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Abstract  

Increasing energy demand leads to two crucial problems for the whole society. One is the 

economic cost and the other is the pollution of the environment, especially CO2 emissions. Despite 

efforts to adopt renewable energy sources, fossil fuels will continue to dominate. The temperature 

and stress are planned to be raised to 700 °C and 35 MPa respectively in the advanced ultra-

supercritical (AUSC) power plants to improve the operating efficiency. However, the life of the 

components is limited by the properties of the materials. The aim of this thesis is to investigate the 

high temperature properties of materials used for future power plants.  

This thesis contains two parts. The first part is about developing creep rupture models for 

austenitic stainless steels. Grain boundary sliding (GBS) models have been proposed that can 

predict experimental results. Creep cavities are assumed to be generated at intersection of 

subboundaries with subboundary corners or particles on a sliding grain boundary, the so called 

double ledge model. For the first time a quantitative prediction of cavity nucleation for different 

types of commercial austenitic stainless steels has been made. For growth of creep cavities a new 

model for the interaction between the shape change of cavities and creep deformation has been 

proposed. In this constrained growth model, the affected zone around the cavities has been 

calculated with the help of FEM simulation. The new growth model can reproduce experimental 

cavity growth behavior quantitatively for different kinds of austenitic stainless steels. Based on the 

cavity nucleation models and the new growth models, the brittle creep rupture of austenitic 

stainless steels has been determined. By combing the brittle creep rupture with the ductile creep 

rupture models, the creep rupture strength of austenitic stainless steels has been predicted 

quantitatively. The accuracy of the creep rupture prediction can be improved significantly with 

combination of the two models. 

The second part of the thesis is on the fatigue properties of austenitic stainless steels and nickel 

based superalloys. Firstly, creep, low cycle fatigue (LCF) and creep-fatigue tests have been 

conducted for a modified HR3C (25Cr20NiNbN) austenitic stainless steel. The modified HR3C 

shows good LCF properties, but lower creep and creep-fatigue properties which may due to the 

low ductility of the material. Secondly, LCF properties of a nickel based superalloy Haynes 282 

have been studied. Tests have been performed for a large ingot. The LCF properties of the core 

and rim positions did not show evident differences. Better LCF properties were observed when 
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compared with two other low γ’ volume fraction nickel based superalloys. Metallography study 

results demonstrated that the failure mode of the material was transgranular. Both the initiation 

and growth of the fatigue cracks were transgranular. 

 

Keywords: 

Austenitic stainless steels, Nickel based superalloys, Low cycle fatigue, Creep-fatigue, Creep 

cavitation, Grain boundary sliding, Cavity nucleation, Cavity growth, Creep rupture strength, 

Advanced ultra-supercritical power plants. 
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Sammanfattning 

Ökad efterfrågan på energi leder till två centrala problem för samhället. Den ena är den 

ekonomiska kostnaden och den andra är förorening av miljön, särskilt CO2-utsläpp. Trots 

ansträngningar att skapa förnybara energikällor, kommer fossila bränslen fortsätta att dominera. 

Temperatur och spänning planeras att höjas till 700 °C och 35 MPa i avancerade ultrasuperkritiska 

(AUSC) kraftverk för att förbättra effektiviteten. Livslängden hos komponenterna begränsas av 

egenskaperna hos materialen. Syftet med denna avhandling är att undersöka 

högtemperaturegenskaperna hos material som avses att användas för framtida kraftverk. 

Denna avhandling består av två delar. Den första delen behandlar utvecklingen av 

krypmodeller för austenitiska rostfria stål. Modeller för korngränsglidning (GBS) presenteras, 

vilka kan förutsäga experimentella resultat. Krypkaviteter antas bildas vid skärningspunkter 

mellan subkorngränser och subkornshörn eller partiklar vid en glidande korngräns. För första 

gången har en kvantitativ förutsägelse gjorts av kärnbildning av krypkaviteter för olika typer av 

kommersiella austenitiska rostfria stål. För tillväxt av krypkaviteter har en ny modell för 

växelverkan mellan formförändringen av kaviteter och krypdeformation föreslagits. I denna 

tillväxtmodell, har storleken på det påverkade området runt kaviteterna beräknats med hjälp av 

FEM simulering. Den nya tillväxtmodellen kan reproducera experimentella resultat för 

kavitetstillväxt för olika typer av austenitiska rostfria stål. Baserat på modeller för kärnbildning 

och tillväxt av kaviteter har risken för krypsprött brott beräknats. Genom att kombinera modeller 

för sprött krypbrott med modeller för duktila krypbrott, har kryphållfastheten hos austenitiska 

rostfria stål förutsagts kvantitativt. Noggrannheten hos förutsägelserna förbättras avsevärt genom 

en kombinationen av de båda modellerna. 

Den andra delen av avhandlingen behandlar utmattningsegenskaperna hos austenitiska rostfria 

stål och nickelbaserade superlegeringar. Lågcykelutmattning med och utan hålltider (LCF) har 

utförts för ett modifierat HR3C (25Cr20NiNbN) austenitiskt rostfritt stål. Materialet visar goda 

egenskaper vid LCF utan hålltider, men egenskaper vid närvaro av hålltider är sämre, vilket kan 

bero på den låga krypduktilitet hos materialet. Vidare har LCF egenskaper hos en nickelbaserad 

superlegering Haynes 282 genomförts för ett stort göt. LCF egenskaperna hos kärnan och 

kantpositioner visade inte stora skillnader. Bättre LCF egenskaper observerades i jämförelse med 
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två liknande nickelbaserade superlegeringar. Orsaken bedömdes vara att Haynes 282 uppvisade 

brott genom kornen medan de övriga två materialen även hade korngränsbrott. 
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1. Introduction  

1.1 Energy demand 

In the 21st century, three critical challenges have been imposed upon the world, increasing 

world population, increasing energy demand and increasing environment pollution of our planet, 

especially the increasing global warming. It has been reported that the world population will grow 

about 27% from 7.1 billion in 2013 to 9 billion in 2040 [1], which is an important factor that drives 

the increasing of energy demand. According to International Energy Agency (IEA), energy 

demand will grow by 33% from 2015 to 2040. World electricity demand increases by more than 

70% over the period 2015-2040 [2].  

For electricity generation, the main sources are coal, oil, gas, nuclear, hydro, geothermal, solar, 

and wind etc. Concerning the climate change, especially the CO2 emissions, renewable energy is 

more favored in the future. It is estimated that the renewables, including hydropower, will overtake 

coal as the largest source of electricity by the early 2030s [2]. Wind and solar power generation 

has shown rapid expansion. Power generation from biofuels has been more than tripled, rising 

from 1.3 million barrels of oil equivalent per day (mboe/d) to 4.6 mboe/d in 2040. The share of 

nuclear power in global electricity generation increases slightly to 12% in 2040 [3]. Despite the 

growth of non-fossil energy, the share of fossil fuels within the world energy supply is unchanged 

over the past 42 years. Fig. 1 shows the world electricity generation by fuels [4], where it can be 

seen that from 1971 to 2013 fossil fuel accounts for the largest share of the power sector. 

 

 

Fig. 1. World electricity generation by fuel from 1971 to 2013 (Terawatt hour) [4] 
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Global total primary energy supply (TPES) increased by almost 150% between 1971 and 2013 

mainly relying on fossil fuels [5]. In 2013, fossil sources accounted for 82% of the global TPES, 

whereas 58% is based on coal. Fig. 2 shows the global coal demand by region in years from 1980 

to 2040 [6]. China is the biggest coal consumer and followed by India and US. Demand grows to 

over 6350 million tonnes of coal equivalent in 2040. 

  

 
Fig. 2. Global coal demand by key regions for years 1980-2040 [6] 

 

Two crucial problems need to pay attention due to the increasing energy demand. One is the 

economic cost. World energy sector investment totals $68 trillion from 2015 to 2040 [2]. Global 

subsidies to renewables reached $121 billion in 2013, up 15% on 2012, and expand to nearly $230 

billion in 2030 [7]. Annual capital expenditure on oil, gas and coal extraction, transportation and 

oil refining has more than doubled since 2000 and surpassed $950 billion in 2013 [3]. The other 

more important factor of increasing energy demand is the environment pollution, especially the 

global warming due to greenhouse-gas (GHG) emissions, which is closely related to the living 

environment of human beings. CO2 takes up around 90% of the GHG, with 9% as CH4 and 1% as 

N2O. Thus CO2 emissions contribute mostly to the global warming issues. For nuclear power 

generation, the cumulative amount of spent nuclear fuel that has been generated, which is a high 

level radioactive waste, more than doubles. It will reach 705000 tonnes in 2040. 

Coal accounted for 46% of global CO2 emissions due to its heavy carbon content per unit of 

energy released [4]. Nowadays it has become a global research topic for human beings to reduce 

CO2 emissions. Despite positive progress has been made, the efforts are not enough to move the 
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world onto a pathway consistent with the 2 °C climate goal. The global CO2 emissions will reach 

34.8 Gt by 2030. If stronger action is not forthcoming after 2030, the global warming average 

temperature will increase 2.6 °C by 2100 and 3.5 °C by 2200 [1]. Thus it is very critical that people 

should take actions. 

1.2 The need of high strength materials 

Despite efforts to adopt renewable energy sources, in the foreseeable future, fossil fuels 

(mainly containing coal, oil and gas) will continue dominating, though their share of generation 

declines from 68% in 2012 to 55% in 2040 [7]. Fossil fuels provide more than 60% of the world’s 

electricity output, including 42% based on coal [8]. However, the efficiency of these power sectors 

is comparatively low in most countries [5], especially in China and North America. The average 

efficiency of the coal-fired generation worldwide is approximately 36% in 2011. By increasing 

one percentage of the efficiency of the fossil fired power plants, CO2 emissions can be reduced by 

about 2.5% [8]. Thus power plant efficiency is an important factor that could be used to reduce the 

CO2 emissions. One of the most effective way to increase the electricity generation efficiency of 

coal-fired power plants is to raise the temperature and stress of the steam used to drive the turbines.  

Historically, the steam temperature and pressure have increased in line with the development 

of improved steels. The first generation of the pulverized coal combustion (PCC) power plants, 

with low alloy CMn and Mo ferric steels, operated at subcritical steam conditions, where the 

temperature is below 540 °C and stress below 22.1 MPa. The next generations of supercritical (SC) 

and ultra-supercritical (USC) conditions have been proposed due to development of improved 9-

12% chromium steels and austenitic stainless steels. The new target is the advanced ultra-

supercritical (AUSC) steam conditions, with a superheater temperature of 700 °C and stress about 

35 MPa. The detailed information of the four generations of PCC power plants are listed in Table 

1. It can be seen that the efficiency could reach more than 50% for the AUSC power plants, 

whereas the coal consumption has also been reduced significantly. 

The average efficiency of the coal-fired generation worldwide is expected to improve from 

36% in 2011 to 40% in 2035 [8].  By increasing the power plants efficiency from 37% to 47%, 

about $12.4 million annually in fuel costs or $248 million over a 20-year plant life for an 800 MW 

plant could be saved. The CO2 and other fuels related emissions will be reduced from 0.85 to 0.67 

tonnes/MWh, a reduction of nearly 22% [9]. Thus it can be conclude that by increasing the 
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operating temperature and stress, the sources can be saved and the operating efficiency can be 

improved, as well as the CO2 emissions can be reduced significantly. So it is of importance to 

develop and adopt the AUSC power plants worldwide. 

 

Table 1. Development of the four generations of coal-fired power plants [8] 

 
Superheater 

conditions 

Materials for high 

temperature components 

Net efficiency 

(%) 

Coal consumption 

(g/kWh) 

Subcritical 
≤540 °C 

≤22.1 MPa 

Low alloy CMn  

Mo ferric steels 
<35 ≥380 

SC 
540-580 °C 

22.1-25 MPa 

Low alloy CrMo steels  

Martensitic steels 
35-40 380-340 

USC 
580-620 °C 

22-25 MPa 

Improved martensitic steels  

austenitic steels 
40-45 340-320 

AUSC 
700-725 °C 

25-35 MPa 

Advanced 10-12% Cr 

steels  

nickel alloys 

45-52 320-290 

 

As listed in Table 1, with improved steam temperature and stress, it needs higher high 

temperature performance of materials that could be used for a long life time of the power plants 

which is usually more than 30 years. So technologies need to be developed to cope with the higher 

requirements. For a 105 hours creep rupture strength of 100 MPa, which is considered as the critical 

creep rupture strength requirement for material used for power plants, the temperature limit for 

martensitic steels is about 625 °C and the temperature limit for the weakest nickel based alloys is 

about 700 °C and austenitic stainless steels fill the gap between these temperatures. So austenitic 

stainless steels and nickel based alloys are considered for AUSC critical applications [10]. It is 

very critical to understand the high temperature performance of these different kinds of materials 

when they serve at the AUSC power plants. 

1.3 Aim of the work 

This work will focus on the creep, low cycle fatigue (LCF) and creep-fatigue properties of the 

material used for the future power plants.  

The first part of this work is on the development of models for creep rupture strength of 

austenitic stainless steels. Firstly, models about brittle creep rupture of austenitic stainless steels 
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due to creep cavitation will be developed. Models about grain boundary sliding (GBS), formation 

and growth of creep cavities will be presented and compared to experimental observations. 

Secondly, ductile rupture models will be improved based on the basic dislocation creep models 

proposed by Sandström [11]. Then the creep rupture strength of austenitic stainless steels will be 

predicted based on the combination of the ductile and brittle rupture models. 

The second part of this work is to investigate the creep, LCF and creep-fatigue properties of a 

specific austenitic stainless steel, a modified HR3C (25Cr20NiNbN) at high temperatures ranging 

from 650-750 °C. Besides, the high temperature LCF properties of a nickel based superalloy 

Haynes 282 will also be investigated, since it is the potential material for the critical component 

of the AUSC power plants.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

6 

 

2. High temperature properties 

Materials used for power plants should have good fabricability, where it can be fabricated with 

the general processing routes, like forging, hot and cold rolling, drawing etc. to produce sheet, 

plate and tube forms. With the common processing method, significant cost can be saved. 

Moreover, the materials should also have good weldability where it can allow for greater flexibility 

of component design [12]. Besides good fabricability and weldability, the good high temperature 

properties are required for the materials used at advanced ultra-supercritical (AUSC) power plants: 

1) High temperature creep rupture strength; 

2) High temperature fatigue and creep-fatigue properties; 

3) High temperature oxidation resistance; 

4) High temperature corrosion resistance. 

2.1 Creep 

Materials used for fossil-fuel power plants are exposed to high temperature and stress 

conditions for a long life time. During this period, creep is an important factor that will affect the 

life of the components. Creep of materials is classically associated with time-dependent plasticity 

under a fixed stress at elevated temperatures, often greater than 0.5 Tm, where Tm is the absolute 

melting temperature. Creep damage often only takes into account the deformation, when the strain 

reaches a critical value, it will result in failure of the materials. The typical creep curves can be 

seen in Fig. 3. Besides the initial strain on loading, there are three creep stages, namely primary 

creep, secondary creep (or steady state creep) and tertiary creep. The secondary creep is the main 

stage which is often used to characterize the whole creep process. 

In general, there are three types of mechanisms for creep: 

1) Dislocation creep; 

2) Grain boundary sliding (GBS) 

3) Diffusion creep 

Dislocation creep involves the movements of dislocations, and it tends to dominate in 

industrial applications for steels. Dislocations can move by glide in a slip plane, a process requiring 

little thermal activation. However, the rate-determining step for their motion is the climb process, 

which requires diffusion and is thus time-dependent and favored by higher temperatures. 

Dislocation creep is the main mechanism for engineering steels. GBS occurs by the movement of 
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individual grains sliding over each other along their common boundary. It increases the overall 

creep rate and gives rise to nucleation of creep cavities [13], which will finally result in brittle 

rupture. Diffusion creep occurs by transport of material via diffusion of atoms within a grain. Like 

all diffusional processes, it is driven by a gradient of free energy (chemical potential), created in 

this case by the applied stress. Diffusion creep is considered to take place at very high temperatures, 

however, it is rarely observed in steels. 

 

 

Fig. 3. Typical creep curves [14] 

 

2.2 Fatigue and creep-fatigue 

Fatigue is caused by cyclic stresses or strains that result in cracking and failure. When creep 

is introduced in fatigue at high temperatures, it causes creep-fatigue. In this case, usually there is 

a dwell period with constant loads during the fatigue test; when fatigue occurs in the presence of 

chemically aggressive or embrittlement environment, it results in corrosion-fatigue.  

The classical way of characterizing the fatigue properties is the total fatigue life, which is 

defined as the sum of the number of cycles to initiate a fatigue crack and the number of cycles to 

propagate it subcritically to some final crack size. Under high-cycle, low stress fatigue situations, 

the material deforms primarily elastically; the failure time or the number of cycles to failure under 

such high-cycle fatigue has traditionally been characterized in terms of the stress range. However, 
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the stresses associated with low-cycle fatigue are generally high enough to cause appreciable 

plastic deformation prior to failure. Under these circumstances, the fatigue life is characterized in 

terms of the strain range. In applications where low-amplitude cyclic stresses induce primarily 

elastic deformation in a component, it is designed for long life, i.e. in the so-called high-cycle 

fatigue (HCF) applications. When considerable plastic deformation occurs during cyclic loading 

as, for example, a consequence of high stress amplitudes or stress concentrations, the fatigue life 

is markedly shortened. Here, fatigue design inevitably calls for the so-called low-cycle fatigue 

(LCF) approach [15]. 

Coffin (1954) and Manson (1954) noted that when the logarithm of the plastic strain amplitude, 

Δεp/2, was plotted against the logarithm of the number of load reversals to failure, 2Nf, a linear 

relationship resulted for metallic materials. 

∆𝜀𝑃

2
= 𝜀𝑓

′ (2𝑁𝑓)𝑐 
(1) 

Where εf’ is the fatigue ductility coefficient and c is the fatigue ductility exponent. In general, εf’ 

is approximately equal to the true fracture ductility f in monotonic tension, and c is in the range of 

–0.5 to –0.7 for most metals [15]. 

Creep-fatigue tests are generally conducted by holding a constant stress at the maximum 

and/or minimum stress of the fatigue cycles. The simplest approach to predict creep-fatigue life 

involves the linear damage summation model. In this method, the damage accumulated by 

mechanical fatigue and by creep are linearly superposed, such that [15] 

𝜉𝑓 + 𝜉𝑐 = 1 (2) 

where ξf and ξc are the fractional damage due to fatigue and creep, respectively. This approach is 

widely used in conjunction with strain-controlled fatigue tests with dwell periods under load. 

The turbine materials in the power plants need to withstand creep damage, as well as cyclic 

stress. So there is a complex creep and fatigue interaction during service.  

2.3 Oxidation and corrosion 

Steamside oxidation is the oxidation of metal surfaces exposed to the steam in the steam loop, 

this will be most prevalent in higher temperature components, like tubes, pipes and turbines. 

Steamside oxidation consists of three stages, firstly, oxide scale builds up causing materials to 
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overheat, which decreases material strength. Secondly, the oxides scale eventually exfoliates, 

gradually reducing the materials’ cross sectional area, which again decreases material strength. 

Finally, the oxide scale fragments and erodes the entire steam loop, further decreasing strength. 

So the steamside oxidation will lower the steam efficiency and decrease material strength and also 

may lead to pipe blockages [16].  

Fireside corrosion is a term used to describe the chemical attack of metal surface in boilers by 

flue gases and molten coal ash containing elements like sodium, Sulphur and chlorine. The 

accumulation of corrosion has two effects, firstly, heat transfer rates are decreased which will 

result in reduced thermal efficiency of power plants. Secondly, material strength is decreased.  

Besides the high temperature properties described above, particular attention should also be 

paid to the complex interaction of all these behaviors.  
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3. Candidate materials 

For the advanced ultra-Supercritical (AUSC) power plants, the critical components that will 

withstand high temperatures of 700-750 °C are the boiler tubes, superheaters, reheaters and the 

turbine components etc. It requires the materials to have excellent creep, fatigue and corrosion 

resistance.  

To choose candidate materials for this application, the first consideration is the creep rupture 

strength, where the 105 hour creep rupture strength should be higher than 100 MPa. By comparing 

the creep rupture strength at 700 °C, it has been found that only nickel alloys can satisfy this 

requirement [16], as listed in Fig. 4. Thus it is important to develop technologies for nickel alloys. 

However, it does not mean that for the future power plant, only nickel alloys would be considered 

and it should not be.  

 

 

Fig. 4. 105 hour creep rupture tests [16]  

 

The relative material cost for nickel based alloys is about 20 times that of 9-12% Cr steels and 

10 times that of austenitic steels at a given rupture stress and time, as listed in  Fig. 5 [17]. So the 
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use of nickel based alloys should be minimized and only used in the hottest components of the 

boiler and steam turbines.  

 

Fig. 5. Relative material cost of different alloys as a function of the allowable temperature for a 

given rupture strength and time [17]. 

 

During operation of AUSC power plants, not all the components are necessary to have a high 

strength as nickel based alloys, Table 2. 

 

Table 2. Candidate materials for components of Japanese AUSC power plants [16] 

Component  Steam temperature Candidate alloys 

Membrane walls <650 °C Conventional ferritic steels 

Superheaters and 

reheaters 
>700 °C 

Nickel based and nickel/iron based alloys 

Austenitic alloys 

Pipes and headers >650 °C Austenitic alloys 

Casing inner  >700 °C Nickel based alloys 

Casing outer  <650 °C 12% chromium steels 

Blades (nozzle) 750 °C Nickel based alloys 

Rotor >750 °C Nickel based alloys 

Bolts  >700 °C Nickel based alloys 
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It can be seen that different kinds of alloys can be used in the component design of AUSC 

power plants. Then it is necessary to investigate the high temperature properties of all the relevant 

materials. 

3.1 Ferritic-martensitic steels 

9Cr-1Mo-0.2V-0.05Nb steel is a heat resistant steel, which is denoted as P91. At present P91 

is widely used in pressure vessels and piping systems in the fossil power plants with steam 

temperature up to 600 °C. It has a rupture strength of 98 MPa at 600 °C and 105 hours [18]. For 

the component design of the future power plants, martensitic can be widely used as blades 

components, reheater at low temperature, pipe and headers and water cooling tubes etc. [19-21]. 

P92 also contains 9% Cr and has higher creep rupture strength than steels P91 [18]. The 

material is developed for application at steam temperature of 600 °C or more. The 105 hours creep 

rupture strength for this material is estimated as 118 MPa at 600 °C [18]. For application at the 

future power plants, P92 can be used as components of header inlet and outlet, pipes, membrane 

walls as listed in Table 2, pipe and headers, superheater tubes etc. [19, 20].  

3.2 Austenitic steels 

Austenitic stainless steels have good corrosion resistance and high temperature creep strength. 

They are widely used for the ultra-supercritical (USC) power plants for boiler tubes, reheaters etc. 

As listed in Table 2, austenitic steels can be used at steam temperature of 650-700 °C. Austenitic 

stainless steels have a higher creep strength than ferritic-martensitic steels and lower price than 

nickel based alloys.  

Based on the original 18Cr8Ni austenitic stainless steels, many new grades have been 

developed to meet the high strength requirements. The Cr and Ni contents have been increased, 

like HR6W (23Cr45Ni), Super 304H (18Cr9Ni3CuNbN), 347HFG (18Cr10NiNb) (which is a 

fine-grained steel) and HR3C (25Cr20NiNbN) etc. [19, 22]. Solid solution hardening elements 

such as W and Mo, precipitation hardening elements such as Nb, Ti and V are added to austenitic 

steels in order to improve the high temperature creep strength. B and Ce have also been added to 

increase the creep cavitation resistance [23].  

The most potent way to increase the creep rupture strength of austenitic stainless steels is to 

introduce fine precipitates. It has been found that the addition of copper can reach a significant 
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effect. This strengthening mechanism requires a minimum of 2 wt.% copper. In this condition, the 

creep rupture strength of 105 hours at 600-700 °C can be improved by 20% [24].  

NF709 is a 20Cr25Ni1.5MoNbN austenitic stainless steel. NF709 is strengthened by fine Nb 

carbonitrides and NbCr nitrides and solid solution of Mo. This material can reach 85 MPa for 105 

hours at 700 °C [24]. 

One austenitic stainless steel developed by Sandvik [25], named Sanicro 25 

(22Cr25NiWCoCu), has the creep rupture strength of 97 MPa at 700 °C for 105 hours, which is 

close to the desired 100 MPa strength. Sanicro 25 together with SAVE25 (22.5Cr-18.5NiWCuNbN) 

use precipitation hardening of Cu and carbonitrides and solid solution hardening with W [24].  

Austenitic steels can be used at temperatures up to 700 °C but are limited to superheater, 

reheater and turbine applications in the AUSC power plants. However, new austenitic steels use 

aluminum to form a protective alumina oxide for improved oxidation resistance up to 900 °C [10]. 

3.3 Nickel based alloys 

For turbines, rotors and very high temperature superheater and reheater components, high 

requirements are needed since they will suffer creep, fatigue and corrosion, etc. at temperatures of 

700-750 °C. Under these circumstances, nickel based alloys will be used. As seen from Fig. 4, 

only nickel based alloys can satisfy the creep rupture strength of more than 100 MPa for 105 hours 

at 700 °C and above.  

Nickel based alloys originated from the alloy Ni-20% by adding precipitation hardening 

elements Ti. Later, the precipitated phase was an ordered intermetallic compound Ni3(Ti,Al), 

designated as gamma prime (γ’). Nimonic alloy 75 was the first to be commercially produced, and 

followed by Nimonic alloys 80A, 90,105 and 115 [18]. The higher volume fraction of γ’, the higher 

creep strength, but the lower the fabricability.  

The nickel base alloys have excellent corrosion resistance. In an oxidizing environment, the 

alloys form thin and protective oxide scales based on Cr2O3, providing that the chromium content 

exceeds about 20% w.t. %. Alloys that form this type of oxide scale are generally suitable for 

prolonged exposure at temperatures up to 1000 °C [18]. 

Haynes 230 also called alloy 230, is a typical solid solution hardening Ni-base alloy with 

contents of Cr (22%) and W (14%) and Mo (2%). It has excellent high temperature strength, 

outstanding resistance to environments up to 1149 °C for prolonged exposures, and excellent long 
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term thermal stability. It also has very good fabricability.  Though this material have a rupture 

strength of more than 100 MPa at 700 °C for 105 hours, it does not satisfy the typical creep rupture 

strength requirement at 750 °C [18, 22, 26].  

Alloy 263 which is also called Nimonic 263, is a Ni-Cr-Co alloy, with 20% Cr and Co and 6% 

Mo for further solid solution strengthening. It contains about 10% of γ’ phase. The creep rupture 

strength of this alloy can just reach 100 MPa at 750 °C for 105 hours.  

Inconel 740 and 740H (25Cr-20Co-0.5Mo-2Nb) are new superalloys developed in 2000 by 

Special Metal Corp. USA for European AUSC project with steam temperature 700 °C and stress 

35 MPa. Inconel 740 with 13% γ’ phase, can meet the above mentioned strict requirements such 

as the creep rupture strength of more than 100 MPa at 750 °C for 105 hours, as well as excellent 

corrosion resistance [22]. Inconel 740H is an improvement of Inconel 740 by adjusting the 

elements of Nb, Ti, Al and Si, where better strength has been observed [27]. 

Allvac 718Plus is a new alloy developed by ATI Allvac with hot workability and weldability 

similar to that of alloy 718, but with improved stress rupture and creep properties at 704 °C. Alloy 

718Plus shows higher creep rupture strength than that of Inconel 740 and 740H. 

Haynes 282 is a precipitation hardened nickel based superalloys that recently developed as a 

replacement for Waspaloy and Rene 41 in aero and land-based gas turbines. This alloy has both 

excellent high temperature strength and fabricability. Because of the relatively low volume fraction 

of γ’ precipitates, the alloy can be produced in a wide range of semi-finished products, including 

plate, sheet, pipe and tube [12]. As seen in Fig. 4, Haynes 282 has a better creep rupture strength 

than most alloys. Its creep rupture strength exceeds 100 MPa at 750 °C for 105 hours. This 

materials also shows very good low cycle fatigue (LCF) properties at high temperatures [12, 28, 

29]. In paper VI, the LCF properties of Haynes 282 from a large ingot was investigated.  

 

 

 

 

 

 

 

 



 

 

15 

 

4. Creep rupture models 

4.1 Basic models 

For creep rupture prediction, experimental creep data are traditionally analyzed with the help 

of empirical models. The most well-known one is the Norton equation. The Φ and Ω models have 

been used for a long time to represent creep curves, where 3 or 4 parameters are used to fit the 

experimental creep data. The more fitting parameters, the more accurately the models can describe 

the experiments [11]. However, there are several disadvantages of the parameter fitting models. 

a) The models do not provide automatically any basic understanding of the phenomenon they 

describe, and they are not necessarily related to the controlling mechanisms 

b) The empirical models are not reliable for extrapolation over long times and they are also 

not applicable for new conditions.  

Thus Sandström [11] has proposed the concept that no adjustable parameters should be 

involved in the creep models, and the empirical models should be replaced by the physically based 

models. In the models, it is assumed that: 

a) The models can represent the controlling mechanisms. 

b) All parameters in the models should be well defined and it should be known how to 

determine them accurately.  

c) No parameters should be fitted to the creep data.  

d) The results of the models should be sufficiently precise to use technically.  

In the models proposed in this thesis, these principles are followed. Papers I to IV are based 

on the concept of the basic creep models where no adjustable parameters are used.  

Fig. 6 shows the creep rupture strength of SUS316H tube austenitic stainless steels [30], where 

the experimental data is fitted with the Norton equation. It can be seen that at lower stresses and 

higher temperatures, the Norton equation breaks down. Two different regimes can be observed for 

the creep rupture strength, since the slopes of the experimental data are different at lower stresses. 

Similar behavior can be found for other types of austenitic stainless steels, as shown in [31]. The 

brittle rupture, which is caused by the formation, growth and coalescence of grain boundary 

cavities, is assumed to be the controlling mechanisms for this part of strength decrease.  
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Fig. 6. Creep rupture strength of SUS316H tube at temperatures of 600-750 °C. Experimental data 

from [30], the experimental data is fitted with the Norton equation.  

 

4.2 Brittle rupture models 

Brittle creep rupture of steels is caused by the formation, growth and coalescence of creep 

cavities along grain boundaries. So the grain boundaries play an important role in the brittle rupture 

of austenitic stainless steels. In the current work, we present grain boundary sliding (GBS) models 

first as they are the basis of other models for brittle rupture. 

4.2.1 Grain boundary sliding models 

During creep deformation in metals, a relative movement of grains along the grain boundaries 

takes place, which is referred to as GBS. The sliding has two main effects. It increases the overall 

creep rate and gives rise to nucleation of creep cavities. Creep cavitation is one main reason for 

the failure of materials at high temperatures. Thus two GBS models have been presented in paper 

I [13], one is the shear sliding model based on the idea from [32, 33], and the other one is the shear 

crack model based on Riedel’s proposal [34]. Both models can be expressed in a form where the 

GBS displacement rate is proportional to the creep rate and related with a parameter Cs.  
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𝑣sd = 𝐶𝑠𝜀̇ (3) 

where vsd is the grain boundary sliding displacement rate, ε̇ is the creep rate. For the shear sliding 

model, the parameter Cs is related to grain size and is slightly strain dependence. The shear crack 

model can be expressed in the same way. But the parameter Cs is related to the particle distributions 

that can be estimated with thermodynamic software such as MatCalc. MatCalc is a commercial 

software that can be used to calculate the nucleation and growth behavior of precipitates in steels. 

The detailed information about the background and setup of the software can be found in [13, 35]. 

The two models (shear sliding and shear crack models) are compared with the experimental 

GBS displacement, where a good agreement has been reached [13].  

4.2.2 Cavity nucleation models 

Mechanisms for cavity nucleation are still debated. But it is no doubt that formation, growth 

and coalescence of creep cavities finally result in the brittle rupture of materials. Thus it is 

necessary to understand the mechanisms for cavity nucleation. Nucleation of cavities has been 

observed at a number of positions in the microstructure. The nucleation can take place at inclusions 

or second phase particles, at grain boundary ledges and other irregularities, and at grain boundary 

triple points. In particle free alloys the nucleation often occurs at intersections between grain and 

subgrain boundaries [36-38]. In particle containing alloys, cavities nucleate at particles on sliding 

grain boundaries [13, 39-43]. A vast volume of research effort has been performed to explore the 

mechanisms of cavity nucleation. In spite of this, the nucleation mechanisms in individual alloys 

are still unclear in many cases. 

Using the classical theory of nucleation, cavities are formed at grain boundaries by clustering 

of vacancies. As proposed by Smith and Barnby [44], a high stress concentration is necessary for 

cavity nucleation. The high stress concentration can be developed at grain boundary ledges, grain 

boundary triple points and particles. It is suggested that the mechanisms for cavity nucleation at 

particles can be decohesion of particles from the matrix or particle fracture, where high stress 

concentrations are required. In most available models, a threshold stress and an incubation time 

have been considered as the critical conditions for cavity nucleation to occur [45, 46]. However, it 

has been found that the estimated threshold stress is orders of magnitude higher than the applied 

stress, and the required incubation time is longer than the time for stress concentrations to be 

relaxed. On the other hand, it is also suggested that cavities may be nucleated by breaking the local 
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atomic bonds by high stress concentrations. However, it has been proved that the local stresses can 

never reach this level during creep conditions [47]. 

Lim [36] proposed that cavities can nucleate at intersections of subgrains and grain boundaries 

and he developed a grain boundary dislocation (GBD) pile up model. The total number of 

dislocations in the pile up is considered to generate the steady state stress concentration. In this 

case, there is no incubation time for cavity nucleation since the GBD pile up is a steady state 

phenomenon of secondary creep. However, a threshold stress is necessary, below which cavities 

will not be formed. By deriving the formation energy of cavities, he concluded that this was 

thermodynamically feasible for cavity nucleation at substructures for the metals that he studied, 

for example copper.  

Sandström and Wu [38] developed a strain controlled model that can predict the cavity 

nucleation behavior quantitatively. They proposed that cavities can nucleate at ledges or 

subboundary intersections due to GBS. The grain boundaries are assumed to have randomly 

distributed ledges or other inhomogeneities with a typical spacing. The basic assumption in the 

model is that the grain boundaries consist of two closely spaced layers and that cavities are 

nucleated when an inhomogeneity on one layer meets one on the other layer. The model is referred 

to as the double ledge model. The model has the same form as the experimental observations, 

namely that the nucleation rate is proportional to the creep rate. 

Based on the previous work, in paper II, models for cavity nucleation at substructures have 

been analyzed in details. Unlike the classical theory for cavity nucleation, the model described 

here involves the pile up of grain boundary dislocations (GBDs), which is a steady state 

phenomenon of the secondary creep processing, so there is no incubation time concerned. 

Furthermore, the model describes the energy changes when forming a cavity from a 

thermodynamical point of view, where cavities will obtain energy by consuming part of the energy 

of GBDs. There is a threshold cavitation stress for cavity nucleation to occur. The modelled 

minimum cavitation stress is compared with observed cavitation. It is found that the modelled 

minimum cavitation stress is well below the applied stress in the experimental conditions where 

cavities have been observed. 

The double ledge model has been proposed for austenitic stainless steels. It is assumed that 

cavities are formed when subboundary corners or particles on one side of a sliding grain boundary 
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meet subboundaries on the opposite side of the sliding grain boundary. The final results for cavity 

nucleation rate is: 

𝑑𝑛

𝑑𝑡
=

0.9𝐶s

𝑑sub
(

1

𝜆2
+

1

𝑑sub
2 )𝜀ċr = 𝐵𝜀ċr (4) 

where Cs is the GBS parameter that can be obtained from Eq. (3), dsub is the subgrain size, λ is the 

particle spacing, 0.9 is a factor due to the angle between the grain boundary and the sliding 

direction. The final result Eq. (4) has the same form as the experimental observations namely that 

the cavity nucleation rate is proportional to the creep rate. The presented double ledge model gives 

the number of cavities that is proportional to the creep strain in good accordance with a number of 

published experimental investigations. More results for cavity formation can be found in paper II. 

Alternatively, Harris [48, 49] proposed that cavities can nucleate at particles when the GBS 

rate is fast enough. In Harris’ model, there exists a critical particle radius for cavity nucleation 

which is related to the GBS displacement rate. For smaller particles to initiate cavities, a higher 

GBS rate is required. With the help of models for GBS that have recently been developed [13], it 

has been possible to make quantitative predictions. By combining the GBS models with Harris’ 

model, He and Sandström [13] modelled cavity nucleation at particles. The predicted number of 

cavities nucleating at particles showed a good agreement with the experimental number of cavities. 

4.2.3 Cavity growth models 

Unlike cavity nucleation models, the models for growth of creep cavities have been well 

established. Mainly there are two types of diffusion models for creep cavity growth, one is the 

pure diffusion controlled cavity growth models, and the other is the constrained cavity growth 

models. Expressions for growth of creep cavities based only on diffusion control are well 

established. The model was first proposed by Hull and Rimmer [50] and improved by subsequent 

workers, like considering the cavity shapes and coupling creep to diffusion [51-53]. The common 

expression for the diffusion controlled cavity growth model can be expressed as [51-54]: 

𝑑𝑅

𝑑𝑡
= 2𝐷0𝐾𝑓(𝜎 − 𝜎0)

1

𝑅2
 (5) 

where dR/dt is the cavity radius growth rate, R the cavity radius in the grain boundary plane, σ is 

the applied stress,0 is the sintering stress 2surf sin()/R, where surf is the surface energy per unit 

area and the cavity tip angle. D0 is a grain boundary diffusion parameter, D0=δDGBΩ/kBT, where 
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δ is the boundary width, DGB the grain boundary self-diffusion coefficient, Ω the atomic volume, 

kB Boltzmann’s constant and T the absolute temperature. Kf is a factor introduced by Beere and 

Speight [55], which is a function of the cavitated area fraction. 

𝐾𝑓 =
1

−2𝑙𝑜𝑔𝑓𝑎 − (1 − 𝑓𝑎)(3 − 𝑓𝑎)
 (6) 

where fa=(2R/L)2 is the area fraction of the cavitated grain boundaries. 

The cavity spacing L can be obtained from the number of cavities ncav: 

𝐿 = 1/√𝑛𝑐𝑎𝑣  (7) 

where the number of cavities ncav can be obtained from the cavity nucleation model. However, in 

the previous work, there are no complete models for cavity nucleation. So in paper II, work has 

been focused on proposing cavity nucleation models. 

On the other hand, plastic deformation also gives a contribution to cavity growth [52, 53]. The 

model for plastic deformation controlled cavity growth can be expressed as [53]: 

𝑑𝑅

𝑑𝑡
= 𝑓(𝜃)

𝑅

3
𝜀�̇�𝑟  (8) 

where ε̇cr is the creep rate. The contribution from diffusion and creep, Eqs. (5) and (8), are usually 

added directly [52, 53]. 

In the models described above, the assumption is that the stress acting over the grain facet is 

the applied stress. It is diffusion controlled cavity growth driven by the applied stress independent 

of creep deformation. However, it was suggested that the cavities should not be able to grow faster 

than the creep deformation would allow. Thus, the expansion of the cavities must be compatible 

with the deformation rate of the surrounding materials [56]. This concept was first introduced by 

Dyson [56] and it is referred to as constrained cavity growth.  

In the constrained cavity growth model, spherical cavities on a grain boundary are 

characterized by cavity radius R and cavity spacing L. By equating the grain boundary opening 

rate with the average opening rate of the grain facet, the reduced stress which is the true stress 

driving the cavity growth can be obtained [57]. 

𝜎𝑟𝑒𝑑 =
1

1
𝜎

+
32𝐷0𝐾𝑓

𝐿2𝑑𝛽𝜀�̇�𝑟

 
(9) 

where β is a material constant (β=1.8 for homogeneous materials), d the grain diameter. The cavity 

spacing L can be obtained from Eq. (7). The creep rate has been analyzed in section 4.3.2, Eq. (15). 
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By replacing the applied stress with the reduced stress, the constrained cavity growth rate can 

be obtained. 

𝑑𝑅

𝑑𝑡
= 2𝐷0𝐾𝑓(𝜎𝑟𝑒𝑑 − 𝜎0)

1

𝑅2
 (10). 

Comparing with the diffusion controlled cavity growth model, Eq. (5), it can be readily seen 

that, the only difference is that the applied stress is replaced with the reduced stress. The reduced 

stress, Eq. (9) is a function of the applied stress and the creep rate, which indicates that the 

constraints are limited by the creep rate of the surroundings. 

Based on the previous work about creep cavity growth, a new modified constrained cavity 

growth model has been proposed in paper III. With the help of FEM simulations, it has been found 

that the affected zone of the reduced stress is approximately equal to the cavity diameter. The basis 

is different from Rice’s model [57], a lower reduced stress is obtained giving lower cavity growth 

rates.  

For growth of creep cavities, previous work has been focusing on the unconstrained and 

constrained cavity growth but with incomplete cavity nucleation models. The current work is based 

on the recently developed cavity nucleation models, which involve a continuous process. It has 

been demonstrated that the creep cavity growth behavior can be predicted quantitatively, when the 

nucleation models are taken into account. More details can be found in paper III. 

4.2.4 Intergranular fracture models 

Brittle creep rupture, which is also called the intergranular fracture, can result from formation, 

growth and coalescence of creep cavities.  In the models, it is assumed that intergranular fracture 

takes place when the cavitated area fraction Af has reached a critical value Aflim, which can be taken 

as 0.25 [38]. The area fraction of cavities on the grain boundaries can be expressed as [38] 

𝐴𝑓 = ∫
𝑑𝑛𝑐𝑎𝑣

𝑑𝑡1
(𝑡1)𝜋𝑅2(𝑡, 𝑡1)𝑑𝑡1

𝑡

0

< 𝐴𝑓𝑙𝑖𝑚 (11) 

where R is the cavity radius at time t that was formed at time t1. ncav is the number of cavities per 

unit grain boundary area. Thus with combination of the creep cavity nucleation and growth models, 

the brittle rupture due to creep cavitation could be predicted. 

The critical value of the area fraction of creep cavities at grain boundaries was chosen as 0.25 

here [38, 58]. In [59, 60] a value of 1/3 is given. Experimentally, a value of 27% has been found 

by [61]. When the area fraction reaches π/4, the cavities will touch each other which will result in 
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failure, [51, 62]. The prediction of the rupture stress when the long range coalescence of cavities 

starts to cause the formation of dominant cracks is not very sensitive to the exact value of the 

critical limit chosen due to the high value of the creep exponent [38]. Results for brittle rupture 

prediction of austenitic stainless steels can be found in [58, 63]. 

4.3 Ductile rupture models 

Another mechanism is the ductile rupture of materials, where dislocations contribute to the 

rupture of materials. For steels like TP304 and TP316 the creep rate is primarily controlled by the 

recovery of dislocations. This is referred to as dislocation creep, which will finally result in the 

ductile rupture of materials or transgranular fracture. Fundamental models for dislocation creep of 

austenitic stainless steels have been developed. However, before we introduce the models for 

ductile rupture, it is necessary to present the effect of precipitation hardening. 

4.3.1 Precipitation hardening 

The contribution from precipitation hardening to the creep strength is estimated based on the 

Orowan mechanism, which can be expressed as [11, 35]: 

𝜎𝑃𝐻 = 0.8
2𝜏𝐿𝑚

𝑏𝜆𝑟𝑐
 (12) 

where σPH is the precipitation hardening strength contribution, τL the dislocation line tension, 

τL=Gb2/2. λrc is the average particle spacing for particles with radius larger than rc. rc is the critical 

particles radius, below which there is sufficient time for dislocations to climb across them. Thus 

for particles with radius smaller than the critical particle radius rc, they will not contribute to the 

creep strength. The critical particle radius rc can be obtained as the climb time of the dislocations 

across the particles multiplies the dislocation climb velocity vdisl: 

2𝑟𝑐 = 𝑡𝑐𝑙𝑖𝑚𝑏𝑣𝑑𝑖𝑠𝑙 (13) 

where tclimb can be taken as a quarter of the designed life. The dislocation climb velocity can be 

expressed with help of the climb mobility Mclimb, vdisl=bMclimbσ. The dislocation climb mobility 

Mclimb is given by  

𝑀𝑐𝑙𝑖𝑚𝑏(𝑇, 𝜎) =
𝐷𝑠0𝑏

𝑘𝐵𝑇
𝑒𝑥𝑝 (

(𝜎−𝜎𝑃𝐻)𝑏3

𝑘𝐵𝑇
) 𝑒𝑥𝑝 {−

𝑄𝑠𝑒𝑙𝑓

𝑅𝑔𝑇
} /𝑓𝑠𝑜𝑙 (14) 

where Dso is the pre-exponential coefficient for self-diffusion, kB the Boltzmann’s constant, T the 

absolute temperature, Rg the gas constant and Qself the activation energy for self-diffusion. fsol is a 
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factor that takes solid solution hardening into account, i.e. that the creep rate is reduced with 

increasing amount of alloying elements in solid solution. fsol=exp(Qsol/Rg/T), where Qsol is the 

activation energy for solid solution hardening. The Qsol is the activation energy for solid solution 

hardening [11, 64, 65]. MatCalc was used to calculate the number of particles and their 

corresponding radii. With the help of MatCalc calculations, one can get the average particle 

spacing λrc. And with Eq. (12), one can finally get the precipitation hardening strength. 

4.3.2 Basic dislocation creep models 

Fundamental models for dislocation creep of austenitic stainless steels have been developed, 

where no adjustable parameters are involved. The creep rate can be described as [11, 35, 64, 66]: 

𝜀�̇�𝑟 =
2𝑏𝐾𝜏𝐿

𝛼𝑚2
𝑀(𝑇, 𝜎)(

𝜎 − 𝜎𝑃𝐻

𝛼𝑚𝐺𝑏
)3𝑓𝑆𝐹𝐸 (15) 

where b is the Burger’s vector and K is about 20 for austenitic stainless steels. τL is the dislocation 

line tension, α is a constant and m is the Taylor factor, which is about 3.06 for fcc materials. σ is 

the applied stress and G the shear modulus. σPH is the precipitation hardening strength introduced 

above, Eq. (12) and fSFE is the stacking fault energy factor. 

M(T, σ) is the glide and climb mobility of dislocations. 

𝑀(𝑇, 𝜎) =
𝐷𝑠0𝑏

𝑘𝐵𝑇
exp (

(𝜎−𝜎𝑃𝐻)𝑏3

𝑘𝐵𝑇
) exp {−

𝑄𝑠𝑒𝑙𝑓

𝑅𝑔𝑇
[1 − (

𝜎 − 𝜎𝑃𝐻

𝜎𝑖𝑚𝑎𝑥
)

2

]} /𝑓𝑠𝑜𝑙 (16) 

where σimax is taken as the tensile strength at ambient temperature. 

The splitting of dislocations into partials increases with decreasing stacking fault energy γSFE. 

This reduces the climb rate of the dislocations and thereby also the creep rate. Its influence has 

been derived by Argon and Moffatt [67] with the help of a factor fSFE that is given by 

𝑓𝑆𝐹𝐸 = 2 (
24𝜋(1 − 𝜈)

2 + 𝜈
)

2

(
𝛾𝑆𝐹𝐸

𝐺𝑏
)

2

 (17) 

where ν is the Poisson’s ratio, G the shear modulus and b Burgers’ vector. Stacking fault energy 

values for austenitic stainless steels have been reported by Vitos et al. [68].  

Based on the developed fundamental models for creep strength, the ductile strength of 

austenitic stainless steels could be predicted. The work in paper IV focuses on the creep rupture 

strength prediction of austenitic stainless steels based on the basic dislocation creep models. 
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4.4 Creep rupture models 

When taking both ductile and brittle rupture into account, Eqs. (11) and (15), the simple 

principle is that the type of failure that is predicted to take place first is assumed to be controlling. 

The creep rupture strength of austenitic stainless steels will be modelled based on the combination 

of ductile and brittle rupture and compared to experiments. The model can show a good agreement 

with the experimental observations as shown in paper IV. 

Alternatively, a multi-region analysis has been proposed by Maruyama [69, 70], where the 

creep rupture data could be divided into several groups with different activation energy and stress 

exponent values.  
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5. Experiments and methodology  

5.1 Equipment 

The low cycle fatigue (LCF) and creep-fatigue tests were performed in air employing the 

Instron 8562 system. The extensometer measured over 25 mm, and the strain was transferred for 

the parallel length 10 mm with the aid of FEM calculations. The test temperature was controlled 

within ±1 °C. The SEM instrument used in this project was a Hitachi S3700N. 

5.2 Materials and heat treatment  

In current work, LCF and creep-fatigue tests have been done for a modified HR3C. LCF test 

have been conducted for a nickel based superalloy Haynes 282. 

The modified HR3C tube was cold drawn and solution annealed (at 1230 °C for 15 min in 

order to adjust the grain size and to dissolve the precipitates which had formed during the 

manufacturing of the tubes). Non-destructive testing (NDT) of the tubes was also performed. 

The material of Haynes 282 used for LCF tests was extracted from a large forged ingot with a 

length of 1450 mm and diameter of 340 mm. One blank was extracted from the middle part of the 

ingot. For LCF test, the specimens were taken from the rim and core positions of the blanks. The 

material was solution heat treated and then aged. 

5.3 LCF and creep-fatigue tests 

5.3.1 The modified HR3C 

Rectangular specimens were extracted from two tubes. Fig. 7 shows the images of the tube 

materials.  

The parallel length of the specimen is 10 mm. Fig. 8 shows the images of the specimen after 

creep-fatigue tests. 

The LCF tests were conducted with fixed strain amplitudes, ranging from 0.3 to 0.8%, with a 

strain rate of 1×10-3 s-1. The test temperature was 700 °C. The creep-fatigue tests were also 

performed at 700 °C with a hold time of 300 s at the peak tensile stress with fixed strain amplitude 

ranging from 0.2 to 0.8%.  
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Fig. 7. Images of the tube materials as received from the MacPlus project 

 

 

Fig. 8. Images of specimen after creep-fatigue test. 

 

Specimens for scanning electron microscopy (SEM) were prepared by mechanical grinding, 

polishing and electrolytic etching in a 10% solution of oxalic acid in distilled water at 5 V for 60 

s. Fig. 9 shows the SEM images of HR3C variant tested at 700 °C with total strain range 1.08% 

under LCF and creep-fatigue condition. Fig. 9 (a) shows the fracture surface where intergranular 

cracks could be observed; Fig. 9 (b) shows the grain boundary cavities, where one can see that the 

cavities are formed along grain boundaries and in presence of particles. 
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Fig. 9. SEM images of HR3C variant tested at 700 °C with total strain range 1.08%. (a) Fracture 

surface under creep-fatigue conditions; (b) Grain boundary cavities under LCF conditions.  

 

5.3.2 Haynes 282  

The blanks received from the MacPlus project are in a dimension of 26×17×204 mm3, as 

shown in Fig. 10 for the blanks of the rim materials, and it is the same dimension for the core 

materials.  

 

(b) 

(a) 
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Fig. 10. The blank materials received from the MacPlus project. 

 

Rectangular specimens were extracted from the plates as described above for Haynes 282. The 

parallel length of the specimen is 10 mm. Fig. 11 shows the pictures of the specimen before and 

after LCF test. It can be seen that the cracks are observed after LCF test. 

 

 

 

Fig. 11. Images of specimen before (a) and after (b) LCF test. 

 

(a) 

(b) 
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The LCF tests were conducted with fixed strain amplitude, with a strain rate of 1×10-3 s-1. The 

test temperature was 750 °C. The detailed information for the test conditions and results can be 

seen in Table 3. 

 

Table 3. LCF test for Haynes 282 at 750 °C 

Position Total Strain 

range (%) 

Plastic strain 

range (%) 

Maximum 

tensile stress 

(MPa) 

Stress 

amplitude 

(MPa) 

Number of 

cycles to failure 

Core 1.15 0.27 631 623.4 687 

Core 0.93 0.08 507.4 497.3 2831 

Core 0.84 0.03 367.9 386.3 8773 

Rim 1.23 0.37 690.5 683.7 440 

Rim 1.1 0.07 585.6 593.2 1740 

Rim 0.93 0.04 522.2 490.8 3046 

Rim 0.81 0.02 529.5 494.3 3729 

(Interrupted) 

Rim 0.7 0.06 412.8 467.7 20616 

 

Specimens for scanning electron microscopy (SEM) were prepared by mechanical grinding 

and polishing. Specimens were etched with Kalling’s etchant, 48 g CuCl2, 480 ml HCl, 40 ml 

distilled water, immersion for approximately 60 s. Fig. 12 shows the SEM images of the fatigue 

cracks of Haynes 282 at the core position with total strain range of 0.93%. It clearly shows that the 

fracture mode of the material at 750 °C is transgranular.  
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Fig. 12. SEM images of the fatigue cracks of Haynes 282 at core position with total strain range 

of 0.93% at 750 °C 
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6. Contributing papers 

This thesis has two parts. The first part, paper I to IV, focuses on the development of models 

for creep rupture of austenitic stainless steels. The second part, paper V and VI, works on the low 

cycle fatigue properties of the materials used for future power plants.  

6.1 Paper I 

Grain boundary sliding (GBS) is considered as crucial for the formation of creep cavities. Thus 

two models have been presented in this paper, one is the shear sliding model, and the other is the 

shear crack model. Both models can be expressed in a form that the GBS displacement rate is 

proportional to the creep rate and related with a parameter Cs. For the shear sliding model, the 

parameter Cs is related to grain size. For the shear crack model, the parameter Cs is related to the 

particles dimensions. The two models (shear sliding and shear crack models) are compared with 

the experimental GBS displacement in Fig. 13, where it can be readily seen that the averages of 

the shear sliding model and the experiments are within a factor of two (Cs = 11 μm and 7.5 μm 

respectively). 

 

Fig. 13 Modelling and experimental GBS displacement as a function of creep strain for different 

types of austenitic stainless steels. Experimental data from [42, 71-74] 
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In this paper, models for cavity nucleation at particles have also been proposed. In the model 

it is assumed that a critical particle radius exists, below which cavities will not be generated. Harris 

[48, 49] suggested a model which relates the critical particle size to the GBS displacement rate. 

With the GBS displacement rate obtained from the GBS models, it is possible to obtain the critical 

particle radius. By calculating the particle parameters, one can get the number of particles that can 

initiate cavities. The modelled number of cavities is of the same order with the experimental ones. 

The results indicate that the critical particle model can give an order of magnitude estimate of the 

number of cavities.  

6.2 Paper II 

Based on the recently proposed GBS models [13], it is possible to predict the cavity nucleation 

behavior. In this paper, first, it has been shown that it is thermodynamically feasible for cavity 

nucleation at substructures based on the grain boundary dislocations pile up model of Lim [36]. 

By comparing to the minimum cavitation stress, it is thermodynamically feasible for cavities to 

nucleate at subboundaries in the current covered experimental cases since the experimental applied 

stress is well above the minimum cavitation stress required for cavity formation. 

A double ledge model has been proposed for cavity nucleation. When the particles or 

subboundary corners meet the subboundaries on the opposite side of a sliding grain boundary, 

cavities will be formed. The final result has the same form as the experimental observations namely 

that the cavity nucleation rate is proportional to the creep rate. The number of cavities versus creep 

strain is given for modelling and experimental observations in Fig. 14. Three of the data sets TP347 

at 550 and 650°C and TP304 at 727°C are represented in quite a reasonable way by the model. For 

the fourth data set (TP304XX at 750°C) there is a big scatter in the experimental data. 
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Fig. 14 Modelling and experimental number of cavities per unit grain boundary area as a 

function of creep strain. Experimental data from, Hong and Nam [43] for TP304 steel, Laha et al. 

[23] for 3 different types of austenitic stainless steels, Needham and Gladman [75] for TP347 steel. 

 

6.3 Paper III 

Expressions for growth of creep cavities based on diffusion control are well established. A 

diffusion based model was first proposed by Hull and Rimmer [50] and improved by subsequent 

workers [51-53]. In the diffusion controlled models, the assumption is that the stress acting over 

the grain facet is the applied stress. However, it was suggested that expansion of the cavities must 

be compatible with the deformation rate of the surrounding material. This concept was first 

introduced by Dyson [56] and it is referred to as constrained cavity growth. Rice [57] derived a 

reduced stress that would drive the cavity growth and he obtained the final results for constrained 

cavity growth rate. Rice’s analysis was derived from an elastic analysis of an opening crack that 

was transferred to linear viscoplasticity. However, it is not necessary to make these approximations 

about linearity. With the help of FEM, the affected zone of the reduced stress has been analyzed, 

where the affected zone is approximately equal to the cavity diameter. So the reduced stress could 

be derived from the following equation.  



 

 

34 

 

2𝜋𝐷0𝐾𝑓(𝜎𝑟𝑒𝑑 − 𝜎0)/𝐿2𝑅 + 𝜀̇(𝜎𝑟𝑒𝑑) = 𝜀̇(𝜎𝑎𝑝𝑝) (18) 

Fig. 15 shows the comparison of modelling and experimental cavity radius as a function of 

creep time for 18Cr10Ni austenitic stainless steels. Modelling and experiments show the same 

trend with increasing of creep time. From Fig. 15 it can be readily seen that the modelling cavity 

radius lies fairly well in the center of the experimental ones at different temperatures and stresses. 

Identical results have been obtained for other types of austenitic stainless steels like 17Cr12NiNb 

and 17Cr12NiTi as in paper III. The cavity growth rate also can be reproduced quantitatively.  

 

 

Fig. 15. Cavity radius as a function of creep time for 18Cr10Ni austenitic stainless steels. Model 

according to Eq. (18) and experimental data from [23, 43, 76]. 

 

6.4 Paper IV 

With the recently developed grain boundary sliding models, cavity nucleation models and 

modified constrained cavity growth models, it is possible to predict the brittle creep rupture due to 

creep cavitation. Alternatively, the material can fail in a ductile manner, where the basic 

dislocation creep models could be used. By combinations of the ductile and brittle creep rupture 

models, it has been possible to predict the creep rupture strength of austenitic stainless steels.  
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When taking both ductile and brittle rupture into account, the shorter rupture time from 

dislocation creep and creep cavitation is assumed to be controlling. By combining contributions 

from dislocation creep and creep cavitation, one can find in Fig. 16 that a better agreement can be 

reached with two different regimes. The role of the creep cavitation is of primary importance at 

low stresses and high temperatures, whereas the dislocation creep dominates at higher stresses and 

lower temperatures. It can be seen that by taking brittle rupture into account, the prediction of 

rupture time for long times is considerably improved. 

 

 

Fig. 16. Creep rupture strength prediction for 18Cr12NiNb (347H) based on combinations of 

dislocation and cavitation models. Experimental data from [77] 

 

6.5 Paper V 

Creep, low cycle fatigue (LCF) and creep-fatigue tests have been conducted for modified 

HR3C (25Cr20NiNbN) at high temperatures ranging of 650-750 °C. Both LCF and creep-fatigue 

test results could be described with the Coffin-Manson relationship. The number of cycles to 

failure in the creep-fatigue tests was more than one order of magnitude lower compared with LCF. 

Thus creep has a significant effect on the deleterious mechanisms of creep-fatigue. The effect of 

the total hold time in tension (the total creep time) was compared to creep rupture data. The creep-



 

 

36 

 

fatigue results were in reasonable agreement with the creep tests. The short creep-fatigue lives may 

be due to the low creep ductility which was found in the creep tests. Fractography showed that the 

rupture mode was intergranular. Cavities were observed at grain boundaries in both LCF and 

creep-fatigue tests. In comparison to Sanicro 25 (22Cr25NiWCoCu austenitic stainless steel) at 

700 °C from [78], the modified HR3C showed better LCF properties as shown in Fig. 17. 

 

 

Fig. 17. Comparison of LCF properties of HR3C variant and Sanicro 25 at 700 °C. (a) Plastic 

strain range as a function of number of cycles to failure; (b) stress amplitude versus plastic strain 

range. The experimental data for Sanicro 25 are taken from [78]. 

 

6.6 Paper VI 

Low cycle fatigue (LCF) tests of a nickel based superalloy Haynes 282 from a large forged 

ingot were conducted at 25 and 750 °C with total strain ranges from 0.7 to 1.7%. Compared with 

other tests on this alloy, it was found that the LCF properties showed similar results at room 

temperature, but improved number of cycles to failure at high temperatures. The number of cycles 

at a given total strain range showed no large differences between the core and rim positions. By 

comparing with two other types of low γ’ volume fraction nickel based superalloys, Haynes 282 

gave the best LCF properties at high temperatures. The reason may be due to the transgranular 

fracture in the current work. A mixture of intergranular and transgranular fracture had been 

observed in the other alloys.  

(

a) 

(

b) 

(a) (b) 
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Fig. 18 shows SEM images of fatigue cracks at different positions and with different total 

strain ranges. It can be seen that the failure model of the material Haynes 282 is the formation of 

transgranular cracks, where both the initiation and growth of the cracks occur in a transgranular 

way. 

 

 

Fig. 18 SEM images of the fatigue cracks of Haynes 282 at 750 °C at different positions with 

different total strain ranges: (a) Core, 0.93%; (b) Rim, 0.7% 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) (a) 
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7. Conclusions  

7.1 Materials used for future power plants 

Increasing energy demand causes two crucial problems to the whole society namely that the 

economic cost and the environment pollution, especially CO2 emission. Coal-fired power plants is 

one of the most important issue involved in the problems. The most efficient way is to raise the 

operating temperature and stress in the power plants, which brings up the concept of advanced 

ultra-supercritical (AUSC) power plants. High strength materials are needed for the crucial 

components with steam temperatures of 700-750 °C. The critical high temperature properties 

involved in the materials for AUSC power plants are: creep, fatigue, creep-fatigue, corrosion and 

oxidation etc. It has been shown that the steam temperatures are different for different components 

of the power plants, so many creep resistant materials can be found useful and valuable for the 

design of the power plant.  

7.2 Creep rupture models 

Models have been developed to predict the creep rupture strength of austenitic stainless steels 

at high temperatures, involving the grain boundary sliding (GBS) models, Cavity nucleation 

models, cavity growth models, brittle rupture models and ductile rupture models. Finally by 

combing the brittle and ductile rupture models, the creep rupture strength could be predicted. 

a) Two GBS models have been proposed, where a good agreement could be reached with the 

experiments. Both models can predict GBS behavior quantitatively. 

b) A double ledge model has been explained in detail, where cavities can be generated at 

intersection of subboundaries with subboundary corners or particles on a sliding grain 

boundary. By considering both contribution from subboundary corners and particles, the 

modelling results show a good agreement with the experimental ones for different kinds of 

commercial austenitic stainless steels. It has also been demonstrated that it is 

thermodynamically possible for cavity nucleation at substructures.  

c) Alternatively, a model has also been proposed for cavity nucleation at particles, where a critical 

particle radius exists. Based on a model suggested that the critical particle radius can be related 

to the GBS displacement rate and with particle parameters, one can finally get the number of 
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cavities at particles. The modelling results show the number of cavities nucleated at particles 

in the same order of magnitude as in the experiments. 

d) The diffusion controlled and constrained cavity growth model have been analyzed, on the basis 

of which a modified model has been proposed. The new constrained cavity growth model can 

reproduce the experimental cavity growth behavior quantitatively for different types of 

austenitic stainless steels.  

e) Based on the recently developed cavity nucleation models, and the new constrained cavity 

growth models, it is possible to predict the brittle creep rupture. It is assumed that brittle creep 

rupture occurs when the area fraction of grain boundary cavities reaches a critical value.  

f) By combing the brittle creep rupture, which is based on the formation and growth of creep 

cavities, with the ductile creep rupture models, the creep rupture strength of austenitic stainless 

steels have been predicted quantitatively. It is found that the ductile rupture dominates at higher 

stresses and lower temperatures, whereas the brittle rupture dominates at lower stresses and 

higher temperatures. The accuracy of the creep rupture prediction can be improved 

significantly with combination of the two models.  

7.3 Low cycle fatigue investigations  

(i) Creep, low cycle fatigue (LCF) and creep-fatigue test have been conducted for a modified 

HR3C (25Cr20NiNbN) austenitic stainless steel. The material shows good LCF properties. 

The modified HR3C shows better LCF properties than for Sanicro 25 (22Cr25NiWCoCu) 

austenitic stainless steel. However, it shows that the creep has a significant deleterious effect 

during the creep-fatigue test. Both creep and creep-fatigue show a lower property, which may 

due to the low creep ductility of the material. 

(ii) LCF properties of a nickel based superalloys Haynes 282 have been studied. Tests have been 

done for a large ingot. The LCF properties of the core and rim positions did not show evident 

differences. The material shows very good LCF properties, where transgranular failure was 

observed during the LCF test at 750 °C. 

 

 



 

 

40 

 

Acknowledgements  

My thanks go first to my supervisor, Prof. Rolf Sandström. He is not only a very 

knowledgeable professor and expert in materials science and engineering, but also a very kind, 

humble and patient supervisor. He taught me a lot on scientific work step by step. My work cannot 

be finished without his patience. He gives me help not only on study but also help and care on my 

life here in Sweden. He shows me lots of things about Sweden. It is really my honor to have stayed 

here and worked together with Prof. Rolf Sandström. Prof. Pavel Korzhavyi is also my supervisor 

who is also a very kind, patient, knowledgeable supervisor. He gives me lots of help on my study 

here. He is always glad to give me help. I really appreciate to be in this group of Materials 

Technology. 

The China Scholarship Council (CSC) is gratefully acknowledged for providing the financial 

support of my study here. Financial support by the European Union (directorate-general for 

energy), within the project MACPLUS (ENER/FP7EN/249809/MACPLUS) is also gratefully 

acknowledged. 

Thanks to Wenli Long for helps on the specimen preparation and the scanning electron 

microscope operation. Thanks to Dennis Andersson and Eva Werner Sundén at the department of 

Materials Science and Engineering for helps on my study here and my thesis work. Thanks for my 

colleges Fangfei sui, Claudio Miguel Lousada Patricio, Johan Pilhagen, Hossein Ehteshami and 

Arash Hosseinzadeh Delandar who helps on my work and life. 

Stockholm is a very awesome city and I really like it. I feel lucky to study here for four years, 

where I can see the beauty of Sweden and also meet lots of very interesting people. Thanks for Dr. 

Fabio Marcellus Lima Sá Makiyama Lope, a Brazilian genius, who is now working on his 

professor career. Thanks for meeting Stojan Vujic, who is a very knowledgeable doctor in 

materials science and gives me a lot of help. Thanks for Fangfei, who is not only a friend on work, 

but also a good friend on life, good luck to her future doctoral life. Thanks for meeting my Chinese 

friends: Ting Geng, Yan Huang, Dongmei Tong, Bibo Liang, Liangchao Zou and Hao Xu. Thanks 

for these people who have appeared in my life: Cleo Ruardij, Elena Carvajal Carretero, Ana Pozo 

Agundo, Camilla Tran, Kim Tiedemann, Xavi Casado, Vinícius Floriani Martins and Jacqueline 

Chomatas. Thanks to Tom Homa and Brian Carlson who showed me the US educations. Also All 

these friends make my life here more interesting. I really appreciate my life here in Stockholm. 



 

 

41 

 

Finally I would like to thank my family for all their support, my elder brothers and my beloved 

parents who give me their selfless love and support.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

42 

 

References 

[1] IEA, Energy and Climate Change World Energy Outlook Special Report, International Energy 

Agency, (2015)  

[2] IEA, World Energy Outlook 2015 Factsheet, International Energy Agency, (2015). 

doi:http://www.worldenergyoutlook.org/ 

[3] IEA, World energy investment outlook 2014, (2014)  

[4] IEA, Key world energy statistics, International Energy Agency, (2015)  

[5] IEA, CO2 emissions from fuel combustion highlights, International Energy Agency, (2015)  

[6] IEA, World Energy Outlook Factsheet 2013, International Energy Agency, (2013)  

[7] IEA, World Energy Outlook 2014 factsheet, International Energy Agency, (2014)  

[8] ERKC, Thematic reserach summary Advanced fossil fuel power generation, European 

Commission, 2014. 

[9] R. Viswanathan, K. Coleman, U. Rao, Materials for ultra-supercritical coal-fired power plant 

boilers, International Journal of Pressure Vessels and Piping, 83 (2006) 778-783. 

doi:http://dx.doi.org/10.1016/j.ijpvp.2006.08.006 

[10] T.B. Gibbons, Recent advances in steels for coal fired power plant: A review, Transactions 

of the Indian Institute of Metals, 66 (2013) 631-640. doi:10.1007/s12666-013-0301-7 

[11] R. Sandström, Fundamental Models for Creep Properties of Steels and Copper, Transactions 

of the Indian Institute of Metals, (2015) 1-6. doi:10.1007/s12666-015-0762-y 

[12] L.M. Pike, Low-Cycle Fatigue Behavior of HAYNES® 282® Alloy and Other Wrought 

Gamma-Prime Strengthened Alloys, American Society of Mechanical Engineers, 2007. 

[13] J. He, R. Sandström, Modelling grain boundary sliding during creep of austenitic stainless 

steels, Journal of Materials Science, 51 (2016) 2926-2934. doi:10.1007/s10853-015-9601-0 

[14] A.J. Perry, Cavitation in creep, Journal of Materials Science, 9 (1974) 1016-1039 

[15] S. Suresh, Fatigue of Materials, Cambridge University Press, 1998. 

[16] K. Nicol, 2013. 

[17] M. Fujimitsu, Advanced power plants development and materials experiences in Japan, in: J. 

Lecomte-Beckers, M. Carton, F. Schubert, P.J. Ennis (Eds.) Materials for advanced power 

engineering 2006, Schriften des Forschungszentrum Julich, Reihe energietechnik/Energy 

Technology Forschungszentrum Julich, Germany, 2006, pp. 202-214. 

[18] A. Shibli, Coal Power Plant Materials and Life Assessment: Developments and Applications, 

Elsevier, 2014. 

[19] P. P.S. Weitzel, J.M. Tanzosh, B. Boring, Advanced Ultra-Supercritical Power Plant (700 to 

760C) Design for Indian Coal, (2012)  

[20] Z. Liu,  Advanced ultrasupercritical coal-fired power plants, Vienna, Austria, 2012, pp. 7. 

[21] J.L. Marion,  Advanced ultrasupercritical coal-fired power plants, Vienna, Ausstria, 2012, pp. 

28. 

[22] X. Xie, Y. Wu, C. Chi, M. Zhang, Superalloys for Advanced Ultra-Super-Critical Fossil 

Power Plant Application, (2015). doi:http://dx.doi.org/10.5772/61139 

[23] K. Laha, J. Kyono, N. Shinya, Suppression of creep cavitation in precipitation-hardened 

austenitic stainless steel to enhance creep rupture strength, Transactions of the Indian Institute of 

Metals, 63 (2010) 437-441 

[24] R. Sandström, Creep strength of austenitic stainless steels for boiler applications A2 - Shibli, 

Ahmed,  Coal Power Plant Materials and Life Assessment, Woodhead Publishing, 2014, pp. 127-

146. 



 

 

43 

 

[25] Sanvik, Sanicro 25 from Sandvik, http://www.smt.sandvik.com/en/materials-center/material-

datasheets/tube-and-pipe-seamless/sanicro-25/, (2015)  

[26] Haynes, HAYNES® 230® alloy Information, Haynes International. 

doi:http://www.haynesintl.com/230HaynesAlloy.htm 

[27] R.K. Singh, J.K. Sahu, S. Tarafder, Strain rate effect on cyclic deformation behaviour of 

advanced ultra-supercritical boiler grade wrought Ni-based superalloy IN740H at 760 °C, 

Materials Science and Engineering: A, 658 (2016) 272-279. 

doi:http://dx.doi.org/10.1016/j.msea.2016.02.007 

[28] HAYNES, HAYNES ® 282 ® alloy Product Brochure, Haynes International. 

doi:http://www.haynesintl.com/pdf/h3173.pdf 

[29] J. He, R. Sandström, N. Sandro, Low cycle fatigue properties of a nickel based superalloy 

Haynes 282, To be submitted, (2016)  

[30] NRIM, Data sheet on the elevated-temperature properties of 18Cr-8Ni-Mo stainless steel 

tubes for boiler and heat exchangers (SUS 316H TB), National research institute for metals, Tokyo, 

Japan (2000)  

[31] NIMS, NIMS creep data sheet for austenitic stainless steels, 

http://smds.nims.go.jp/creep/index_en.html,   

[32] F.W. Crossman, M.F. Ashby, The non-uniform flow of polycrystals by grain-boundary sliding 

accommodated by power-law creep, Acta Metallurgica, 23 (1975) 425-440. 

doi:http://dx.doi.org/10.1016/0001-6160(75)90082-6 

[33] F. Ghahremani, Effect of grain boundary sliding on steady creep of polycrystals, International 

Journal of Solids and Structures, 16 (1980) 847-862. doi:http://dx.doi.org/10.1016/0020-

7683(80)90053-0 

[34] H. Riedel, Cavity nucleation at particles on sliding grain boundaries. A shear crack model for 

grain boundary sliding in creeping polycrystals, Acta Metall, 32 (1984) 313-321 

[35] S. Vujic, R. Sandström, C. Sommitsch, Precipitation evolution and creep strength modelling 

of 25Cr20NiNbN austenitic steel, Materials at High temperatures, 00 (2015). 

doi:http://dx.doi.org/10.1179/1878641315Y.0000000007 

[36] L.C. Lim, Cavity nucleation at high temperatures involving pile-ups of grain boundary 

dislocations, Acta Metallurgica, 35 (1987) 1663-1673. doi:http://dx.doi.org/10.1016/0001-

6160(87)90114-3 

[37] A.E.B. Presland, R.I. Hutchinson, The Effect of Substructure on the Nucleation of Grain-

Boundary Cavities in Magnesium, J. Inst. Metals, 92 (1963-64) 264-269 

[38] R. Sandström, R. Wu, Influence of phosphorus on the creep ductility of copper, J Nucl Mater, 

441 (2013) 364-371 

[39] Y. Cui, M. Sauzay, C. Caes, P. Bonnaillie, B. Arnal, Modeling and Experimental Study of 

Long Term Creep Damage in Austenitic Stainless Steels, Procedia Materials Science, 3 (2014) 

122-128. doi:http://dx.doi.org/10.1016/j.mspro.2014.06.023 

[40] K. Laha, J. Kyono, N. Shinya, Copper, boron, and cerium additions in type 347 austenitic 

steel to improve creep rupture strength, Metallurgical and Materials Transactions A: Physical 

Metallurgy and Materials Science, 43 (2012) 1187-1197 

[41] J.K. Shin, S.W. Nam, S.C. Lee,  Key Engineering Materials, 2005, pp. 409-414. 

[42] K. Laha, J. Kyono, T. Sasaki, S. Kishimoto, N. Shinya, Improved Creep Strength and Creep 

Ductility of Type 347 Austenitic Stainless Steel through the Self-Healing Effect of Boron for 

Creep Cavitation, Metallurgical and Materials Transactions A, 36A (2005)  



 

 

44 

 

[43] J.H. Hong, S.W. Nam, S.P. Choi, The influences of sulphur and phosphorus additions on the 

creep cavitation characteristics in type 304 stainless steels, Journal of Materials Science, 21 (1986) 

3966-3976 

[44] E. Smith, J.T. Barnby, Crack Nucleation in Crystalline Solids, Metal science Journal, 1 (1967) 

56-64 

[45] R. Raj, M.F. Ashby, Intergranular fracture at elevated temperature, Acta Metallurgica, 23 

(1975) 653-666. doi:http://dx.doi.org/10.1016/0001-6160(75)90047-4 

[46] R. Raj, Nucleation of cavities at second phase particles in grain boundaries, Acta Metallurgica, 

26 (1978) 995-1006. doi:http://dx.doi.org/10.1016/0001-6160(78)90050-0 

[47] M.H. Yoo, H. Trinkaus, Crack and cavity nucleation at interfaces during creep, Metallurgical 

Transactions A, 14 (1983) 547-561. doi:10.1007/BF02643772 

[48] J.E. Harris, An analysis of creep ductility of magnox Al80 and its implications, Journal of 

Nuclear Materials, 15 (1965) 201-207 

[49] J.E. Harris, Nucleation of creep cavities in magnesium, Transactions of the Metallurgical 

society of AIME, 233 (1965) 1509 

[50] D. Hull, D.E. Rimmer, The growth of grain-boundary voids under stress, Philosophical 

Magazine, 4 (1959) 673-687 

[51] T.-J. Chuang, K.I. Kagawa, J.R. Rice, L.B. Sills, Overview no. 2: Non-equilibrium models 

for diffusive cavitation of grain interfaces, Acta Metallurgica, 27 (1979) 265-284. 

doi:http://dx.doi.org/10.1016/0001-6160(79)90021-X 

[52] A. Needleman, J.R. Rice, Plastic creep flow effects in the diffusive cavitation of grain 

boudaries, Acta Metallurgica, 28 (1980) 1315-1332 

[53] K. Davanas, A.A. Solomon, Theory of intergranular creep cavity nucleation, growth and 

interaction, Acta Metallurgica et Materialia, 38 (1990) 1905-1916. 

doi:http://dx.doi.org/10.1016/0956-7151(90)90302-W 

[54] W. Beere, M.V. Speight, Creep cavitation by vacancy diffusion in plastically deforming solid, 

Met Sci, 21 (1978) 172-176 

[55] W. Beere, M.V. Speight, Diffusive crack growth in plastically deforming solid, Met Sci, 12 

(1978) 593-599 

[56] B.F. Dyson, Constraints on diffusional cavity growth rates, Metal Science, (1976) 349-353 

[57] J.R. Rice, Constraints on the diffusive cavitation of isolated grain boundary facets in creeping 

polycrystals, Acta Metallurgica, 29 (1981) 675-681 

[58] J. He, R. Sandström, Basic modelling of creep rupture in austenitic stainless steels, In 

Manuscript, (2016)  

[59] V. SkleniČKa, The significance of intergranular cavitation in creep-fatigue, in: B.L. Karihaloo, 

Y.W. Mai, M.I. Ripley, R.O. Ritchie (Eds.) Advances in Fracture Research, Pergamon, Oxford, 

1997, pp. 317-324. 

[60] K. Naumenko, H. Altenbach, Constitutive Models of Creep,  Modeling of Creep for Structural 

Analysis, Springer Berlin Heidelberg, 2007, pp. 17-84. 

[61] V. Sklenicka, P. Lukas, L. Kunz, Intercrystalline fracture in high-temperature creep, fatigue 

and cyclic creep of copper, Metallic Materials (English translation of Kovove Materialy) 

(Cambridge, Engl), 30 (1992) 160 

[62] H. Riedel, The Cavity Size Distribution Function for Continuous Cavity Nucleation. Rupture 

Lifetimes and Density Changes,  Fracture at High Temperatures, Springer Berlin Heidelberg, 1987, 

pp. 225-241. 



 

 

45 

 

[63] J. He, R. Sandström, Brittle rupture of austenitic stainless steels due to creep cavitation, 

Procedia Structural Integrity, (2016). doi:10.1016/j.prostr.2016.06.111 

[64] R. Sandström, Creep strength in austenitic stainless steels, ECCC 2014 3rd International 

ECCC Conference, Rome, (2014)  

[65] P.A. Korzhavyi, R. Sandström, First-principles evaluation of the effect of alloying elements 

on the lattice parameter of a 23Cr25NiWCuCo austenitic stainless steel to model solid solution 

hardening contribution to the creep strength, Materials Science and Engineering: A, 626 (2015) 

213-219. doi:http://dx.doi.org/10.1016/j.msea.2014.12.057 

[66] R. Sandström, M. Farooq, J. Zurek, Basic creep models for 25Cr20NiNbN austenitic stainless 

steels, Materials Research Innovations, 17 (2013) 355-359 

[67] A.S. Argon, W.C. Moffatt, Climb of extended edge dislocations, Acta Metallurgica, 29 (1981) 

293-299. doi:http://dx.doi.org/10.1016/0001-6160(81)90156-5 

[68] L. Vitos, J.O. Nilsson, B. Johansson, Alloying effects on the stacking fault energy in austenitic 

stainless steels from first-principles theory, Acta Materialia, 54 (2006) 3821-3826. 

doi:http://dx.doi.org/10.1016/j.actamat.2006.04.013 

[69] K. Maruyama, J. Nakamura, K. Yoshimi, Prediction of long-term creep rupture life of grade 

122 steel by multiregion analysis, Journal of Pressure Vessel Technology, Transactions of the 

ASME, 137 (2015). doi:10.1115/1.4028203 

[70] K. Maruyama, J. Nakamura, K. Yoshimi, Assessment of Long-Term Creep Rupture Strength 

of T91 Steel by Multiregion Rupture Data Analysis, Journal of Pressure Vessel Technology, 

Transactions of the ASME, 138 (2016). doi:10.1115/1.4032647 

[71] A. Gittins, The kinetics of cavity growth in 20 Cr25 Ni stainless steel, Journal of Materials 

Science, 5 (1970) 223-232 

[72] R.S. Gates, R.N. Stevens, The measurement of grain boundary sliding in polycrystals, 

Metallurgical Transactions, 5 (1974) 505-510 

[73] S. Kishimoto, N. Shinya, H. Tanaka, Grain Boundary Sliding and Surface Cracking during 

Creep of 321 Stainless Steel, Materials, 37 (1987) 289-294 

[74] D.G. Morris, D.R. Harries, Wedge crack nucleation in Type 316 stainless steel, Journal of 

Materials Science, 12 (1977) 1587-1597 

[75] N.G. Needham, T. Gladman, Nucleation and growth of creep cavities in a type 347 steel, 

Metal science, 14 (1980) 64-72 

[76] M. Arai, T. Ogata, A. Nitta, Continuous observation of cavity growth and coalescence by 

creep-fatigue tests in SEM, The Japan Society of Mechanical Engineers, 39 (1996) 382-388 

[77] NRIM, Data sheet on the elevated-temperature properties of 18Cr-12Ni-Nb stainless steel 

tubes for boilers and heat exchangers  (SUS 347H TB), National research institute for metals, 

Tokyo, Japan (2001)  

[78] J. Polák, R. Petráš, M. Heczko, I. Kuběna, T. Kruml, G. Chai, Low cycle fatigue behavior of 

Sanicro25 steel at room and at elevated temperature, Materials Science and Engineering A, 615 

(2014) 175-182. doi:10.1016/j.msea.2014.07.075 

 

 


