
ABSTRACT 

UPADHAYAY , SWATHI. Tensile Properties of Advanced Austenitic Stainless Steel, Alloy 

709, using In-Situ Heating and Loading. (Under the direction of Dr. Afsaneh Rabiei). 

 

The next generation nuclear power plants will need structural materials with superior 

tensile strength, creep strength and corrosion resistance, while maintaining cost efficiency. 

This study deals with in-situ testing of a Fe-20Cr-25Ni alloy called Alloy 709, a primary 

candidate. The in-situ setup includes a loading and heating stage mounted within the vacuum 

chamber of a Scanning Electron Microscope (SEM), equipped with an Electron Backscatter 

Diffraction (EBSD) detector. Tensile tests, creep and creep-fatigue experiments were 

conducted on small dog-bone samples. Mechanical properties such as Yield Strength, Ultimate 

Strength and maximum elongation at rupture were established at different temperatures. 

Surface deformation observations were made during all the experiments. EBSD analysis was 

performed on the sample before and during the experiments to observe changes in 

microstructure and grain morphology. Crack propagation and fracture surfaces were observed 

by performing fractographic analysis. The experiments indicated that the material primarily 

accommodated deformation by slip at lower temperatures. Void formation and coalescence at 

grain boundaries preceded slip at higher temperatures. Although, the sequence of deformation 

mechanisms observed varied with the conditions, crack propagation in all cases was 

transgranular ductile. Some intergranular crack initiation sites were observed but none of them 

developed into final crack fronts leading to failure. This indicated that Alloy 709 is ideal for 

high temperature application due to its ability to avoid intergranular fracture. Further creep and 

creep-fatigue experiments are scheduled to be performed.  
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INTRODUCTION  

 

Power generation cycles are thermodynamic cycles that revolve around the generation 

of electricity though combustion or nuclear fission. The convention thermal power plant 

generates heat from burning of fossil fuels, which is then converted to mechanical energy by 

using steam to rotate turbines. In case of a nuclear power plant, the heat generated as a result 

of the nuclear fission process heats the reactor coolant to generate steam. Structural material 

used in these power plants need to perform the critical function of containing the heat generated 

and ensuring the continuous production of the energy. The efficiency of thermodynamic cycle 

is controlled by the peak operating temperature, which in turn is limited by the ability of the 

structural material to withstand extreme operating conditions and retain its strength at high 

temperatures. Currently, the maximum operating temperature in a supercritical boiler or a 

nuclear reactor pressure vessel is about 550- 600°C. To further increase the efficiency and meet 

the growing energy demands, structural materials capable of withstanding temperatures greater 

than 650° are required.  

For a material to be used in a commercial power generation setting, its mechanical 

strength must be complemented with feasibility. This includes factors such as ease of 

fabrication of the material, cost, weldability and formability. A material with superior high 

temperature properties may not be the best candidate if it is expensive to manufacture or is not 

easily weldable. In addition to the need for high temperature performance, the materials used 

in power plants must have excellent corrosion resistance. Interaction of structural material with 

steam in case of most conventional power plants and molten metals or salts in case of the next 

generation nuclear power plants will result in significant corrosion.  
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During service conditions of a power plant, the structure is under time variant thermal 

and mechanical stress. For example, during power On and power Off sequences the structure 

is under cyclic loading due to their variation in temperature and pressures. On the other hand, 

during operation the structure experiences constant thermal and mechanical stress. Each of 

these conditions is simulated to investigate the response of a candidate structural material.  

Fatigue and creep-fatigue tests are conducted to understand the response of the material under 

cyclic loading and creep testes are performed to investigate their time dependent response to 

constant stress at high temperatures. As such, major parameters to consider when choosing a 

structural material for high temperature application in areas such as a power plant are ï tensile 

strength, creep resistance, oxidation resistance, creep-fatigue resistance, weldability and 

thermal stability.  

Steels have been used extensively as structural materials in power plants. This is 

because steels are inexpensive, easy to manufacture, extremely weldable and formable and 

versatile. Steels with specific mechanical and microstructural properties can be developed 

simply by varying the chemistry, mechanical or heat treatment industry. Stainless steels 

especially possess good mechanical strength and corrosion resistance. This has resulted in 

different grades of steels finding applications in various aspects of a power plant- from process 

piping to nuclear reactor pressure vessel.  

This project deals with a novel stainless steel called Alloy 709. Tensile experiments at 

different temperatures from room temperature to 950°C were performed on Alloy 709 samples 

to establish its mechanical properties at these temperatures. Different orientations of the sample 
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and sample with and without precrack were also tested to study crack initiation and propagation 

mechanism. 

I. STEELS 

 

Iron (Fe) comprises 34.6% of Earthôs chemical composition by mass.1 Its abundance 

on earth, and versatility in terms of different allotropic forms and alloying possibilities has 

made it one of the most invaluable elements today.  

 Pure iron is difficult  to manufacture since it is naturally found combined with several 

elemental impurities such as S, O and P. These impurities reduce the strength of the pure iron, 

making it unsuitable for structural applications in this form. In bulk form, Fe has three 

allotropes - the Ŭ-ferrite, ɔ-austenite and Ů-steel.2 The Ŭ-ferrite has a body centered cubic (BCC) 

Structure, the ɔïaustenite steel has a face centered cubic (FCC) structure and the Ů-steel has a 

hexagonal closed pack structure.2 There is also a ŭ-ferrite which is a high temperature variant 

of the Ŭ-ferrite and has the same microstructure. The phase diagram of the pure iron is shown 

in Figure 1.3  



 

4 

 

Majority of Steels have an austenite or ferrite matrix at room temperature. The ferrite 

and austenite iron, as mentioned previously have BCC and FCC structures, respectively. These 

crystal structures have vacancies which accommodate interstitial atoms like Carbon. 

 The phase diagram of a Fe-C solid solution is shown in Figure 2.4 There are different 

phases of the Fe-C solid solution dependent on the Carbon content and temperature. Based on 

the carbon content- steels can be classified as Low Carbon Steels, Medium Carbon Steels and 

High Carbon steels. The American Iron and Steel defines the term ñCarbon Steelò as one 

without minimum specifications for additional alloying elements such as Cr and Ni.5  Amongst 

these the Low Carbon Steels are defined as the Fe-C alloys with C content <0.3%. The low 

carbon content in these alloys make them soft, ductile and weldable. The medium Carbon 

Steels may have carbon content of up to 0.5%. These steels often contain the ferrite-pearlite 

microstructure. The pearlite is a mixture of alternating phases of ferrite and cementite/ iron 

carbide. The pearlite is shown to pin grain and improve mechanical properties in case of the 

carbon steels.6 Larger quantities of pearlite in carbon steels reduced the elongation at rupture 

Figure 1.Phase diagram of pure-iron. 2 
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but improved the tensile and ultimate stress.6  The High Carbon Steels contain greater than 

0.5% C. The increased carbon content increases the hardness and brittleness. These alloys are 

hard to weld and form.  

 

 Steels are classified based on the stable Fe-C matrix. As per the Fe-C phase diagram, 

the Ŭ-ferrite is stable until 900°C. Beyond this point the ferrite undergoes a phase 

transformation to the ɔ-austenite phase. The austenite phase of Fe-C is stable in a wide range 

of high temperatures. The austenite is stable up until 1394°C. The ŭ ferrite follows the austenite 

until the melting point is reached. These types of steels will be discussed at length in the 

upcoming sections. 

 Apart from the austenite and ferrite phase, there also exists a third metastable Fe-C 

phase, called martensite phase. The metastable martensite phase is produced by rapid 

Figure 2. The Fe-C phase diagram.4 
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quenching of the austenite phase. The rapid quenching does not allow sufficient time for C to 

diffuse out of the austenite. Instead, the C stays in solution while there is a change in the phase.7  

The martensite phase can be defined as the super saturated solid solution of C in ferrite iron. It 

has a body centered tetragonal (BCT) structure (Figure 3) 

 

The change in crystal structure is accommodated by a physical change in shape and 

defects in the material. These result in significant residual stresses in the martensite. Although 

some of the stresses in a martensite steel can be relieved by annealing, the martensitic steels 

possess high hardness and low fracture toughness. These steels are subject to temper 

embrittlement and therefore should not be used at temperatures above 400°C. 8 Instead, 

martensite steels are used where hardness, fatigue strength and resistance to shock is desired 

such as fasteners, springs, blades etc. 9 

Figure 3. Body Centered Tetragonal structure of Martensite Steel. 7 
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   Materials for structural applications, especially high temperature structural application 

as in the case of power plants are required to have ductility, strength, high temperature stability 

and weldability. Although the low carbon steels, ferritic steels and austenitic steels are 

promising in this aspect- a simple Fe-C alloy does not have the properties for use in say, a 

Sodium Cooled Fast Reactor.  The operating conditions within these reactors are extreme in 

terms of temperature and pressure. Very high temperature conditions also enhance corrosion 

in the material. Fe in steels form oxides over the surface, colloquially knows as ñrustò. This 

oxidation is detrimental since it is not protective in nature. The iron oxide formed on the surface 

of the steel does not prevent further oxidation of the alloy underneath. Instead, the porous 

oxides formed continues to allow interaction between the alloy and the atmosphere. To combat 

this and improve corrosion resistance, passive oxide forming elements must be added to the 

steel. Chromium added to the steels, forms passive chromium oxide. This dramatically 

improves the corrosion resistance of steels. Since steels with added Cr prevent the formation 

of rust and have a shiny surface, they are known as stainless steels. In addition to the corrosion 

Figure 4. TEM image showing high density of dislocations in 

Martensite. 7 
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resistance, Cr causes a change in the stability of different phases of the alloy, by extending the 

stability of the ferrite phase. The phase diagram of a Fe-Cr-C phase is shown in Figure 5.10 

 

The theta phases in the diagram indicate the carbide precipitates formed in stainless steels. Of 

these, ɗ1 or M23C6 is the most common. If the austenite phase is desired, the stainless steels 

must contain some alloying elements that will stabilize the ɔ phase. Nickel and manganese are 

added to steels when a stable austenite phase is desired. The addition of Cr in Ni containing 

steel, retards the kinetics of ɔ to Ŭ transformation. 10  More complex alloys contain other 

metallic or nonmetallic alloying elements to impart specific properties. Each of these alloying 

elements such Ti, V, B, Nb tend to favor either the alpha phase or the gamma phase. The effects 

of the alloying elements can be represented in terms of Cr-equivalent and Ni-equivalent., 

calculate as shown below. The stable phases of steel with varying Cr and Ni equivalents is 

represented in the Scheaffler Diagram (Figure 6 11).  

Figure 5. Fe-Cr-C wt.% phase diagram. ɗ, ɗ1 and ɗ2 for cementite, M23C6 and M7C3 respectively. 10 



 

9 

 

ὔὭ ὩήόὭὺὥὰὩὲὸ  ύὸϷ ϷὔὭϷὅέ πȢυϷὓὲ σπϷὅ πȢσϷὅό ςυϷὔ 11 

ὅὶ ὩήόὭὺὥὰὩὲὸ ύὸϷ  ϷὅὶςϷὛὭρȢυϷὓέ υϷὠ υȢυϷὃὰρȢχυϷὔὦ
ρȢυϷὝὭπȢχυϷ W 11 

 

There are many grades of austenitic and ferritic stainless steels available today. Small 

variations in the chemistry of the alloy can bring about drastic changes in its properties. 

Depending on the applications, ferritic or austenitic stainless steels may be preferred. The 

ferritic stainless steels are a class of BCC Fe-Cr-C steels. These steels are magnetic, corrosion 

resistance and possess good mechanical strength. The hardness of ferritic stainless steels 

cannot be improved by heat treatment; and cold working can only improve the hardness by a 

small amount. Ferritic stainless steels also have a lower thermal expansion and higher thermal 

conductivity than austenitic stainless steels (Figure 7). These steels are inexpensive due to low 

Ni content. Ferritic stainless steels have become desirable for application across various 

industries, where cheap and moderately corrosion resistant materials are required.   

Figure 6. Schaeffler Diagram. 11 
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In terms of mechanical properties, the ferritic steels have good yield strength but since they do 

not have considerable work hardening capability, they possess relatively low tensile stress and 

ductility. Ferritic steels also exhibit significant grain growth with increase in temperature 

which is cause for concern when considering weldments.12 The rapid grain coarsening could 

result in a weak Heat Affected Zone (HAZ). This has been mitigated to an extent by addition 

of Nb and Ti to the ferritic steels. Ferritic steels also possess low creep resistance at higher 

temperature. This is because of the embrittlement caused by the chromium rich carbides. The 

ů phase which is Fe-Cr intermetallic precipitate is observed in ferrite steels at temperatures 

below 600°C.  

 Therefore, for high temperature applications, steels with more ductility and high 

temperature creep resistance are required. The Austenitic stainless steels address most of the 

downfalls of ferritic stainless steels. 

Figure 7. Linear thermal expansion of different classes of 

stainless steel.8 
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a. Austenitic Stainless Steels. 

The term ñaustenitic stainless steelsò refers to Fe-Ni-Cr alloys. Austenitic stainless 

steels, unlike ferritic steels show marked improvement in strength with cold working. They 

can exhibit yield stresses of up to 1379 MPa (depending on composition and amount of cold 

work).13 The effect of cold working on the two grades of austenitic steel ï 304 and 310 are 

shown in Figure 8. This shows that cold working can dramatically improve the mechanical 

strength, albeit at the expense of ductility. The 301 grade is 16Cr-6Ni alloy whereas the 310 is 

a 26Cr-20Ni alloy.13 The early austenite grades varied only their Ni, Cr and C content. Ni and 

Cr content were increased for high temperature applications and C content was lowered to 

improve the weld properties. Grades with added Mo for better pitting corrosion, Mn to replace 

Ni as austenite stabilizer were, for lowering the costs, were developed. The newer grades of 

austenitic stainless steels, like the 316H, are much more complex than the 301 and 310. They 

rely on a number of interstitial or substitutional elements for strength. It is important to 

understand the effects of some of the common alloying elements on steels. 
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Alloying elements such as Nb, Ti, V, Mn and B are added in addition to the Ni, Cr and 

C. The C and N in steels increase the strength by solid solution strengthening. They also form 

precipitates with the other alloying elements (Ti, V and Nb) for precipitation strengthening. 

The strengthening is because of pinning of dislocation movement. Pinning of dislocations 

results in a dense network of dislocations which impedes the motion of newer dislocation, 

resulting in hardening of the material. In an experimental 15Cr-15Ni austenitic alloy, excellent 

creep properties were attributed to, in part, the fine N-rich carbonitride precipitates formed on 

the dislocations.14 It was observed that the N rich precipitates were more thermally stable and 

delayed the onset of creep failure. It was also observed that the sample which was quenched 

three time performed better in a creep rupture test when compared to the one that was aged 

continuously.14 This is because quenching process creates dislocation which act as nucleation 

sites for these fine N-rich precipitates. 14  

Figure 8. Effect of Cold working on mechanical properties. (Left) 301 Grade austenitic 

steel and (Right) 310 Grade Austenitic Steel.13 
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In addition to the passive oxide layer, Cr in the alloy forms M23C6 precipitates, where 

M stands for Cr. The M23C6 is a Cr rich Carbide, which may also contain traces of Mo, Ni and 

Fe. This precipitation is found in all austenitic steels and forms primarily at the grain 

boundaries and sometimes on dislocations within the grains.15 Fine discontinuous grain 

boundary (GB) precipitates of M23C6 can resist grain boundary sliding and improve the creep 

strength. But there are concerns regarding these precipitates as well. M23C6 precipitates coarsen 

much faster than the MX precipitates.16 The X stands for C or N, while the M stands for any 

carbide and nitride forming alloying element such as Ti and V. This could be detrimental to 

the mechanical strength at higher temperatures, by causing embrittlement and crack initiation. 

Mo, which is added to improve pitting corrosion resistance, changes the lattice parameters of 

the precipitate, decreasing the interfacial energy.17 18 Lattice parameters and interfacial energy 

of the grain boundary M23C6 play an import role in the tensile properties of the material.18 

Lower interfacial energy in a 22Cr-25Ni-Mo-Nb-N alloy compared to a 25Cr-20Ni-Nb-N alloy 

resulted in better tensile properties (Figure 9), although both alloys showed intergranular crack 

after aging for 500h at 700°C.18  Addition of B in the alloy is found to have an effect on the 

microstructural evolution of the M23C6. Boron reduced the coarsening rate of these carbides, 

improving the creep resistance at higher temperatures.19  
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The formation of the M23C6 carbide depletes the Cr near the grain boundaries, leaving the 

material susceptible to corrosion in this region20, resulting in a phenomenon called 

sensitization. At higher temperatures sensitization can become more pronounced with the 

coarsening of the intergranular Cr rich carbides. In case of 316 stainless steels, it was found 

that the sensitization was dependent on the %Cr equivalent in the alloy, extent of cold working, 

N and C content.20 Sensitization can be alleviated by reducing the C content of the alloy. The 

Carbon is replaced by Nitrogen which forms fine MX precipitates rather than the grain 

boundary M23C6. Sensitization typically occurs within a range of temperature and increasing 

the %Cr equivalent delayed the onset of sensitization.20 Cold working of up to 15% accelerate 

the sensitization kinetics, due to the rapid carbide formation as a result of the dislocations 

created.20 Sensitization can also be reduced by inducing twin boundaries in the material. M23C6 

precipitates form on the twin boundary as well, but the twin boundaries are not susceptible to 

intergranular corrosion as they are coherent and have low grain boundary energy. 21  

Figure 9. Grain boundary M23C6 and Tensile Stress with aging time at 700°C. 18 

22Cr-20Ni-Mo-Nb-N 

M23C

A. 
B. 



 

15 

Ni is primarily added to the austenitic stainless steels as a ɔ phase stabilizer. Increasing 

Ni content in the alloy increases the stability of the austenitic phase at a larger range of 

temperatures but increases the cost of the alloy, as well. Mn is therefore added in the steels to 

compliment the austenite stabilizing action while reducing the cost. Increased quantities of Mn 

in the alloy can decrease the pitting corrosion resistance of the alloy since manganese sulfides 

and oxides on the surface act as pitting initiators. 22 23  

Titanium, Niobium and Vanadium form carbides, nitrides or carbonitrides (MX) which 

are dispersed throughout the matrix for precipitation strengthening. Addition of Ti and Nb 

improves the tensile strength of the material.24 Addition of Ti in a 15Cr-15Ni stainless steel 

showed improvements in the high temperature creep resistance.25 The ratio of Ti to C is 

essential for the improvement of properties. It was observed that the lower Ti to C ratio resulted 

in less improvement in the creep properties.25 This is because the excess carbon not tied up in 

the form of Ti carbides forms the M23C6 at grain boundaries, the coarsening of which decreases 

the creep resistance at high temperatures.25  The carbide and carbonitride formation reduces 

sensitization in the alloy, as well. At higher Ti to C ratio, the Ti forms primary TiC during the 

solidification of the steel, which do not contribute to the creep resistance. 25 The creep curves 

for the 15Cr-15Ni alloys with different amounts of the Ti are shown in Figure 10.  
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  The Nb precipitates (carbides, nitrides and carbo-nitrides) act as pinning agents, 

preventing coarsening of grains. The small size (120 nm) of Nb precipitates and slow 

coarsening contribute to the high temperature mechanical strength.26
 
27 28Vanadium rich MX 

precipitates which are smaller in size than the Nb precipitates are present in fine uniform 

distribution through the alloy. The presence of V in the alloy enhances the formation of a 

complex carbonitride Z phase precipitates (Cr (Nb, V) N). These precipitates are formed by 

the diffusion of Cr into the V-rich MX.29 These Z-phase precipitates were detrimental to the 

creep due to their larger size at the cost of the fine MX precipitates. (Figure 11) 

Figure 10. A, B and C. Creep curves of 14Cr-15Ni alloy in different conditions. 0.23% wt 

Ti content corresponds to highest volume fraction of Ti carbides in the alloy. D. A TEM 

image showing TiC precipitates formed on dislocations.25  

A. B. 

C. D. 
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Other elements like Boron, copper and Cerium are also added to these steels. In the 

case of a 19Ni-14Cr austenitic steel with varying quantities of B, it was found that increasing 

the quantities of B resulted in large coalesced dendritic Nb carbide precipitates instead of 

separate dispersed particles.30 In 304 and 316 austenitic stainless steel, an improved creep 

rupture life and a delay in on set of creep cavitation was reported.31 This is not only due to 

increased precipitation in the alloy with added B, but also due to the high melting point of 

elemental Boron. B segregates on cavity surfaces and reduced the diffusivity of the cavity, 

thereby increasing the creep strength.31 The amount of S in the alloy must be controlled to 

avoid embrittlement of steels and ensure long creep rupture life. This is done by adding trace 

amounts of Ce. The Ce forms an oxy-sulfide in the alloy, tying up the Sulphur and preventing 

it from segregating on cavity surfaces.31 It was found that the steels (347 Steel) with Ce had 

suppressed creep cavitation when compared to the one without Ce.32 The suppressed creep 

cavitation increased the creep rupture strength and ductility of the alloy. 

 

 

Figure 11.Conversion of V rich MX precipitates to Z phase by Cr diffusion.29 
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316L 

There are several classes of austenitic stainless steels, each with a set of chemical and 

mechanical characteristics that define their applications. The most well-known grades include 

AISI 304, 316 and 347, which vary in their composition. The effect of the various alloying 

elements on the alloy have been discussed in the previous section. The 304 grades of stainless 

steel are a ñleanò 18Cr-8Ni austenitic stainless alloy. 304 and 316 stainless steel are similar in 

composition except the addition of Mo in 316 steels. This makes the 316 resistant to pitting 

corrosion and suitable for application in chemical plants. The 316-stainless steel has various 

ñsub-gradesò which have modified alloying elements. The 316L, for example, is a low carbon 

variant of the 316 alloys, to reduce sensitization. The reduced carbon content and ability to 

retain its excellent mechanical properties at higher temperatures makes 316L suitable for use 

in chemical industries, liquid metal cooled fast breeder reactors and even as biomedical 

implants. Hong and Lee (2004) 33 studied the tensile properties of 316L in a temperature range 

of 20°C ï 750°C using different strain rates (Figure 12).  
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These experiments show that the tensile strength reduces with increase in temperature. 

Between 250°C ï 650 °C, striations on the stress-strain curve in the plastic zone are observed.33 

As observed in the Figure 12, the serrations start to appear at temperatures greater than 250°C, 

and these serrations vary at different temperature and at different stages of the stress-strain 

curve. Serrations in plastic flow was first observed and characterized by Portevin and Le 

Chatelier in Aluminum in 1923. This effect is therefore also known as the Portevin-Le 

Chatelier Effect or the PLC effect. Later, the serrations were classified into five distinct types 

by Rodriguez. (Figure 13) 34  

Figure 12. Engineering Stress-Strain curve for 316L Stainless Steels. 33 
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The types indicate the mechanism of work hardening. 

1. Type A serrations result from nucleation of shear band at a peak stress and the 

subsequent propagation along the gauge length of the sample in the direction if loading. 

2. Type B serrations are frequent oscillations about the mean level of load and are 

a result of discontinuous band propagation due to movement of dislocations. 

3. Type C serrations are drops that occur below the general level of the curve, said 

to be due to dislocation unlocking. These serrations are typical at high temperature and 

low strain rates. 

4. Type D serration are plateaus in the curve. 

5. The type E serrations are the type that result from the type A serrations at higher 

strains, but do not result in any hardening.34 

In 316L, type A, B and E at higher temperatures and type D at lower temperatures were 

observed. Serrated plastic region in the stress-strain curve or Dynamic Strain Aging (DSA) is 

Figure 13.Types of Serrations.34 
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associated with negative strain rate sensitivity with respect to the ultimate tensile strength, 

between 200 -600°C.33 At temperatures greater than 600°C, serrations were also seen with 

Strain Rate sensitivity greater than 0. (Figure 14B)33 In 316L DSA manifested in the form of 

plateau in the mechanical property variation with temperature. As shown in Figure 14, the yield 

strength and ultimate tensile strength reached a plateau. DSA also affected the fracture surface 

of the material.  

 

In non DSA regimes, the fibrous central zone of the classic cup ï cone fracture surface, is 

larger than in case of DSA regimes. 33 The fibrous zone is the fracture initiation zone with 

dimples, characterizing the ductile nature of the fracture. This means that DSA results in a 

decrease in ductility of the material. (Figure 15) 33 

Figure 14. Plateau in mechanical properties variation with temperature due to Dynamic Strain aging 

in 316L. SRS- Strain Rate Sensitivity .33 

A. B. 
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 Nitrogen was added for improved creep strength in the 316L steels. This variant is termed as 

the 316LN. This steel finds extensive application in the nuclear power plants including fast 

breeder reactors. Alloys with increased N showed improved the youngôs modulus, creep life, 

reduced the steady state creep rate (Figure 16). 35 The addition of N also reduced the formation 

of intergranular creep cracks. 35 The addition of N to the alloy, participates in solid solution 

strengthening and as previously discusses inhibits the coarsening of the M23C6 precipitates at 

the grain boundaries and forms fine N-rich precipitates. Mathew et al 35 explained that addition 

of Nitrogen allowed easier dislocation glide in the alloy without breaking intermetallic bonds, 

attributing to the high strength and fracture toughness. Nitrogen also does not have affinity to 

grain boundary segregation, unlike carbon, reducing grain boundary weakening. 

   

 

A. B. 

Figure 15. (A) Fracture surface after Tensile test showing larger inner fibrous fracture surface at 

200°C in 316L, where no DSA observed and smaller fibrous zone in (B). at 550°C with DSA.33 
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Additionally, Cu is added to stainless steels to improve the Creep resistance. The addition of 

Cu in conjunction with N to 316L forms fine Cu precipitates. These precipitates are effective 

at pinning dislocation and delaying crack initiation at creep under lower stresses (75-150MPa 

at 650°C).36 

 

316H 

316H is the heat resistant grade of the 316-austenitic stainless steel. This alloy has a 

higher C and Ni content than the 316 steels. 316H is used in petrochemical industries and in 

A. B. 

C. 

Figure 16. Improvement in the A. Young's modulus, B. Creep rupture time at 140 MPa; and C. Steady 

state creep rate with addition of N in 316L.35 
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super critical boilers where the operating conditions involve high temperatures and pressures, 

due to its improved heat resistance and creep strength. This alloy therefore has been extensively 

studied and is often used as a standard to compare the performance of newer alloys. The 

precipitates observed in this alloy are M23C6 and intermetallics such Fe2Mo, X-FeCrMo and ů 

phase. The addition of Mo in the alloy leads to formation of these intermetallic phases. A 

temperature time precipitation graph shows the evolution of these precipitations in the alloy at 

shorter and longer aging times.37 The TTP chart (Figure 17A) shows that the Fe2Mo (Laves 

Phase) precedes the ů phase (Fe-Cr) at lower temperatures. It is seen in Figure 17B that the ů 

phase precipitates are found at triple point while the M23C6 form at grain boundaries as well as 

in the matrix.37 

 

 Small amounts of these intermetallic precipitates are desirable in austenitic stainless 

steels to improve their creep resistance, despite their brittle nature.  In case of Nb rich alloys, 

laves phase can have the composition Fe2Nb. Fine Fe2Nb Laves phase precipitates at the grain 

boundaries have been shown to improve the creep properties in case of 20Cr-30Ni alloy.38  The 

creep rupture life of two alloys, one with B and one without, were compared. The Boron doped 

Figure 17. A. Temperature-Time Precipitation plot for 316H, B. Precipitates in 316H with M23C6 at 

grain boundaries and Laves (Fe2Mo) at the triple point. 37 

A. B. 700°C, 50000h 
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alloy performed much better in creep (Figure 18)38. Boron is added to enhance the formation 

of Grain Boundary Laves phase. 

 

To evaluate the creep performance of the 316H steel, accelerated short term creep tests 

of 316H steel at temperature range of 800°C ï 1300°C have been performed.39 Secondary and 

tertiary stages of creep in the alloy were studied. It was observed that secondary creep stage 

follows the Nortonôs law with n = 5. 39 The tertiary creep stage lines shift toward decreasing 

true stress with increasing temperatures (Figure 19).  

Figure 18.Creep rate-time curve of the B-doped vs base 20Cr-30Ni alloy demonstrating 

the superior creep performance in the alloy with GB Laves phase precipitation. 38 
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At temperatures above 1000°C, a decrease in the nominal stress in 316H led to an 

accelerated tertiary creep rate. At 800°C, the tertiary creep rates are independent of the true 

stress. The fracture surface indicated a shift from dimple failure at 800°C to large voids 

originating at the grain boundaries at 1000°C.39 At 800°C, there is not enough thermal energy 

to result in significant creep deformation. Instead, grain elongation is observed.39 At higher 

temperatures, creep mechanisms of vacancy diffusion and dislocation climb become dominant, 

resulting in void formation at the grain boundaries and subsequent drop in effective cross 

section leading to shorter life.39 (Figure 20) 

B. 

Figure 19. A. Secondary Creep rate, with n =5. B. Tertiary Creep rate as a function of true stress.  

The numbers in the figure indicate Nominal Stress.39 

A. 
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Microstructural aspects pertaining to the grain boundaries are also of interest, with 

regards to the creep resistance of an alloy. In addition to grain boundary precipitation, small 

amounts of BCC ferrite may be present in an austenitic stainless steels. During the 

manufacturing of these steels, a certain amount of Ŭ-ferrite at the grain boundaries can be 

retained at room temperature.40 Furthermore, at high temperatures ɔ-austenite to ŭ-ferrite 

transformation may occur. The role of this ferrite in the creep cavitation in case of an ex-service 

bar of 316H has been studied by Warren et al.40  Residual ferrite was observed on the austenite 

- austenite grain boundary. Although the preservice 316H sample also showed ferrite at the 

boundaries, austenite to ŭ-ferrite transformation takes place during service increasing the 

quantity of ferrite (0.1% -0.2% after 65000h of service at 490-550°C). Greater than 50% creep 

cavities were associated with ferrite at the grain boundaries.40(Figure 21). The Ferrite related 

creep cavitation were widely spaced and the chances of these coalescing to form microcracks 

and eventual failure is quite low.40 This means that these ferrite related creep cavities would 

significantly impact the creep properties at much higher percentages of ferrite.  

Figure 20. Grain boundary void formation at 1000°C in 316H.39 
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Fabrication processes such as forging, rolling, welding can induce residual stresses, 

work hardening and alter the microstructure of the alloy. Effects of welding on the material 

and strength of the Heat Affected Zone are of special interest since most structural materials 

have welded joints. In case of 316H, pre-compressed and heat effected zone samples were 

tested and compared to as received material.41 The pre-compressed and HAZ weldment 

specimens have little plasticity, in case of creep tests.41 They also exhibited lower creep 

ductility than the as received material.41 This shows that the weldability of an alloy and the 

properties of the weldment are critical factors in deciding appropriate structural material for an 

application.  

  

A. 

B. 

Figure 21. A. EBSD phase map showing creep cavities around large Ferrite precipitate; and B. 

Schematic Representation of Vacancy atom flow surrounding ferrite precipitate. Austenite matrix is 

indicated in red and Ferrite is indicated in Green.40 
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b. Advanced Austenitic Stainless Steels. 

HT-UPS 

To improve the weldability and mechanical properties of Austenitic stainless steels for 

applications in Sodium Cooled Fast Reactors, new advanced austenitic stainless steels were 

developed. HT-UPS (High Temperature - Ultrafine Precipitation Strengthened) Steels were 

developed with reduced Cr content and increased Ni content than the 316H. The increased Ni 

content provides improved austenite stability. Nano-sized Ti, Nb and FeTiP precipitates 

formed in the alloy are responsible for its superior creep resistance. 42 43 These precipitates are 

very effective pinning dislocation movement in the alloy. A combination of M23C6, M6C and 

MC precipitates improved the ductility and rupture resistance of the material. Figure 22 shows 

the microstructure and different precipitates in HT-UPS alloy. The fine MX precipitates 

nucleate on dislocations. Cold working processes resulting in increased dislocation density in 

the material provide increased number of nucleation sites. Therefore, dislocation created by 

cold working processes can be expected to influence the properties of the alloy. In samples 

without cold working, almost no MC precipitates were observed, which resulted in poor creep 

resistance.43 After cold working and aging for 1h and 800°C, MC precipitates nucleating at 

dislocations sites were observed, resulting in slower creep rates and longer creep-rupture 

lives.43 
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The HT-UPS alloy performs much better than the 316-stainless steel in terms of 

creep.44 The creep rupture time of these 14Cr-16Ni alloys is at least 500 times that of the 316 

stainless steel, as indicated by the Creep Strain vs time plot in Figure 23. The fine uniform 

distribution of precipitates and the lack of embrittling intermetallic inclusions are the reason 

for the superior creep resistance and ductile fracture of the HT-UPS alloy.  

A. 
B. 

Figure 22. A. TEM showing nano-sized FeTiP and MX precipitates in modified 14Cr-16Ni alloy.42 B. As-

received microstructure of HT-UPS alloy with TiN and M23C6 precipitates.45 
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In another study by Carroll and Carroll45, during the 60-min hold time of a creep-fatigue 

experiment, greater extent of intergranular corrosion was seen in case of the HT-UPS alloy 

than in the case of 316H (Figure 24). This oxidation behavior is a major cause for concern 

despite the improved creep behavior. The advanced version of this alloy, simply referred to as 

the advanced HT-UPS was created with added Aluminum, for additional oxidation resistance.  

 

 

Figure 23. Creep-Strain vs Time plots of various Steels tested to rupture. The CE and 

AX indicate different heat-treated versions of the HT-UPS. 44 

OTHER COMMERCIAL 

ALLOYS 

HT-UPS 

Figure 24. An oxide óópegôô (shallow oxide-filled surface region) that forms in HT-UPS when 

held at temperature during cyclic loading. 650°C, 6min hold.45 
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Advanced HT-UPS 

Al, like Cr forms a passive oxide film on the surface. To improve oxidation resistance 

in the HT-UPS steels, small amounts of Al were added. Alumina performs better than 

chromium oxides, especially in water vapor environments. This makes the advanced HT-UPS 

able to demonstrate corrosion and oxidation resistance in extreme conditions. In case of 20Cr-

15Ni and 15Ni-20Cr base alloys Yamamoto et al., observed that alloys with Al performed 

better in terms of oxidation resistance when compared to the version without Al, and exhibited 

continuous protective scales of Al2O3.
46 In Figure 25A, we see that the alloys with 5 and 8% 

Al showed less mass change in air at 800°C, than the one without. In an environment with 10% 

water vapor at 800°C, alloys with Al show negligible mass change.46 Mass change is used as 

an indication of the rate of oxidation in the alloy. The increase (positive) in mass change 

represents the increase in mass due to formation of the protective Alumina or Chromium oxide 

layers.46 In the case of alloys relying on Cr for corrosion resistance, it was seen that there is an 

increase in the mass due to the formation of chromia scale. This is then followed by a 

significant decline (negative mass change) due to the subsequent consumption of the layer in 

presence of water vapour.46 The Chromium oxide reacts with the water vapor to form 

Chromium hydroxide. In another study, Yamamoto et al investigated the creep rupture 

performance of 4 variations of the HT-UPS alloy. 47 The versions different in the Ti, V and Al 

content. Internal oxidation of Al was observed in the variant with Ti, V and Al.47  This was 

attributed to the increased oxygen permeability because of the high thermodynamic stability 

of Ti and V oxides. HT-UPS 4, with Al but no Ti and V outperformed all the other versions, 
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in terms of creep life. This proved the HT-UPS alloy could demonstrate excellent creep 

resistance and better oxidation resistance without Ti and V, with additional Nb.47 

 

B. C. 

A. 

Figure 25. A. Specific mass change of Fe-20Cr-15Ni alloy with 0, 5 and 8% Al in (left) air 

and (right) air and 10% water vapor. B. SEM images of Fe-20Cr-15No with no Al after 

1000h at 800°C in air; and C. Same alloy with 5%Al after 100h at 800°C in air +10% H2O. 46 
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Alumina Forming Austenitic Stainless Steels (AFA) have since becomes a class of their 

own with unique microstructural and mechanical properties. Like the advanced HT-UPS steels, 

the AFA steels have Nano sized MC precipitates. But the addition of Al in the AFAs results in 

formation of Al rich precipitates with Ni, Mo and Nb. NiAl-type B2 precipitate and Laves 

phase are the primary precipitation in these steels.48 The B2 precipitates contribute to strength 

at room temperature but undergo ductile to brittle transition at 750°C, having little effect on 

the strength at this temperature.48 This transition was shown to have an impact on the fracture 

surface too -brittle fracture was observed in areas surrounding the Brittle B2 precipitates.48 

These alloys promise to combine the strength of the advance austenitic stainless steels with 

superior corrosion resistance due to the Alumina scales instead of the Chromium oxides.  

  

Figure 26. Creep Strain vs time for the different variants of HT-UPS. A. HT-UPS-2 (2.4 Al, 

0.31Ti and 0.5V), showing internal oxidation. B. HT-UPS-4 (2.48Al,0Ti and 0V) with better 

creep rupture life. HT-UPS2 and HT-UPS1 tests were interrupted due to poor oxidation 

resistance.47 

B. 

A. 
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ALLOY 709 

From the bare 304 steels to the advanced HT-UPS, variations in chemistry have 

tremendously improved the performance of these steels. Recently another novel advanced 

austenitic stainless steel was developed for use in Sodium Cooled Fast Reactors at high 

temperatures. Alloy 709 is a 20Cr-25Ni advanced austenitic stainless steel developed as an 

improvement over already existing advanced austenitic stainless steels. This alloy is 

compositionally close to the commercially available advanced austenitic stainless NF709 

(Nippon Steel).  The high Ni content provides increased austenitic stability at higher 

temperatures.49  T. Sourmail 50 has studied the effects of high temperature on the microstructure 

and secondary phases in the NF 709 alloy. The NF709 alloy studied has 0.05 wt.% Ti while 

the Alloy 709 studied in this project contains <0.01 wt.% Ti.  Coarse undissolved TiN and 

NbN precipitates were observed in the as received state of the NF709. In case of the variant 

with higher Cr content (NF709R) Z-phase precipitated were also observed in the as- received 

state. After short term aging, for 200h at 1023K, grain boundaries were decorated with 

precipitates. M23C6 were found at grain boundaries, on incoherent twins and twin 

boundaries.50 The morphology of these precipitates at each of the locations also varied from 

globular to plate-like. Z-phase was found on dislocations.50 The Z-phase formed during aging 

were 20-50 nm in size. TiN ad (Nb, Ti) C were seen in all conditions until a very high aging 

time (10000h), Z phase begins to form at the expense of the MX precipitates, which undergoes 

little coarsening. At these aging times, the intermetallic precipitates ů phase and Cr3Ni2SiN 

were also seen.50 The microstructural evolution of NF709 has been summarized shown in Figure 
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28. This precipitate evolution was also simulated by Shim et al 51, which agrees with the 

findings of Sourmail.  

 

 

 

The material possesses highest creep rupture strength amongst the austenitic steels.52 Creep 

performance of the base NF709 alloy and welded joints of the same are shown in Figure 29. 52 

Weld joints with NF709 as the weld material performed similar to the weld joints with 

Alloy625 as the weld material. 52 Alloy 625 or Inconel 625 is a commonly used consumable in 

arc welding. Preliminary tests on weld joints with NF709 were performed. The weld showed 

Figure 28. Different phases after aging at 1023K. + indicates phase 

forming during aging, - indicates phase disappearing during aging. 50 

Figure 27. Numerical simulation of (a) Phase fraction and (b) precipitation size in NF709.51 
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no cracks after 90° face or root bend.53 Like the austenitic steels already discussed, the novel 

Alloy 709 relies on Mo for solution hardening. Nb in the alloy promotes the precipitation of 

transgranular MX precipitates that improve the strength by causing interlocking of the 

dislocations within the matrix. Additionally, M23C6 and Z-phase precipitates also contribute to 

the mechanical performance via precipitation strengthening. Preliminary studies performed 

indicated that this alloy is superior to the HT-UPS alloys in tensile strength, thermal stability, 

creep-fatigue, sodium compatibility, weldability (Figure 30) 

 

 

A. B. 

Figure 29. Creep Rupture of A. NF709 base metal A- Different shapes show the experimental while the 

solid line indicates the fit and B. Welded joints- The white shapes are experimental data for the Alloy 625 

as the weld material whereas the dark shapes are the experimental data corresponding to the NF709 as 

the weld material. 52 
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The excellent creep resistance and corrosion resistance of these alloy has made them the 

ideal candidate for next generation nuclear power plants. This means that the effect of 

irradiation must also be considered. The effects of irradiation on different austenitic stainless 

steels have been studied.54 Austenitic stainless steels are susceptible to swelling under nuclear 

irradiation along with irradiation induced creep and embrittlement.54 This means that there is 

an increase in the yield strength of the material and a decrease in the elongation. In 316 stainless 

steels, the fatigue performance also decreased due to irradiation induced precipitation.54 These 

changes in mechanical properties and microstructure are critical factors in predicting the 

lifetime of the material. Preliminary results of a study investigating the effects of neutron 

irradiation on NF709 found that there is only a small change in the microstructure, with respect 

to the vacancy defects55 A study of microstructural evolution of this alloy as a result of 

irradiation was performed by B.K. Kim et al. 56 The M23C6 and Nb(C, N) precipitates decreased 

in the irradiated sample, while Ti rich precipitates increased.56 Additionally, nanoscale Nb rich 

precipitates were observed. There precipitates combined with the dislocation created due to 

Figure 30. Comparison of Alloy 709 and HT-UPS alloys.49 
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bombardment increased the hardness by 76%.56  These studies indicate that the NF709 steel is 

resistant to the detrimental effects of the irradiation. 

The structural materials in a power plant setting are under significant thermal and 

mechanical. The behavior of the alloy in such cases must be completely understood to predict 

lifetime of the structures, mitigate failure and design improvements to improve efficiency of 

the systems. Tensile experiments are conducted on materials to establish mechanical behavior 

at different temperatures. Yield stress, Ultimate Tensile Stress, maximum elongation of rupture 

are measures of the strength and ductility of the material. These properties therefore act as 

basic design guidelines. Moreover, these experiments provide insight into the dominant 

deformation mechanisms at different temperatures. In case of power on and off sequences the 

material undergoes thermomechanical stresses in a cyclic fashion, and during the operation the 

stresses have a time dependent response from the material. Experiments are conducted, to test 

these behaviors in laboratories, in both air and vacuum to also include the effect of the 

environment on the alloy. Fatigue is performed at room temperature and at elevated 

temperatures to understand the power on and off situations and any changes in operating 

conditions, while creep tests are performed to understand the long term and short implications 

of load and temperature on the structures. To understand the behavior of austenitic stainless 

steels, some of the commercial grades and their tensile and creep properties will be discussed. 

In-situ Scanning Electron Microscope (SEM) tensile tests were conducted on Alloy 709 to 

establish the yield and ultimate tensile stress. Furthermore, in-situ experimentation 

complemented with Electron Backscatter Diffraction (EBSD) allowed the observation of 

surface deformation regimes and changes in the microstructure during loading and heating. 
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This proves invaluable in understanding the behavior of the sample with changes in 

temperature and strain rates. The materials used, and In-Situ Experimental setup are now 

discussed. 

II.  EXPERIMENTAL APPROACH  

 

This research required extensive mechanical testing and in-situ observation of the Alloy 

709 samples. The In-situ setup comprised of Hitachi SU 3500 Scanning Electron Microscope, 

a Kammrath & Weiss GmbH Heating and Loading Stage and Oxford Instruments Nordlys 

EBSD (Electron Backscatter Diffraction) detector.  

A 400-pound ingot of Alloy 709 was fabricated using vacuum-induction melting (VIM) 

and electro-slag remelting (ESR) processes by Carpenter Technologies. The pieces were hot 

forged, hot rolled and annealed at 1100°C, followed by water quenching. The composition of 

the alloy is as shown in Table 1. Preliminary observations by the manufacturer indicated that 

the microstructure consists of uniform equiaxed grain structure with the ASTM GS# 4 to 6. 

Vickers hardness is found to be 176 ± 7. Bulk pieces of the ingot were received from the Oak 

Ridge National Laboratory (Plate 011502-H6, 011594-1 and 011593-1-B). Plate 011593-1-B 

is known to have off-spec microstructure and is assigned for preliminary study. 

 

Table 1. Composition of the as received alloy, post Electro Slag Remelting (ESR). 

 

TP310MoCbN C Mn Si P S Cr Ni Mo N Ti  Cb/Nb) B 

Composition 

wt%  

0.063 0.88 0.28 <0.005 <0.001 19.69 25.00 1.46 0.14 <0.01 0.23 0.0022 
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Dog bone samples were cut out of these pieces, along the rolling direction and along 

the transverse direction, using Electro Discharge Machining. The dimensions of the samples 

designed for in-situ SEM experimentation had to adhere to the constraints imposed by the in-

situ heating and loading stage (Kammrath & Weiss GmbH). Schematic representation and 

digital image of the stage is as shown in Figure 32. In addition to this, dimensions would need 

to follow the ASTM E8 standard. Using the ratios of the sample dimension recommended in 

ASTM E8 and considering the constraints of the stage, the dimensions of the sample were 

decided to be thus ï total length of the sample is 50 mm, gauge length is 21.34 mm, thickness 

of the reduced area is 1 mm prior to grinding and polishing and the width of the reduced area 

is 5 mm. 

 

EBSD analysis was performed using Oxford Instruments Nordlys detector. This 

analysis can reveal changes in grain morphology, surface texture and help in identifying 

formation of subgrains, twin bands etc. EBSD analysis requires that the samples be prepared 

to perfect surface finish. As such, several methods of sample preparation techniques were tried 

on the Alloy 709 samples. The samples were first ground using Buehler Automet with 320 grit, 

Figure 31. In-situ sample dimensions before polishing. 
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640 grit, 800 grit, and 1200 grit SiC paper. After grinding the samples were polished with 9ɛm, 

6ɛm and 3ɛm diamond paste followed by a polishing using a 1ɛm Alumina paste in water. 

The resulted surface was not good enough for complete EBSD tests. 

 

The next alternative was to use colloidal silica surface preparation for in-situ SEM with 

heating and loading and EBSD observation. Colloidal silica is a suspension of micron scale 

silica (0.02ɛm-0.05ɛm) particles held in a perfect suspension in a high pH (9.5) solution. 

Figure 32 top: Schematic representation of the Kammrath & Weiss GmbH loading and 

heating stage for in-situ SEM observation (Kammrath & Weiss). Below: Image of the 

actual setup 



 

43 

Colloidal silica polishes the surface using a combination of chemical and mechanical polishing. 

The high pH suspension aids the mechanical polishing caused by the abrasive silica particles.  

There are concerns regarding the implications of chemical interaction between the Alloy 709 

surface and the suspensions. The samples prepared with colloidal silica as the last step 

appeared to have better surface finish than the previous stets of polished samples. Still, no 

EBSD results could be achieved. This can be attributed to the fact that silica particles in the 

suspension tend to crystallize if the water on the suspension dries out. These crystals could 

further damage the surface and lodge themselves in the indentations. Few more samples using 

larger quantities of water running at the grinding interface were used but it did not appear to 

improve the finish of the sample surface. This step was therefore discontinued. The next step 

would be considering chemical polishing or ion milling techniques. 

Ion-Milling is popular method of sample preparation for microanalysis techniques such 

as EBSD and (Transmission Electron Microscopy) TEM, since these analyses require very 

high-quality surface finish. An additional step of grinding with 2400grit paper was introduced 

to improve the samples in the ground but unpolished state. This would reduce the time that 

subsequent steps would need, to achieve desirable surface finish. These samples were then Ion-

Milled by Hitachi High Technologies America. A sample was also etched with a solution of 

30mL HNO3 + 10mL HCl. Although under Optical Microscope, faint grain boundaries were 

apparent, the EBSD analysis suffered in hit rate due to the effect of the etchant on the surface 

finish of the sample. No further etching was attempted. 

It was initially decided that EBSD analysis would be performed at temperature for short 

periods of time, during the experiments. Longer EBSD analysis would not be feasible as 
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temperature withstanding capabilities of EBSD phosphor screens are presently unknown. 60°C 

was assumed to be the limit and it takes 20-25 minutes at sample temperature of 750ęC for 

thermocouple near the EBSD screen to read this temperature. Another challenge was that since 

there is no cooling apparatus associated with the EBSD screen, the detector even when 

retracted completely stayed at around 40°C. This reduced time available for subsequent EBSD 

mapping. Therefore, higher binning number was used to speed the EBSD mapping while 

compromising resolution to a certain extent.  

Notch and pre-crack were introduced by room temperature fatigue. The length of the 

complete starter pre-crack with notch varied with each sample but was always in the range of 

approximately 1.2 to 1.5mm. 

The heating and loading stage is mounted in the SEM vacuum chamber, and can 

uniaxially load the sample while heating it.  The stage is fitted with a load cell with maximum 

load specification of 10,000N. Samples are loaded by the means of the leadscrews. The front 

and the rear yoke move along the leadscrew simultaneously upon loading, ensuring both sides 

of the samples are loaded equally to keep the same position in SEM view during loading. 

Elongation of the sample is measured using the gauge mounted on one side of the stage. The 

elongation gauge is a linear variable differential transformer (LVDT) and the output is recorded 

live and displayed on the DDS software. The heater is a ceramic plate right underneath the 

center of the tensile specimen (Figure 33a) that can be controlled via the Heater Controller 

either manually or via the DDS software.  A Mo heater cover is used to protect the heater and 

provide good contact between the heater and the sample during the experiment. This Mo cover 

also provides a port for a thermocouple to monitor the temperature of the heater. To ensure 
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complete contact with the heater at all times, Pt foil folded over several times and placed 

between the sample and the Mo heater cover. In addition, another clamp is placed over the 

samples, when heating is required. This clamp has ceramic rollers which slide over the sample, 

allowing it to expand or contract unrestricted. This heater is capable of heating the sample to a 

maximum temperature of 300°C under atmospheric pressure and a maximum temperature of 

1000°C under high vacuum. The displacement rate of the loading can be adjusted on the motor 

control settings in the DDS software and can range from 0.1ɛm/s to 20ɛm/s.  This motor is a 

significant source of vibration. This vibration is especially prominent when sample is observed 

at greater than 1000x magnification. This prevents capturing of high resolution SEM imaging.  

Therefore, at certain intervals the loading is interrupted by turning the motor off, to allow 

image capturing and EBSD mapping.  

 

Copper braids 

Sample 

Pt foil  

Ceramic heater 

Sample clamps 

Thermocouple 

B) A) 

EBSD 

SEM Pole Piece 

Figure 33.The experimental setup. A) Sampled clamped with the heater underneath. B) 

Experimental setup with stage tilted at 70° for EBSD analysis. 
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Heating of samples is performed in steps, with the first step being heated to 100ęC and 

finally to the target temperature at the rate of 25K/min, while the load is held constant at 25N. 

This is done to eliminate the possibility of thermal shock, which may induce residual stresses 

within the sample and the components of the stage itself. The preload ensures that the sample 

is always under tensile loading and prevents buckling. 

The samples are mounted into the stage and clamped on either ends. They are mounted 

in a way that ensures that the axis of the sample stays in line with the axis of the load cell. This 

is done by using spacers of equal thickness beneath and above the samples. In addition to the 

spacers, bite plates are used to provide adequate grip to the specimen. The different elements 

involved in clamping of a specimen are indicated in Figure 34. For EBSD analysis, the sample 

surface needs to be at 70° tilt. To arrive at this tilt angle, the samples are loaded at pre-tilt angle 

of 20° by tilting the loading clamps on the stage. The SEM stage angle is then set to 50° to 

rotate the entire loading stage and arrive at the total angle to 70°. 

 

Figure 34.Elements involved in the clamping of a specimen into the stage.    

(Image: Kammrath & Weiss) 
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The safety of the stage and SEM chamber must be ensured during such high 

temperature experiments. The critical components on the loading and heating stage are 

monitored and kept within acceptable temperature limits by a cooling system.  

The cooling system circulates water into water jackets on the stage via ñinputò water 

channel. The warm water is removed via the ñoutputò channel. The output water is cooled via 

fans in the water-cooling tower. Copper braids are attached over the load clamps to act as heat 

sinks and keep every component on the stage, except the sample and heater, cool. A NiCr-Ni 

thermocouple is placed right under the sample into a small orifice on the molybdenum heater 

cover. Several other thermocouples are also attached on or near critical components such as 

the pole piece, the BSE detector and the EBSD nose to monitor their temperature during the 

experiments. The temperature of the testing apparatus stays well below the critical limits 

through the experiment, even at heater temperatures of 1000ęC. After more than 3 hours at 

sample temperature of 1000ęC, the pole piece remained at a temperature of 32ęC, while the 

load cell reached a maximum temperature of 63ęC. The maximum temperature recorded was 

that of the sample clamp, at 134ęC. This confirms that the heating setup poses no danger to the 

internal components of the SEM. 

 During high temperature experiments, an oxide layer formed over the surface of the 

sample affecting the surface conditions. This affected the quality of EBSD analysis. Time of 

Flight Secondary Ion Mass spectrometry (ToFSIMS) was performed to study the oxide profile 

on a sample that was exposed to 1000ęC inside the SEM chamber (in vacuum) (Figure 35). 

This revealed that the sample was covered with a 400nm ï 500nm thick layer of oxides of Fe, 

Cr, Al and Ni Figure 35(b & c).  Results of the ToFSIMS also confirmed that there was no Pt 
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diffusion into the bottom of the sample, where it is in contact with the Pt-foil. To address the 

formation of oxide, the samples were sputter-coated with a thin layer of Au-Pd. A thick layer 

of any coating would be counterproductive as it would impede the EBSD analysis. Therefore, 

an optimum thickness of coating must be applied on the samples. A 3.5nm and 5nm thick layer 

of Au-Pd were deposited in order to find the optimum thickness of the coating. The coated 

samples were observed under the SEM and EBSD mapping at room temperature. Kikuchi 

patterns were observed on the samples with 3.5nm coating, while those with 5nm Au-Pd 

coating did not produce any Kikuchi patterns. The 3.5nm to 3.85nm sample could produce 

Kikuchi patterns even after hours of exposure at 650ęC. Samples for future experiments have, 

as a result, been coated with 3.85nm thick layer. 



 

49 

 

 

In- situ SEM uniaxial tensile tests were performed at room temperature, 550, 650, 750, 

850 and 950°C on samples without precracks. 4 samples were tested at 750°C ï 2 of which 

were loaded along the rolling direction and 2 along the transverse direction. Pre-cracked 

samples were tested to establish mechanical properties for future experiments. All the tensile 

tests were performed at the strain rate of υȢςρρπȾάὭὲ as per ASTM E21 standard for 

tensile tests at elevated temperature. Another tensile test was performed at a slower strain rate 

of 2.608e-4/min, to observe short term creep in the samples. The test matrix is presented in 

Table 2. Test matrix of tensile experiments 
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Figure 35.a. Oxide layer on surface after 3 hours at 1000°C, b. ToFSIMS of 

oxygen content on surface away from and near the pre-crack. 
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Finally, fractography was performed to observe the fractured surfaces and corelate the 

cracking mechanisms observed at the surface of the sample to those at the cross section and 

examine the effects of temperature and loading conditions on the failure mechanism of the 

material. 

 

 Table 2. Test matrix of tensile experiments 

 

  

Temperature Orientation Pre-crack Strain Rate 
Room Temperature RD No 5.021e-3/min 

550 RD No 5.021e-3/min 

650 RD No 5.021e-3/min 

750 RD No 5.021e-3/min 

750 RD Yes 5.021e-3/min 

750 TD No 5.021e-3/min 

750 TD Yes 5.021e-3/min 

800 RD No 2.608e-4/min 

850 RD No 5.021e-3/min 

950 RD No 5.021e-3/min 
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III.  RESULTS AND DISCUSSIONS 

 

a. Microstructural Characterization 

Polished samples were observed and both EBSD and Energy-dispersive Spectroscopy 

(EDS) analysis were performed. The microstructure of the alloy comprises of an austenitic 

matrix with equiaxed grains with an average diameter of 48-50µm. EBSD mapping of as-

received sample (Figure 36A) showed presence of twinning in the material. The density of 

twins in the sample increased around the pre-cracked in case of the notched and cracked sample 

(Figure 36B). There are clusters of precipitates that not specifically along grain boundaries. 

 

The microstructure of the alloy indicated large clusters of inclusions aligned along the 

rolling direction (Figure 37). There were also isolated transgranular precipitates. EDS analysis 

was performed to establish the composition of the precipitates.  

 

Figure 36. EBSD maps of A. Polished As-received sample and B. As received and precracked Sample- showing 

twinning around the precrack region. 

A. B. 

Pre-crack 
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Figure 38A shows the spectrum of the matrix material confirming the composition of the alloy. 

Most of the other precipitates were found to be Nb rich with traces of other elements like Mo 

and Ti. The isolated inclusions were also Nb rich precipitates (~5ɛm in size) as shown in Figure 

38B.  The precipitates that formed the oriented clusters were also Nb rich carbo-nitrides (M 

(C, N)), albeit larger in size (5- 10ɛm). These also appeared to be cracked, which is due to 

rolling. Some of the precipitates, in both isolated and cluster form, contained traces of Ti and 

Mo. Boron was also found in both types of Nb-rich precipitates (Figure 38 B&C). The phase 

maps indicate that the cluster of Nb-rich precipitates had a concentration of Mo, although not 

significant on the spectrum. Much smaller, spheroidal Nb rich precipitations uniformly 

distributed through the matrix were also seen (Figure 39).  

B. 

Figure 37. Notched and precracked Sample showing clusters of precipitates aligned along Rolling 

Direction (arrows). B. The clusters are not necessarily along grain boundaries. 
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A. 

B. 

C. 

D. 

Mo Nb 

Figure 38.EDS spectrum A. Matrix B. Isolated Nb-rich precipitates, C. Nb-rich 

precipitates in clusters along Rolling Direction D. The Phase distribution showing 

concentration of Mo and Nb. 
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The different SEM scale precipitates observed and analyzed have been tabulated in Table 3. 

 

 

b. Tensile Experiments  

i. Tensile Properties. 

 Tensile tests were performed at train rate of 5.21e-3/min at 25°C, 650°C, 750°C and 

850°C. The engineering stress- strain curves for the experiments are as shown in Figure 41A. 

The elastic region of the curves is elaborated in Figure 42A. The results of the experiments 

conducted have been tabulated in Table 4. Yield stress was calculated using the 0.2% offset 

method, and the strain is calculated using the elongation data recorded by the setup. To 

Table 3. SEM scale precipitates observed in Alloy 709. RD- Rolling Direction. 

Precipitates Size Location 

   

Nb rich Carbonitrides- clusters along RD 5µm-10µm Transgranular 

Nb rich, Isolated precipitations 2-5 µm Distributed through the 

matrix 

Figure 39. SEM and Phase map showing nanoscale Nb-rich precipitates. (Image: Hitachi) 

A. 
B. 
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homogenize temperature within the sample, each sample is held at the target temperature for 

20 minutes before loading and the strain at that point considered zero strain to isolate the 

thermal strain from the mechanical strain. This will also ensure that any further elongation will 

be a result of the loading only. 

 

 Table 4. Tensile Properties of the Alloy 709 at various temperature. RD: Rolling Direction. 

 

 

 There is a decrease in the yield stress of the material from room temperature to 550ęC 

and then to 750°C (Figure 40). The Yield Stress at 650°C is lower than expected and appears 

to be an outlier to the general trend over the different temperatures. The drop in the maximum 

elongation of the sample at rupture indicates a decline in the ductility of the material. At lower 

temperatures, the material exhibits work hardening as the loading proceeds. This is represented 

in the form of a the ñclimbò in the plastic region of the engineering stress-strain curve ( RT, 

550 and 650°C). At 550 and 650°C, due to the temperature thermal softening also occurs, but 

at appears to be dominated by the work hardening. At higher temperatures (greater than or 

equal to 750°C), we see that thermal softening begins to cancel the effects of work hardening. 

The plastic region of the engineering stress-curves at these temperatures does not show as 

much of a climb. At 950°C, it can be said that no work hardening occurs. The plastic region is 

represented by a plateau or a very gradual drop indicative of the softening. 

Temperature 

(°C) 

Orientation Yield Stress 

(MPa) 

Ultimate Tensile 

Strength (MPa) 

Maximum 

Strain 

RT RD 251 624 51% 

550 RD 227 594 44% 

650 RD 168 519 36% 

750 RD 174 368 32% 

850 RD 160 269 27% 

950 RD 132 132 32% 



 

56 

 

Tensile tests were then conducted on samples with precrack. These tests are aimed at 

investigating the nature of crack propagation and to provide baseline mechanical properties for 

future creep and creep-fatigue crack growth experiments. The precracked samples showed a 

climb in Yield Strength that could be due to the work hardening effect resulted from the 

introduction of the precrack. 

 

Table 5. Tensile properties of Alloy 709 at 750°C along rolling (RD) and transverse direction (TD), in samples 

with and without precrack. 

 

At 750°C, further experiments were conducted to understand the effect of rolling 

direction and pre-crack on the mechanical properties (Figure 42B). The samples aligned along 

RD are more ductile and show higher yield and ultimate tensile stress than the samples along 

Temperature 

(°C) 

Orientation Pre-crack Yield Stress 

(MPa) 

Ultimate Tensile 

Strength (MPa) 

Maximum 

Strain 

750 RD No 174 368 32% 

750 RD Yes 212 305 11% 

750 TD No 138 327 27% 

750 TD Yes 164 243 10% 

UTS 

YS 

A. B. 

Figure 40.A. Trend of Ultimate Tensile Stress(UTS) and Yield Stress(YS); and B. Trend of Elongation with 

Temperature. 
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TD. This is indication that the tensile strength is dependent on the orientation of the sample 

with respect to the rolling process, while Youngôs Modulus remains unchanged with 

orientation or in samples with precrack. The yield stress of the pre-cracked sample is higher 

than that of the samples with no pre-crack. This is due to the work hardening caused during 

the process of pre-cracking. Increased density of twinning is observed around the pre-crack 

area. The effect of this work hardening is observed in samples from both orientations, RD and 

TD. Since the pre-crack reduces the effective cross-section of the sample, the maximum 

elongation at rupture is only 11% for samples tested along Rolling Direction and 10% along 

Transverse Direction. 
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Figure 41.A.Stress-Strain curves for a. Samples along Rolling Direction (RD) at room 

temperature (RT) ï 950°C; and B. Elastic region of the same. 

A. 

B. 
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Figure 42. Elastic region of A. Tensile at 750° along RD and TD, with and without precrack; and B. 

Elastic region of the same. 

B. 

A. 
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ii.  Serrated Plastic Flow 

Serrations observed in the plastic region in stress-strain graphs of Alloy 709 Tensile 

Tests. These are characteristic signs of Dynamic Strain Aging (Figure 43). In case of the 

sample at 550ęC and 650°C, the serrations are more prominent. These serrations are primarily 

Type B.  At 750°C also, they appear to be type B. The serrations were observed in samples 

tested along both the rolling direction and transverse direction. These serrations are an 

indication of the work hardening as a result of interaction between solute atoms and mobile 

dislocations.  

 

750°C 

Figure 43. Serrations observed at 550°C, 650°C and 750°C at 5.021e-3/min. 

550°C 650ÁC 
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The critical strain at which the serrations begin to appear increased with increase in 

temperature from 550°C to 750°C. At 550°C, the serrations appear at 2.6% strain while they 

appear at 4.1% strain at 650°C and at 4.5% strain at 750°C. At 550°C and 650°C, the serrations 

are observed from the critical strain till failure. In case of 750°C, following an instance of 

relaxation due to pausing the experiment to capture SEM images, the serrations disappeared 

(15% strain). This indicates that the onset of serration is delayed at higher temperatures. The 

serration in austenitic stainless steel is primarily due to interaction between solute atoms such 

as C and N and dislocations 57. These types of interactions are indicated by the Type B 

serrations. Mannan et al, concluded that disappearance of serration could be corelated to the 

precipitation activity in the material. Precipitates such as carbides would have depleted the 

interstitial solute atom carbon. This means no solute atomsï mobile dislocation interactions 

can occur. 57 This is likely why serration is not observed at 750°C after a certain period / at 

temperature above 750°C.  Serration was also observed at 800°C during tensile test at a slower 

rate, indicating DSA can be extended to higher temperatures by decreasing the strain rate. 

Furthermore, unlike reported in the case of 316L33, ultimate stress did not plateau in the range 

of temperatures where such serrations were observed. 

iii.  In-situ SEM Surface Deformation Observations. 

Tensile test at RT, 550°C and 650°C: 

In-situ SEM images of the sample surface provide insights into the deformation 

regimes in the sample during loading and heating, the nature of crack propagation and changes 

in grain morphology. In the test conducted at room temperature and 550°C, deformation is 

accommodated in the sample primarily via the formation of slip bands in the matrix (Figure 
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44). At higher strains, the density of the slip bands increases, and more than one slip system 

are observed in some grains. EBSD mapping was performed at 3%, 11.7% and 32% strain on 

tensile samples tested at 550°C. The Euler maps can be used to identify grains and changes in 

their shapes and orientation. Some grains have been numbered and lettered as shown in Figure 

45(a, c and e). In this figure, Grain#1 is a large grain with several sub grains within it. As the 

sample is loaded, the grain undergoes elongation along the direction of loading. Subgrains 

within the grain #1, however, do not undergo significant elongation. Elongation is also 

observed in Grain#2, Grain #3 and Grain #4.  Grain #2 elongates along the loading direction.  

Slip bands are apparent in the grain and these cause the constrained grain to rotate slightly. 

Slip system oriented along the same direction are observed in Grain #3, as indicated by arrows 

in Figure 46. The lettered grains are smaller in size. These appear to have not been affected by 

the loading as the larger grains. Grains a, b and c neither elongate nor rotate. 

 

 

Figure 44. Dense slip bands and Plastic separation at the 

grain boundary in sample at 550°C. 
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Figure 45. Euler and IPF (along Normal Direction) maps of sample at 550°C at 3%,11.7% and 32% strain. 

Loading Direction (ů) and RD apply for all the images. 

550°C,3% strain 
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550°C,11.7% strain 
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Misorientation within the grains can be identified by the Inverse Pole Figures (IPF). 

The IPF maps shown in Figure 45(b, d and f), indicate the orientation of the grains parallel to 

the Normal Direction (ND). The IPF map at 3% strain shows no colour gradation within the 

grains. It can be seen, that at higher strains, there is marked colour gradation in the larger grains 

#1, #2 and #3. This indicated that there is non-uniform orientation within the grains due to 

deformation. In the smaller grains, no such gradation could be observed. Slip systems also are 

activated much later in the smaller grains when compared to the larger ones. 

 

Intergranular cracks were observed on the surface at 550°C. These micro cracks were observed 

at grain boundaries and sub grain boundaries (Figure 46).  Some cracking can be seen around 

Figure 46. SEM Image of the same location as Figure 45. White Arrows indicate dense slip 

systems. Black arrows indicate intergranular crack initiation sites. Circled region indicating 

the void formation around precipitates. 

2 
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the cluster of precipitates, as indicated by the yellow arrows. The microcracks oriented 

perpendicular to the loading direction are larger and more prominent than the ones aligned 

along the loading direction (Indicated by black arrows in Figure 46). These microcracks later 

undergo plastic grain boundary separation, as indicated in Figure 47. Dense network of slip 

and twin (Yellow Arrow#1) can be seen on the surface. This is the dominant deformation 

mechanism.  

 

Additionally, small voids around the precipitates can be seen (yellow arrow #2, Figure 

47 and Figure 48A). The voids were not observed to grow under loading, but could accelerate 

the crack upon interaction. At these temperatures, the micro cracks and voids around 

precipitates were not the dominant deformation mechanism. Crack initiation sites were 

observed in regions where different slip systems interact and form a tangle, as shown in Figure 

48b.  

Figure 47. Plastic grain boundary separation at the intergranular micro 

cracks. Tensile at 550°C.1. Twin 2. Cracked isolated precipitate and 3. 

Oriented clusters of precipitates with voids. 

1 

2 3 
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At 550°C and 650°C, following necking of the sample, the crack initiation took place 

at the edge of the sample. At 550°C, the crack initiation appeared to be due to the interaction 

of slip systems at the edges, but in fact was intergranular crack initiation. This was confirmed 

during the fractography discussed later. At 650°C, the intergranular crack initiation sites are 

clearly visible on the surface. In Figure 49, the crack initiation is intergranular, but it converts 

to a transgranular crack with plastic deformation around the tip. Later on, this crack propagated 

in a transgranular manner through the width of the sample (Figure 50). The final separation 

took place via shearing.  

Figure 48. a. Voids around precipitates observed in sample tested at 550°C. Tensile at 650°C b. 

Interaction of slip systems leading to crack initiation at center. 
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Figure 49. Intergranular crack initiation and plastic deformation at the tip of crack at 650°C. 

Intergranular crack 

Plastic zone around 

transgranular tip 

Figure 50. (Left) Crack initiation at the edge. (Right) Trangranular Crack ahead of the intitaion site. The Lines 

drawn show the cross slip within the matrix surround the crack. Arrow pointing to plastic separation around 

transgranular crack propagation. 

Crack initiation at the 

edge 
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Tensile test at 750 and 850°C: 

At 750ęC and above, there is a shift in the dominant deformation mechanism. Voids 

which coalesce to form micro cracks at grain boundaries are observed first. The voids are 

formed due to grain boundary sliding, and indicate creep interaction. These voids were 

observed at grain boundaries first and later could be observed at twin and sub grain boundaries. 

At higher strains, slip bands appeared in the grain. Figure 51 shows a grain with precipitates 

within. At 9% strain, only microcracks at the boundaries are apparent. The surface of the 

sample also appears to be flat. At 20% strain, the surface topography has changed. Slip systems 

have been activated and these dominate the deformation mechanism. Elongation of the grain 

is observed, and the grain also appears to have rotated aligning itself slightly along the rolling 

direction. It is evidence that slip is the dominant mechanism here. Moreover, no significant 

growth in the micro-cracks has taken place. It was observed that the samples cut along 

transverse to the rolling direction samples and along the rolling direction samples exhibited 

similar deformation mechanism and showed shift in the deformation mechanism at similar 

strain levels. It can therefore be said that the deformation regimes exhibited are independent 

of the orientation of the sample. 
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Pre-cracked Samples: 

The pre-cracked samples show almost instantaneous crack propagation, but overall 

similar deformation regimes are observed. During heating, prior to loading, the sample first 

begins to show voids at the grain boundaries (Figure 52). The Figure 53A shows the precrack 

tip and voids at the grain boundaries, prior to loading. One of the grain boundaries near the 

crack tip has been highlighted using red dashed line overlay. It is seen that the crack 

propagation, on loading, is transgranular despite being in close proximity to this grain 

boundary (Figure 53). The crack continues to propagate in an almost straight-line path. Slip 

bands and cross slip can be seen around the crack and ahead of the crack tip. Therefore, the 

crack propagation is being accommodated via slip. At some instances, microcracks that grew 

into macrocracks, accelerated or deflected the crack path. Figure 54 provides a closer look at 

the region around the crack, with voids around inclusion, grain boundary cracking and dense 

slip bands within the grains.  

750°C, 8.9% strain 750°C, 20% strain 

Figure 51. Surface of sample at 750°C (TD) at 8.9% and 20% strain showing shift in the deformation mechanism 

from dominant intergranular cracks only to dominant slip systems and micro cracks. 
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Figure 52. (Left)EBSD Euler map with marked areas of voids at crack tip, before loading. (Right) SEM image of 

the crack tip at 750°C before loading. Precracked TD sample at 750°C. 

750°C, RD, no load 

Loading 

Precrack 

Voids at grain 

boundaries 
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C.750°C, TD, 5.6% strain 

Micro -

A.750°C, TD, 1.8% strain 

B. 750°C, TD, 3.2% strain 

D.750°C, TD, 8.9% 

Slip bands 

Figure 53 Crack propagation in precrack Alloy 709 along TD at A. 1.8%strain, B. 3.2% strain. Red dashed 

line indicates the grain boundary in the crack tip vicinity. C. at 5.6%strain, arrows indicate microcracks at 

grain boundaries and subgrain boundaries. D. at 8.9% strain, slip bands ahead of the crack path. 

Loading 

Figure 54.  Region close to crack with dense network of slip (Red arrows) and voids around 

inclusions (black arrow). 
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Tensile at 850°C:  

At 850°C, the behaviour of the sample was observed to be similar to that observed at 

750°C. Voids formation at grain boundary, coalescence, micro-crack formation was observed. 

The deformation mechanism shifts from intergranular cracks formation at lower strain to 

activation of slip bands at higher strain. There were small cracks originating near the grain 

boundaries growing in to the grain.  These small cracks, although transgranular, originated 

close to the grain boundaries (Figure 55). This is perhaps due to the nanoscale, needle shaped 

precipitates that were observed at grain boundaries growing into the grains.  

 

Figure 55. Surface of the sample at 850°C. Inset shows the small trangranular cracks (white 

arrows) originating from the grain boundaries and directed into the grains. Circled region shows 

the microcrack with plastic grain separation around it. 
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A characteristic feature observed in samples that are tested at higher temperatures was 

the intergranular crack initiation sites at edges of the sample. Such intergranular cracks were 

observed in samples tested at 750°C along both RD and TD. These were also observed in 

sample at 850°C and 950°C. Intergranular crack initiation was not observed in the precracked 

samples. Multiple one of such intergranular cracks appear at the edge of the samples tested at 

750 and 850°C. One of these cracks propagated across 1-2 grains before it turns into a 

transgranular crack path and continue across the entire width till complete failure of the sample 

(Figure 56).   

 

Tensile at 950°C:  

The sample at 950°C showed markedly different behaviour than the rest of the temperatures. 

The Engineering Stress-Strain curve shows that the sample reaches a maximum stress 

(132MPa), and soon after the yield point drops and reaches an almost plateau in stress as it 

elongates. This means the ultimate tensile stress of the sample at 950°C was almost the same 

as the yield stress. Serrations were not observed at this temperature. The Euler map and Inverse 

Intergranular crack 

750°C, TD, 16.4% strain 

Figure 56.  (Left) Intergranular crack initiation at the edge. (Right) Trangranular crack propagation. 
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Pole Figure (IPF) along the Normal Direction (ND) are in Figure 57. The Euler map shows 

that there is no elongation or rotation observed in the grains. Grain texture and misorientation 

in the grains also are not affected by increasing in strain. This is an indication that slip 

mechnisms are not dominant since slip activation would result in elongation and rotaion of 

grain. Instead, features similar to creep are observed, with grain boundary void coalescence. 



 

75 

 

A. B. RT, 0 strain 

E. F. 950°C,13.1% strain 

C. D. 
950°C,3.9% strain 

Figure 57. (Left) Euler maps showing no significant elongation or rotation in the grains, B. The IPF 

maps along ND showing no misorientation within the grains.. 






























































