanning from 10 to 2600 nm.   
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                                                                                                                              a) 
 

                            

 

 

                                                         

                                                       b) 

Figure 5.12: Representative TEM micrographs of the sample tested under 

30 and 50 MPa at 250°C. 
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Figure 5.13: Distribution of the secondary phase particle length, of the 

samples tested under 30, 100, and 140 MPa at 250°C. 

 

Creep exposure at 315°C, as suggested by Figure 5.9, leads to an even more 

pronounced softening of the microstructure, which closely corresponds to 

the dissolution of the finest particles, and the residual presence of coarse 

rods (Fig. 5.14), whose strengthening effect is limited. 
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Figure 5.14: Representative TEM micrograph of the sample tested under 

25 MPa at 315°C. 

 

5.5. Creep data  

 

The model curves obtained for 2024-T3 alloy at 250 and 315°C (Fig.5.15.), 

shows the minimum creep rate data for the FSP 2024-T3 alloy, compared 

with the model curve calculated in similar testing condition for the parent 

alloy[119]. The Figure clearly shows that FSP results in substantially higher 

creep rate. A significant scatter of the experimental data was indeed 

observed in the high-stress regime at 250°C (120-140 MPa). 
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Figure 5.15: Minimum creep rate dependence on applied stress for 2024-

T3 FSP alloy, tested both in constant (CLE) and variable (VLE) load 

conditions. The Figure also shows the strain rate for the base alloy tested 

by CLE (broken curves). 

 

The temperature dependence of the minimum strain rate was in first instance 

calculated, based on the phenomenological equation (Eq. (5.5)): 

 

   휀�̇� = 𝐴(𝜎) 𝑒𝑥𝑝   (−
𝑄

𝑅𝑇
)                                               (5.5) 

                       

where Q is the apparent activation energy for creep, and A(σ) is a stress-

dependent parameter. The value of the activation energy was obtained as            

Q = 260 kJ mol-1, so the value was substantially higher in AA2024-T3,                       



 

 

 

 

 

 138 

to be compared with the value of (122 kJ mol-1 [93]) for the activation 

energy for self-diffusion in Al. This high value of the activation energy 

again clearly indicates that in this complex alloy, the microstructure is 

thermally unstable, i.e. it undergoes significant changes during prolonged 

holding at high temperature, as occurred in the case of the parent 

material[119]. This fact is confirmed by the substantially higher values of 

the minimum strain rate obtained in VLE when compared with CLE carried 

out under the same stress. A similar behaviour can be explained by the 

progressive softening of the microstructure as the time of exposure at high 

temperature under a given applied load increases. Fig. 5.16. shows the 

Zener-Hollomon parameter Z (Eq. (5.6)) as a function of applied stress.  

 

   𝑍 = 휀�̇� 𝑒𝑥𝑝   (
𝑄

𝑅𝑇
)                               (5.6) 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.16: Zener-Hollomon parameter as a function of applied stress for 

2024-T3 FSP tested under constant load conditions.  
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5.6.  Creep modelling of AA2024-T3 

 

The basic model that will be used here to describe the high-temperature 

deformation of AA2024-T3, was originally developed for Cu[106], and was 

illustrated in the previous chapter. Here, one can simply mention that the 

model is based on the Taylor equation, (Eq.5.7) 

 

                      

  𝜎 =  𝜎𝑖 +  𝜎𝑠𝑠 + 𝜎𝜌 = 𝜎𝑖 +  𝜎𝑠𝑠 + 𝛼𝑚𝐺𝑏√𝜌                        (5.7)                     

           

 

where m is the Taylor factor (m = 3.06 for fcc metals) and σρ = αmGbρ1/2              

is the dislocation hardening term. The term σi represents the stress required                

to move a dislocation in the absence of other dislocations, and incorporates 

the effect of grain size, while α is a constant (in the following, α = 0.3 will 

be considered). As already mentioned, solute atmospheres reduce 

dislocation mobility; the term σss thus represents the stress required for 

dislocations to move through the viscous drag due to solute atoms (Cu and 

Mg in AA2024). Since Cu and Mg mostly combine with Al to form the 

precipitates, the drag stress is here assumed to be very low, i.e. quite 

negligible in comparison with the other terms in Equation (5.7). On this 

basis, the assumption σss  0 will be used in the following. Last, the threshold 

stress σ0 represents the strengthening contribution due to the interaction 

between fine particles and dislocations. In aged AA2024 alloy, the 

aluminum matrix is reinforced with a densely spaced distribution of 

precipitates.  
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In Al-Cu-Mg alloys with Cu: Mg atomic ratio close to 1, the precipitation 

sequence is described as:  

αss → Cu:Mg co-clusters/GPB zones → GPB2/S’’ phase → S’/S phase 

where αss is the super-saturated solid solution, GPB are the Guiner-Preston-

Bagaryatsky zones and the S’’ (GPB2) is an intermediate phase preceding 

the formation of the semicoherent S’ phase[120]. The equilibrium S-phase 

in the peak-aged state assumes the shape of non-shearable rods aligned in 

the 100 directions, although equiaxed precipitates can be also observed in 

the alloy after long creep exposure[102]. Under high applied stress, the 

particle strengthening effect is equivalent to Orowan stress σOr as shown in 

equation (5.8)., p=0.7 and 0.55 at 250°C and 315°C, for the investigated 

alloy (AA2024-T3) [119]. 

 
 

 𝜎0 = 𝛼𝑝𝜎𝑂𝑟                      (5.8) 

 

 

On other hand Equation (5.9) shows the constitutive model derivation for 

the creep rate dependence on applied stress at steady state, where  is the 

interparticle spacing, l is the dislocation line tension (l=0.5Gb2) and               

𝜎𝜌 = 𝜎 − 𝜎0 − 𝜎𝑖 − 𝜎𝑠𝑠 ≅ 𝜎 − 𝜎0 = 𝜎𝑒[119]. 

  

 

 휀�̇� =
2𝑀𝑐𝑔𝜏𝑙𝑏𝜆

𝑚
(

𝜎𝜌

𝛼𝑚𝐺𝑏
)

4

                             (5.9) 
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Equation (5.10), shows the dislocation climb mobility M, assumes the form: 

where Rmax, is the maximum strength of the alloy, k is the boltzman constant, 

D0L and QL are the pre-exponential factor and the activation energy in the 

Arrhenius equation describing the temperature dependence of the vacancy 

diffusion coefficient. So Rmax, which depends on material structure, is the 

flow stress required to plastically deform the material in the absence of 

thermal activation and D = D0mexp(-QL/RT) is the appropriate diffusion 

coefficient, (QL is thus the activation energy to overcome the obstacle field).  

                                         

𝑀 ≅
𝐷0𝐿𝑏

𝑘𝑇
𝑒𝑥𝑝 [

𝜎𝜌𝑏3

𝑘𝑇
] 𝑒𝑥𝑝 {−

𝑄𝐿

𝑅𝑇
[1 − (

𝜎𝜌

𝑅𝑚𝑎𝑥
)

2
]} exp (−

𝑈𝑠𝑠

𝑅𝑇
)                  (5.10) 

 

The Uss is a term describing the energy necessary for Cu and Mg atoms still 

in solid solution to jump in and out of the atmospheres that spontaneously 

form around dislocations (Uss 14.5 kJ mol-1 [119]). So, the Uss term has 

been introduced to take into account that during viscous glide in solid 

solution alloys, solute atoms have to jump in and out the atmospheres that 

spontaneously form around dislocations. Thus, an additional term, 

describing the energy due to overcome this barrier, must be added to the 

activation energy. This additional term has the former equations (5.11 & 

5.12):  

          

 𝑈𝑠𝑠 =
𝛽𝑅

𝑏𝑘
                       (5.11) 

 

With 

 

𝛽 =
1

3𝜋

(1+𝜈)

(1−𝜈)
𝑏𝐺𝛺𝛿𝑖                          (5.12) 
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where  is the Poisson’s ratio,   is the average atomic volume and i is the 

volume atomic misfit for the i-species in solid solution, (details about  and 

i calculation in complex alloys are given in [119]).  

The maximum strength Rmax at the testing temperature is here tentatively 

quantified as (Eq 5.13)): 

 

( )
max

1.5 a
UTS Or

RT

RT

G R

R

G

+

=                  (5.13) 

 

 

Where 
a
UTSR  the tensile strength of an alloy with the same impurity level and 

similar content of elements in solid solution and coarse intergranular 

precipitates. The term σOr indicates the Orowan stress generated by                           

a dispersion of particles equivalent to that observed in the crept samples 

after testing; the RT suffix, in turns, denotes the room temperature values                         

of the considered parameters (tensile strength, Orowan stress, shear 

modulus). Equations (5.9) - (5.13) analyse the critical parameters for 

modelling the minimum creep rate. The σ0 term, at high temperature, for 

example, can be considered to be proportional to the Orowan stress σOr, 

which, in turns, depends on the interparticle spacing  and to particle shape. 

The detailed analysis reported in [119] gave an excellent description of the 

experimental data for the 2024-T3 alloy, by assuming that all the 

precipitates were in forms of rods. In addition, the model also accounted for 

the stress accelerated coarsening process of the strengthening particles.                    
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It is obvious, that to properly use the model in this articulated and complex 

form, one should have a detailed knowledge of the microstructural evolution 

during creep exposure. In the case of the present study, a different approach 

was used, starting from the available information on the variation of 

hardness with creep time. So the variation of hardness with creep time is 

used, so the Vickers hardness HVMPa can be described by equation (5.14). 

 𝜎𝑦𝑠 = 𝛽𝑎𝐻𝑉𝑀𝑃𝑎 − 𝛽𝑏                                         (5.14) 

 
 

where a and b are constants. Values of a is from 0.266 to 0.383 for                     

Al-Mg-Si alloys[121]. The b value can be calculated for the material 

investigated in the present study, by assuming a=0.303, by considering the 

same alloy has a different state condition (-T3 and FSP) with hardness 

(HVMPa) 1411 and 1152 MPa, for yield stresses 362 and 284 MPa.                            

So b is calculated to be 65 MPa.  

The next step consists in estimating the contribution of the particles in the 

yield strength. At yielding, Eqn. (5.4) can be rewritten by explicitly 

introducing the Hall-Petch hardening term (σg), giving (Eq. (5.15)): 

 

𝜎𝑦𝑠 = 𝜎𝑖0 + 𝜎𝑠𝑠 + 𝜎0 + 𝜎𝑔 + 𝛼𝑚𝐺𝑏√𝜌                (5.15) 

 

where σi0 is the stress necessary to move the dislocations in the pure metal 

with very coarse structure. 
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 In addition, one can reasonably assume that (Eq. (5.16)): 

 

 𝜎𝑦
𝑎 = 𝜎𝑖0 + 𝜎𝑠𝑠                                                   (5.16)  

 

where  
a
y

 is the yield strength of the matrix, that is, of a fully annealed 

large-grained alloy with comparable levels of impurities and elements in 

solid solution, and with massive particles on grain boundaries, thus giving, 

for the considered alloy (Eq. (5.17)): 

 

𝜎0 = 𝜎𝑦 − 𝜎𝑦
𝑎 − 𝜎𝑔 − 𝛼𝑚𝐺𝑏√𝜌                 (5.17) 

 

Let one considers 
a
y

 55 MPa (yield stress for an alloy containing 0.5 Mg 

and 0.5 Mn) [118], σg being: (Eq. (5.18)): 

 

 𝜎𝑔 =
𝑘ℎ𝑝

√𝑑𝑔
                                                     (5.18)    

 

with khp =2.6 MPa mm-0.5 [119] and dg=5x10-3 mm; the last term to be 

determined for estimating the particle strengthening term from the curve 

presented in Fig. 4.9, is the dislocation density. Creep is known to introduce 

dislocation densities which can be well above 1013 m-3 [93]; yet, after 

rupture, the samples considered in the present study remained in the furnace 

for a sufficiently long time to consider that the free dislocation density 

underwent a substantial annealing. Thus, it is here assumed that  = 1x1012 

m-3, irrespective of the applied stress or temperature.  
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Then, Eqn. (5.17) provides the estimates of the particle strengthening term 

(in this case the Orowan stress, since room temperature data are considered) 

presented in Fig. 5.13. These values can be considered to be reasonably 

accurate for the tests carried out in the low stress regime, where the 

dislocation density cannot be much larger than 1x1012 m-3. The situation 

could be somewhat different for the tests carried out under the lower stresses 

at 250°C, where higher values of the dislocation density can be expected, 

leading to a reduced value of σ0, that is, the values presented in Fig.5.14. 

could be overestimated. On the other hand, this effect is balanced by the fact 

that in the following it will be assumed that the microstructure at the end of 

the test was substantially equivalent to that corresponding to the minimum 

creep rate. For CLE tests carried out in the high stress regime, this would 

lead to an underestimation of the value of the particle strengthening term in 

correspondence to the minimum creep rate.  

 

 

 

 

 

 

 

 

 

 

Figure 5.17: Particle (Orowan) strengthening term as a function of 

temperature compensated testing time. 
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The last missing major parameter in the model is the interparticle distance. 

The usual relationship between the Orowan stress and the interparticle 

spacing is of inverse proportionality. The interparticle values presented in 

Table 5.2., the corresponding yield stresses from Fig. 5.17 and the best 

fitting straight line are presented in Fig. 5.18., which can be then used to 

estimate  for all the considered experimental conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.18:  Reciprocal of particle spacing as a function of the Orowan 

stress at room temperature. 
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At this stage, all the necessary information is available, and equations.(5.9) 

– (5.10) can be used, as in[119], with p = 0.7 and 0.55 at 250 and 315°C 

respectively, Qsd = 122 kJ mol−1, D0sd= 8.3 × 10−6 m2 s−1 and b=2.86x10-10m. 

The calculated model curves for both CLE and VLE are reported                               

in Fig. 5.19. The curves for CLE data are actually obtained by connecting 

the value of the strain rate calculated for each stress, by assuming that the 

particle distribution in correspondence of the minimum creep rate is 

equivalent to that observed after the end of the test. Thus, the curve connects 

strain rate values that correspond to different microstructures, namely 

different particle sizes and distributions. By contrast, the curves modelling 

the VLE data, are obtained by assuming that the particle distribution for the 

whole loading sequence remains substantially unchanged, with respect to 

the one that could be observed in correspondence to the minimum creep rate 

under the first (and lowest) applied stress, just before load increase.                   

Thus, each single VLE curve roughly corresponds to a constant 

microstructure, in terms of particle size and distribution. The description of 

the experimental data, which was obtained without any need of creep data 

fitting, is remarkably accurate, except under the highest stresses, i.e. in the 

region where a quite important scatter of the data was observed. 
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Figure 5.19: Basic creep modelling of the minimum strain rate dependence 

on applied stress for CLE (solid curves) and VLE (broken curves). 

 

The analysis of Fig. 5.18. definitely confirms that the model presented in 

[119] is an excellent tool for describing the creep response of age-hardening 

alloys. In addition, the accuracy of the description suggests that the measure 

of the hardness variation after creep cab give precious information to 

quantify the particle-strengthening term. 
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5.7. Summary and Conclusions 

 

 In this chapter, a constitutive model based on a theoretical approach has 

been used in the present study to describe the creep response of an AA2024-

T3 alloy processed by FSP. The material, after FSP, exhibited a strong 

reduction in creep resistance, attested by higher values of the minimum 

creep rate, when compared with the base metal. The model, already 

successfully used for the description of the creep behaviour of the base alloy 

in –T3 state, was here applied to the transformed alloy with a fine 

recrystallized grain size and lower mechanical strength. This achievement 

represents a substantial advantage over conventional approaches based on 

phenomenological equations. The hardness variation with creep duration 

was used to quantify the particle strengthening term, in order to properly 

describe the softening phenomena associated to high-temperature exposure. 

The resulting model curves gave an excellent description of the 

experimental results, without requiring any data-fitting of the creep data, 

which represents a substantial advantage over conventional approaches 

based on phenomenological equations. 
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Chapter 6. 
 

Conclusions 

 
The conclusions from these chapters are summarized in the following 

sections.  

In dynamic conditions, the behavior of metals is generally characterized by 

an increase of the strength due to the high strain rate (strain rate hardening) 

and, simultaneously, a decrease of the strength due to the increase of 

temperature (thermal softening), related to the conversion of plastic work 

into heat. Depending on the material, the strain rate and temperature 

sensitivities could be coupled or uncoupled and change as function of the 

strain. For this reason, it is fundamental to deeply investigate the material 

response varying the loading condition.  

In particular, in this thesis, the attention was focused on some of the most 

common material models:  

i. the phenomenological constitutive model discussed in Chapter 3 

(Garofalo and Arrhenius equations, combined with the Hensel and 

Spittel relationship) can successfully describe the material behavior, but 

each material (even each initial microstructure) should be treated 

independently. Thus, no generalizations can be obtained;   

ii. hot workability of IN718, discussed in Chapter 4, gave another insight 

into deformation behavior at high temperature deformation and strain 

rate with the corresponding microstructure. In this case both 

phenomenological approaches, based on Garofalo and Arrhenius- 
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equations and basic creep modelling were used to describe the response 

in IN718 and pure Ni and dislocation hardening and solid solution 

strengthening. The use of basic model is relatively easy here, since the 

material was deformed in a solid solution single phase state; 

iii. modelling of the creep response for AA2024-T3 produced by friction 

strir processing were discussed in Chapter 5. In this case the 

microstructure presents all the typical features of complex materials, in 

which particle strengthening and dislocation hardening coexist. The 

basic modelling was successfully used, although in a simplified form, 

to describe mechanical data (minimum creep rate as a function of 

applied stress). 

On the bases of the previous results, one can reasonably conclude that basic 

modelling is a power tool for the prediction of material behavior, as long as 

a deep knowledge of the microstructural features of the alloy is available. 

On the other hand, phenomenological approach still maintains its validity in 

all those cases in which only a qualitative description of microstructural 

evolution is available. In addition, the state of art of the Finite Element 

Modelling tools only permit to fully exploit the phenomenological models, 

although implementation of basic models in FEM codes libraries is 

predictable. 
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