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Abstract 

 

The need to improve thermal efficiency in coal-fired power plants and to reduce emissions has led to the 

development of new creep resistant steels such as P91. These developments led to partial replacement of 

creep aged X20 pipes with the new P91 material in the power plants.  In joining the transition welds, two 

different filler materials (X20 and P91) were used. Microstructural, mechanical and creep test of both pipe 

samples cross weld joints were evaluated to identify a suitable filler material. Microstructural studies on 

different weldment zones (weld metal (WM), heat affected zone (HAZ) and parent material (PM)) 

revealed comparable shape, orientation, and quantity of the characterised creep resistant metallurgical 

parameters such as precipitates, sub-grains and dislocation density for both different filler material 

weldments irrespective of the use of either X20 or P91 WM. Carbon migration was investigated using a 

scanning electron microscope (SEM) and nanoindentation hardness test across the fusion line. The results 

revealed a localised denuded zone, with a width of ~20μm located at the fusion line region of the welded 

joint. The presence of the denuded zone did not affect the mechanical (tensile and hardness tests) and 

creep (uniaxial and small punch creep test (SPCT)) results. Overall characterisation results in relation to 

the objectives of this study did not reveal any distinctive performance differences resulting from using 

either the X20 or P91 weld filler for a butt weld of creep aged X20 and virgin P91 pipes. Both weld fillers 

(X20 and P91) were deemed suitable since they gave comparable results based on short term uniaxial 

creept tests (i.e. max. 1302 hours of creep test) and from small punch creep tests (SPCT).  
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CHAPTER 1 

1. INTRODUCTION 

1.1. Background 

In power generating plants, components such as tubes, pipes and headers are operated in the creep regime 

(> 450°C), and these components have a finite life. The replacements of components that have exhausted 

their creep life can be executed as a partial or system replacement depending on the availability of the 

replacement material during outages, outage duration and/or costs that are to be incurred during the 

replacement.  

Welding processes such as tungsten inert gas (TIG) and manual metal arc (MMA) welding are used to 

join the components during the replacements of the creep exhausted components. In some instances a 

partial change in the original design material to a more superior material is required in order to increase 

the life expectancy of the component or a system, and to increase performance efficiencies of the 

components.  

The partial change of the initial design material may require the system to have a transition weld where 

the existing original design material is joined to the new superior material. A suitable weld filler metal for 

joining a creep aged X20CrMoV12-1 steel (original design material) to a virgin P91 (X10CrMoVNbV9-

1) steel (superior material with improved creep resistance properties) has not yet been fully researched 

and there is a knowledge gap in this field.  

Therefore the aim of this work is to study the effect of using the X20 and P91 welding consumables when 

making a weld joint between a creep aged X20 steel pipe and a virgin P91 steel pipe considering the fact 

that weldability and creep life extension on creep aged materials are dependent on factors such as, the 

microstructure (precipitates and damage / dislocations), the welding processes applied, the post-weld heat 

treatment, the intended operation time, and the operating conditions (Bezuidenhout et al., 2008; David et 

al., 2013).  

Ferritic steel joints experience a decrease in their creep life due to Type-IV creep cracking i.e. enhanced 

creep voids formation resulting in the formation of creep micro cracking in the fine-grained heat affected 

zone (FGHAZ) (Sawada, 2008; Zhang, 2020). Therefore, an in-depth microstructural evaluation of the 

FGHAZ can provide a better understanding of the Type-IV creep cracking behaviour. 
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Creep ageing is a microstructural degradation process that leads to loss of strength and ductility in a 

material. The process exhibits quantifiable changes of precipitate composition, size, morphology and 

distribution as well as the formation of micro voids. Studies to quantify precipitate changes and micro 

void behaviour as a function of creep life have been the focus of many designers, researchers and lifing 

practitioners for over half a century (Auerkari et al. 2007; Maile, 2007; Masuyama, 2007). This vast 

amount of explicit and tacit knowledge has not only led to the development of designer steels with 

advanced creep properties but it is also used to continuously develop and improve component remaining 

life estimates (RLE) technologies (Bezuidenhout et al., 2008). 

 

The weldability of a material decreases with creep ageing, and a limit is reached where welding cannot be 

permitted on the aged material without adversely affecting material integrity. The behaviour of these types 

of dissimilar welds that consists of X20 / P91 weld filler and a service exposed EN 10216-2 

X20CrMoV11-1 known as X20 steel as well as a virgin EN 10216-2 X10CrMoVNb9-1 commonly known 

as P91 steel is not available on the open literature. As a result, this research is being directed towards the 

characterisation of suitable weld filler that can be used to join these materials and subsequently extend 

component life.   

 

The creep aged X20 and the virgin P91 materials were used to characterize suitable welding consumables 

for joining these materials during maintenance welding in this research study. The knowledge gathered 

from this research will be incorporated in the extensive life management and life extension knowledgebase 

that exists within the fossil power generation sector to define the appropriate weld filler for welding 

service exposed X20 material to new P91 material pipework. 
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1.2. Motivation for research 

 

Increasingly utilities face the challenge of running ageing power plants whilst economic pressures demand 

that these plants continue to operate safely and reliably. The replacements of component(s) and / or system 

replacements on creep damaged (creep exhausted) components have to be conducted to avoid creep 

failure. Failure of high temperature pressure pipework (HTPP) can be catastrophic and therefore, must be 

avoided at all cost since the failure could result in life threatening incidents. 

 

The X20 steel is the traditional material that is extensively used in most power plants. However, most of 

the X20 steel installed at the power plants are creep exhausted and are to be replaced as per the creep life 

management strategy. With recent developments in materials research, spurred by the drive to improve 

efficiencies, the power generation industry has to consider using the more advanced creep strength 

enhanced ferritic steels such as Grade 91 to replace old generation creep-aged X20 steel pipework. Both 

the X20 and P91 materials are fully martensitic steels with the latter steel having higher creep-rupture 

strength as a result of the precipitation of sub-microscopic niobium (Nb) and vanadium (V) carbonitrides 

and good fabrication (due to a lower carbon content) characteristics (BS EN 10216-2, 2013; Auerkari et 

al. 2007;  Maile, 2007). 

 

The replacement of existing materials with new material is due to the fact that the plant aging rate is not 

uniform throughout the system; therefore, the replacement will be conducted in parts in some of the 

sections of the components. Normally the boiler headers and turbine steam admission components have 

more creep life due to their conservative creep life design that has low stress level as a result of higher 

wall thickness to diameter ratio relative to the main steam and hot reheat pipework. Based on these 

circumstances, it is apparent that during a replacement, terminal weld connections will be made between 

new P91 alloy and creep exposed X20 alloy that has not reached its creep exhaustion yet. 

 

Even though X20 and P91 are both martensitic stainless steels, a welded joint between these alloys 

constitutes a dissimilar metal joint.  The choice of the best/suitable filler metal for a mismatched joint 

between these materials has to yield a weldment with the desired long-term creep life. The general 

guideline from filler metal manufacturers on the filler metal choice for a dissimilar  welded joint between 
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steels with different chemistries is to select a filler metal that either,  i) matches the lower alloy grade; or 

ii) matches the higher alloy grade or iii) mismatching both base metals.  Prior to this study research data 

on the design and evaluation of dissimilar welds between creep aged X20 and new P91 material was 

lacking in open literature. Experimental data on the behaviour of such weldments will assist power stations 

to make more informed decisions in the selection of a suitable filler metal when requiring replace X20 

pipe systems with P91 steel. 

 

A study was undertaken to evaluate the microstructure and mechanical properties of two dissimilar pipe 

welded joints fabricated between service exposed X20 steel pipework from a fossil power generating plant 

and new P91 steel pipework.  One weldment was fabricated with a P91 filler metal (Sample 1) and the 

other weldment was fabricated with a X20 filler metal (Sample 2). 

 

1.3. Research questions 

The key research questions addressed in this technical investigative study are as follows:  

i. What is the suitable weld filler to join a creep aged X20 steel pipe to a virgin P91 steel pipe to 

obtain the optimal creep life for further operation? 

ii. Are there any welding challenges that may lead to unwanted welding defects as a result of 

using either X20 or P91 weld filler, if yes, which weld filler proves to introduce lesser or no 

defects? 

iii. Is there any difference in the welding residual stress levels and distribution when comparing 

the X20 and P91 weld filler cross welds?  

iv. Is there any noticeable diffusion between the weld filler and the parent materials, and how will 

diffusion affect both the microstructure and the resultant creep life? 

v. Are there any distinct differences in the precipitate morphology, dislocation density and sub-

grain size between the X20 and P91 weld filler cross welds? 

vi. Are there any distinct differences in the mechanical properties between the X20 and P91 weld 

filler cross welds? 

vii. Are there any pronounced differences in the creep behaviour between the X20 and P91 weld 

filler cross welds? 
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1.4. Hypothesis 

It is postulated that the X20 weld filler is more suitable for joining the creep aged X20 to virgin P91steel 

pipes, because of the combination of the expected lower creep-rupture strengths of the creep aged X20 

base metal and the X20 filler metal, as a result of using the weld filler metal that matches the creep weaker 

parent metal that presents no metallurgical notch on the weld joint for the X20 base metal side. 

 

1.5. Research Aim and Objectives 

 

The aim of this research is to characterise dissimilar welds between creep aged X20 and virgin P91 steel 

pipes joined with different filler metals matching either one of the base metals. 

The aim of this investigation will be achieved through the following objectives: 

• To weld creep aged X20 pipe removed from service to a virgin P91 pipe using X20 and P91 welding 

consumables. 

• To quantify and compare the welding residual stress levels and distribution. 

• To determine and compare the mechanical properties of the welded joints. 

• To characterise and compare the microstructure of the weldments before and after creep testing.  

1.6. Structure of the Dissertation  

The structure of this dissertation is outlined in the following manner;  

Chapter One of this dissertation introduces the research study, background, motivation for research, 

research questions, hypothesis, research aim and objectives, justification and scope of the research 

as well as the structure of the dissertation.    

 

Chapter Two details the literature review with respect to power plant efficiency in relation to 

materials development. The material deformation mechanisms and the fundamentals for high 

temperature strength are addressed. The review of creep mechanisms, precipitation sequence, 

historical development of creep resistant steels and the development of 9-12% Cr steels for boiler 

application are presented. The types and effects of welding processes used in this research study, 

microstructural evolution of the welded joints (including grain growth zone, grain refined zone, 
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partially transformed zone – intercritical HAZ, over-tempered region and the  zone of unchanged 

base material), and the stress analysis on welded structures are given. A full literature review on the 

microstructural evolution of 9-12%Cr material steels during heat treatment and service exposure is 

presented. Finally, a brief review on the diffusion of carbon driven by differences in Cr 

concentrations between the joined ferritic base metals is also provided.  

 

Chapter Three outlines the experimental procedure that was followed to achieve the objective of 

this research study. The materials sample selection and sample characterisation applied on various 

specimens extracted from the X20-P91 cross welds are presented. These methods include the 

welding process, post weld heat treatment, stress analysis, creep testing (both the small punch creep 

tests and uniaxial creep tests), microstructural evaluation (using optical microscope (OM), scanning 

electron microscope (SEM), transmission electron microscope (TEM) and X-Ray Diffraction 

(XRD), mechanical tensile testing at room temperature and hot tensile testing, hardness (nano, micro, 

and macro) and Charpy impact tests.  

 

Chapter Four presents the results and discussion of all the tests, analysis and characterization that 

were carried out in this research study to characterize dissimilar welds between creep aged X20 and 

virgin P91 pipes. The findings and the discussion are focusing on the NDT on welds, residual stress 

analysis, chemical analysis, tensile testing (both room and hot tensile tests), hardness tests (macro, 

micro and nano-indentation hardness tests), Charpy impact tests, creep tests (both uniaxial and small 

punch creep tests) and microstructural characterization (for both pre-creep and post creep test 

conditions). Lastly, the conclusions and recommendations derived from the findings of this study 

are presented in Chapters Five and Six, respectively. 
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CHAPTER 2  

2. LITERATURE REVIEW 

2.1. Introduction 

Energy preservation and environmental conservation are considered as very important matters globally 

since they have an effect on global climate change. There is a significant drive to design and commission 

power plants that require low fuel cost and emits low CO2 emissions through further improvements in 

thermal efficiency since 1980s, hence the development and improvement of high temperature materials 

are essential (Fukuda, 2011; Masuyama, 2000; Viswanathan et al., 2006). The following sections outline 

the available literature on this subject focusing on the objective of this study; characterisation of suitable 

fillers for a butt weld of creep aged X20 and virgin P91 materials. 

 

2.2. Power Plants Efficiency  

 

In the coal/fossil‐fired electricity generation power plants, efficiency is an essential performance 

parameter because it offers benefits such as reduced carbon dioxide (CO2) emissions, where a 1% point 

improvement in overall efficiencies may result to as much as 3% reduction in CO2 emissions, reduced 

emissions of pollutants, and resource conservation due to a decrease in the consumption of pulverised fuel 

coal used to fire the boiler (Anand, 2006; Viswanathan et al., 2006). 

Thermal efficiencies in coal-fired energy plants (schematically illustrated in Figure 2.1) can be increased 

by reducing exhaust heat and heat transfer losses. The limit on reducing the exhaust heat losses has 

effectively been reached, and these exhaust heat losses are predominantly through the condensers for 

cooling boiler and turbine exhausts (Masuyama, 2000). However the heat transfer losses can still be further 

reduced by raising the pressure and temperature of the steam that is governed by the properties of the 

material being used to enable the power plant to operate in ultra-supercritical conditions (Paterson, 1997; 

Masuyama, 2000). Ultra-supercritical pressure is defined as a steam pressure that exceeds the conventional 

supercritical pressure steam conditions (24 MPa) with a superheater outlet temperature of 538°C, or can 

be defined by referring to the turbine inlet steam conditions of at least 24 MPa for main steam pressure 

and a temperature of at least 565°C for the main and reheat steam (Paterson, 1997). These raised steam 

conditions increase the plant efficiency and result in the improved resource and energy preservation. The 
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environmental protection is also simultaneously improved due to the preserved energy (Fukuda, 2011; 

Masuyama, 2000). 

 

Figure 2.1: Schematic representation of a fossil fired power plant steam cycle (Thomson, 1992) 

 

Figure 2.2 shows how the operating steam pressure and temperature have increased over the years in the 

United State (US). The used of carbon (C) steel materials created a limit on power stations operating steam 

temperature and pressure to not exceed 370ᵒC and 4 MPa, respectively during the 1920s. Thereafter the 

use of Molybdenum (Mo) steel increased the operating pressure and temperature to 10 MPa and 480 ᵒC, 

respectively. The development of CrMo steels further made it feasible for a power plant with operating 

pressure and temperature of 17 MPa and 566°C to be commissioned in the 1950s (Masuyama, 2000).  

 

Since the late 1950s, bigger capacity power stations were built to meet an increased electricity demand, 

and both service pressure and temperature increased gradually. In year 1957 the Philo Unit 6 generating 

125 MW began to operate with live-steam pressure and temperature of 31 MPa and 621°C, respectively. 

During year 1960, Eddystone Unit 1 generating 325 MW started its production at the maximum pressure 

of 34 MPa and temperature of 649°C conditions as a global best achieved limit by then (Masuyama, 2000).  
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In Europe, comparable large power stations that have the progressive steam cycles, Hüls Unit 1 (29 MPa, 

600°C, 85 MW) in Germany and the Drakelow Unit 12 (24 MPa, 593°C, 375 MW) in the UK were 

commissioned in 1960. This led to increased erection costs due to upgrading of materials needed to 

increase operational efficiency. This caused a significant increase in power generating costs which resulted 

in the steam pressure and temperature conditions being decreased in most plants to 24 MPa and 538 ᵒC in 

order to attain an economic balance (Fukuda, 2011; Masuyama, 2000). 

 

.  

Figure 2.2: Graphical representation of the historical development of fossil-fired turbine-generators in terms of pressure, 

temperature, megawatts outputs and thermal efficiency (Masuyama, 2000). 

The developments in Japan led to the steam pressure and temperature to increase sharply after 1950 as 

shown in Figure 2.3. The thermal efficiency was ranging between 30 - 40% that was delivered by 

supercritical steam conditions (24 MPa, 538°C) power plants (Masuyama, 2000; Yoshioka, 2017).  

 

From approximately 1975, the two shifting (starts and stops) of coal-fired power stations have been 

progressively required for load adjustments purpose, complemented by the nuclear power generation and 

changes in electricity demand trends. Steam temperature and pressure conditions had been fixed at 538°C 

and 24 MPa or alternatively at 566°C and 19 MPa, respectively without allowing the additional ramp-up 

on the steam conditions. The increase in power demand from late 1960s was addressed by continuous 
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enlargement of power plant size over 20 years period. In 1989 the first ultra-supercritical sliding pressure 

plant was built as prompted by the oil crises in Japan. The operating conditions for succeeding recent 

power plants have been progressively increased above the conventional limits, and the current steam 

temperatures are ranging from 593°C to 600°C at constant pressure of 24 MPa. For future stage, there are 

intensive further research projects on the pipeline regarding high temperature advanced materials to be 

used at 630°C service application (Masuyama, 2000; Viswanathan et al., 2006). 

 

Figure 2.3: Trends of steam conditions (pressure and temperature) for power generating plants in Japan (Masuyama, 2000). 

 

As part of improving the power plant thermal efficiency, there have been continuous and remarkable 

decrease in energy input (specific heat rate (kJ/kWh)) by increasing the steam parameters from 12 bar / 

275°C since year 1900 to 300 bar / 620°C in year 2010 in Europe (Germany) as illustrated graphically in 
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Figure 2.4 (Aghajani, 2009). It is apparent from this figure that by increasing both steam conditions (i.e. 

pressure and temperature) there is an increase in power plant efficiency. 

 

Figure 2.4: Power plants heat rate vs. steam parameters (steam pressure and temperature) improvements over years in 

Europe (Germany) (Aghajani, 2009). 

Significant developments have been made to attain superior efficiency on fossil‐fired power plant 

technologies in ultra‐supercritical (USC) manner. Although the common subcritical plants can achieve 

39% efficiencies, the USC power stations operating at the improved steam parameters, with temperatures 

of 620°C and pressures beyond 25  MPa yield in the design efficiencies of approximately 46% in some 

parts of the globe (Anand, 2006). The electricity generation capacity per unit for these kinds of power 

stations has extended to approximately 1100 MW. Based on the trends and future projection, the 

continuous advancement in high temperature materials technology will enable the best coal-fired station 

to operate at an improved efficiency level of 50% within year 2030 (Molokwane, 2013). Therefore, 

effective and tangible policies have to be effected to fast-track such research and technology progression 

focusing on the testing and application phases (Anand, 2006). 

 

Significant progress in the research work to advanced steam cycle has mainly been carried out in Europe, 

United State and Japan. The overview of these universal research and development ventures on advanced 

steam cycles power stations is elaborated in Figure 2.5 (Blum and Hald, 2000). These research and 

development projects were commenced in the 1980s, and subsequently many types of creep resistant 
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material steels have been industrialised to reach ultra-supercritical steam parameters with optimal steam 

operating temperature of 630°C using 9–12%Cr  steels (Blum and Hald, 2000; Masuyama, 2000).  

 

 

Figure 2.5:  Global research and development ventures on advanced steam power stations materials (Blum and Hald, 2000) 

 

Acknowledging that the enhancements in ultra-supercritical power plant conditions are not only achieved 

from the improved steam conditions, there is also a significant technology differences between recent 

power stations and those of the older generation (Masuyama, 2000). The ancient plants were constructed 

based on the design of constant load without load-adjustment and two shifting options which are vitally 

considered for the plants that are being preferably used nowadays. In the olden type of USC power stations 

that were built in the past, the elevated pressure and temperature were achieved by using large quantities 

of thick walls of austenitic steel that are susceptible to enormous thermal stresses on equipment parts such 

as boiler headers, steam pipes and turbine components (Fukuda, 2011; Masuyama, 2000). 

 

In the current regime and in the foreseeable future, it is highly preferred to use ferritic steels having smaller 

coefficients of thermal expansion for thick-walled components in order to minimise undesired thermal 

stresses during the sliding and two-shifting operation in order to respond to the electricity demand 

fluctuation (Masuyama, 2000;  Yoshioka, 2017). 
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Accordingly, the thermal stability of ferritic steels is the main determining factor of steam operating 

parameters (Masuyama, 2000). Table 2.1 shows ultra-supercritical power stations in operation that were 

employed in service between 1997 to 2002, illustrating the materials that were utilised for the boiler 

superheater, main steam pipework and turbine rotor, including the operating parameters (megawatt output, 

design steam pressure, design temperature, fuel used, commissioning year, efficiency percentage, boiler 

main steam material and turbine rotor material (Blum and Hald, 2000). It is apparent that in these recent 

USC power stations, the recently developed steels including P91 (X10CrMoVNb9-1) have been 

extensively utilised. 
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Table 2.1: Ultra-supercritical power stations that are in operation (Blum and Hald, 2000). 

Power Station 
Capacity 

(MW) 

Steam Parameters 

Energy 

Source 

Commissioning 

Year 

Efficiency 

(%) 

Boiler/ Main Steam Pipe 

Materials 
Turbine Materials Pressure 

(MPa) 

SH/RH/RH 

Temperature 

(ᵒC) 

Matsuura 2 1000 25.0 598/596 PC 1997   18Cr9NiCuNbN/P91 10.3Cr1.5MoVNbN 

Skaerbaek 3 400 28.4 580/580/580 NG 1997 49 TP347HFG/P91 10Cr1MoVNbN (501F) 

Haramachi 2 1000 25.4 604/602 PC 1998   18Cr9NiCuNbN/P91 10.3Cr1.2Mo0.3WVNbN 

Nordjylland 3 400 28.4 580/580/580 PC 1998 47 TP347HFG/P91 10Cr1MoVNbN (501F) 

Nanaoota 2 700 25.0 593/593 PC 1998   TP347H/P91 10Cr1Mo1WVNbN 

Misumi 1 1000 25.4 604/602 PC 1998   18Cr9NiCuNbN/P91 10.2Cr0.5Mo1.8WVNbN 

Lippendorf 934 26.4 554/583 Lignite 1999 42.3 18Cr12NiMo/P91 10Cr1Mo1WVNbN (501E) 

Boxberg 915 26.4 555/578 Lignite 2000 41.7 18Cr12NiMo/P91 10Cr1Mo1WVNbN (501E) 

Tsuruga 2 700 25.0 597/597 PC 2000   18Cr9NiCuNbN/P122 10Cr1Mo1WVNbN 

Tachibanawan 

2 1050 25.9 605/613 PC 2001   18Cr9NiCuNbN/P122/P92 10.2Cr0.5Mo1.8WVNbN 

Avedore 2 400 29.4 580/600 NG 2001 49.7 TP347H/P92 10Cr1Mo1WVNbN (501E) 

Niederauseen 975 26.0 565/600 Lignite 2002 >47 TP347HFG/P911 10Cr1Mo1WVNbN (501E) 

PC : Pulverised Coal      NG : Natural Gas     SH/RH/RH : Superheater/Reheater/Reheater 
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Figure 2.6 shows steam conditions (pressure and temperature) trends for USC power stations. Time 

dependent service temperature ranges are also illustrated on this graph for ferritic and austenitic steels for 

thick-wall components such as boiler headers, main steam pipes and turbine rotors. It can be observed that 

the upper temperature limit for ferritic steels has increased from approximately 560°C to 630°C, and based 

on the trends in research and developments, it is predicted for further increment to 650°C in the near future 

(Masuyama, 2000). 

 

 

Figure 2.6: Steam parameters (pressure and temperature) plots trends for ultra-supercritical power stations (Masuyama, 

2000). 

 

Fossil power generating efficiency has been improved in South Africa by building and commissioning 

two super critical power plants. 

 

The in-service conditions to which power plant materials are subjected cause material degradation and 

deformation mechanism over time, hence there is a need to understand the deformation mechanisms that 

degrade the material integrity. These deformation mechanisms need to be appreciated during the material 
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design and development stage (Bano, et al., 2014). The following section (Section 2.2) provides a brief 

overview on material deformation.  

 

2.3. Materials Deformation Mechanisms 

Deformation is known as a plastic flow of a material due to application of a load and is a kinetic process 

(Frost, 1982). Deformation mechanisms on materials are a function of temperature, stress, and strain rate 

(Bano, et al., 2014). These are considered as the fundamental drivers that cause flow on an atomic level. 

It is therefore vital to consider the following five groups of deformation mechanisms (Frost, 1982; Bano, 

et al., 2014) 

1. Collapse at an ideal material strength; flow only occurs when the ideal shear strength is surpassed. 

2. Lower temperature plasticity by dislocation glide; (a) confined by lattice resistance, (b) restricted by 

distinct hindrances, (c) confined by phonon or other drags, and (d) inclined by adiabatic heating. 

3. Lower temperature plasticity by twinning. 

4. Power-law creep by dislocation glide, or glide-plus-climb; (a) confined and controlled by glide 

progressions, (b) limited by lattice-diffusion controlled climb (“high-temperature creep”), (c) limited 

by core-diffusion controlled climb (“low-temperature creep”), (d) power-law breakdown (the 

transition from climb-plus-glide to glide alone), (e) Harper-Dorn creep, and (f) creep accompanied by 

recrystallization. 

5. Diffusional movement, (a) effected by lattice diffusion (“Nabarro-Herring creep”), (b) confined by 

grain interface diffusion (“Coble creep”), and (c) transition-reaction moderated diffusional flow. 

 

Most recent maps are mainly developed and applied through the use of experimental data or microstructure 

features evidence although very few are founded on the postulation and observations made from the 

materials related to complex engineering alloys (Bano, et al., 2014; Nabarro and de Villiers, 1995). 

Modern approaches and developments are needed to ensure that cross-checks on the validity and emerging 

maps expansion are carried out. For example, deformation/ distortion mechanism diagrams for high 

pressure (HP) turbine blade super-alloys have always been built through the postulation that interdiffusion 

creep is the predominant at low stress levels. However, over sometimes the experimental data revealed 

that creep rupture life that grain boundary sliding mechanism mainly controls creep deformation 

mechanism in long-term creep tests as potted on the deformation map considering the data about 

mechanism manifestation dominance range (Bano, et al., 2014). Figure 2.7 shows a deformation 
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mechanisms map which is divided into zones of stress and temperature in which each of the 

deformation/degradation mechanisms is prevailing (Bano, et al., 2014; Padmanabhan et al., 2001).  

 

Figure 2.7: Stress/temperature map showing regions of temperature and stress with dominant areas of the deformation 

mechanisms (Bano, et al., 2014). 

2.4.  High Temperature Strength 

There are several basis as a rule of thumb that have emerged for obtaining high-temperature strength 

materials, for instance, metals with a higher melting point incline to possess improved creep resistance, 

largely due to the degree of self-diffusion is predominantly associated with relative temperature (Nabarro 

and  de Villiers, 1995). Metals with lower stacking-fault energy incline to have improved creep resistance, 

due to the extended halved dislocations that have retarded movement in both cross slipping and climbing 

mechanisms. Some of the creep-resistant alloys perform better at high temperature application because 

their dislocation cores dissociate by climb into configurations which cannot able to glide (Nabarro and de 

Villiers, 1995). In addition, the introduction of solid solution elements and finely dispersed precipitates 

hinders the dislocation motion, and these are well researched methods of improving high temperature 

strength and material thermal stability (Nabarro and de Villiers, 1995). 
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The materials choice for a given application is determined by the balance between several engineering 

requirements (e.g. required strength at design / operating conditions, resistance to high temperature 

oxidation, creep resistance and fatigue degradation tolerance) and by cost. The cost includes factors such 

as direct procurement cost, material availability, material lead time, simplicity of fabrication and 

maintenance / replacement costs (Nabarro and de Villiers, 1995).  

 

In power plant applications, the cheaper low-alloy materials that contain Cr, Mo and/or V are generally 

used for moderate stress and/or temperature components and systems (Masuyama, 2000). In instances 

where corrosion or oxidation resistance is imperative, economic considerations may justify the use of 

ferritic or austenitic stainless steels that contain higher content of Cr and Ni. These are more expensive 

and may cause more challenges during the manufacturing and fabrication processes (Nabarro and de 

Villiers, 1995).   

 

The stresses imposed on metal components at elevated temperatures produce a continuously increasing 

strain even below the yield point, and thus result in material degradation mechanism known as creep or 

long term overheating (Nabarro and de Villiers, 1995). Creep is defined as material time-dependent 

inelastic strain taking place under stress which is lower than yield point and at elevated temperature 

(Nabarro and de Villiers, 1995).  

 

High temperature strength and economic factors are always considered in the selection of materials. As a 

general rule, high temperature strength materials are also high in cost (Masuyama, Haneda, and Roberts, 

1988). Figure 2.8 illustrate the relationship between the permissible temperature at the permissible stress 

of 49 MPa and the comparative material cost for various power plant boiler pipe steels (Masuyama, 

Haneda, and Roberts, 1988). The comparative cost of these boiler materials was determined by only 

considering a steel pipe with normal dimensions (Diameter / Wall Thickness ≥ 2.5), and an allowable 

stress of 49 MPa. Based on the observed trends, it is apparent that the permissible temperature improves 

as the material cost increases at constant stress (Masuyama, 2000). 
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Figure 2.8: Relationship between permissible material temperature at 49 MPa of permissible stress and comparative cost of 

steels (Masuyama, 2000) 

 

2.5.  Creep mechanism 

Creep is a material aging mechanism which causes a continuous permanent deformation and weakening 

of a material under constant stress below yield point, over time, at elevated temperatures (Nabarro and de 

Villiers, 1995). Elevated temperature in this content is well-defined as temperature in excess of 40% of 

melting temperature of the affected material, i.e. > 0.4Tm for metals (Bhadeshia et al., 1998; Nabarro and 

de Villiers, 1995; Reed-Hill and Abbaschian, 1992). Typically, an acceptable creep-strain rate for power 

plant is approximately 3x10-11s-1 (Bhadeshia et al., 1998). Creep mechanism is categorised into three 

stages which are; primary, secondary and tertiary creep stages.  
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The primary stage is an initial stage where there is a decrease in strain-rate, and the extent of this initial 

strain is purely dependent on the applied stress. Secondary stage is a stage where there is constant strain 

rate and is a stage with the longest time. The last stage called the tertiary stage, is where there is a strain 

rate increase until creep rupture/failure occurs (Evans and Wilshine, 1985; Nabarro and de Villiers, 1995). 

The creep rupture curve under constant load conditions is schematically illustrated in Figure 2.9.  

 

 

Figure 2.9: The schematic creep rupture curve under constant load conditions (Evans and Wilshire, 1985). 

Temperature and strain/stress play a significant role in on the manifestation of creep rate. Figure 2.10 

shows the effect of temperature and stress on the creep curve.  

 

Figure 2.10: Effect of temperature change and stress on creep behaviour (Nabarro and de Villiers, 1995). 

 

The dominant mechanism in which deformation manifests is governed by the temperature and stress 

magnitude (Frost and Ashby, 1982; Ashby and Jones, 1989). It is reportedly found that under typical 
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power plant operating conditions, creep occurs by dislocation glide and climb, rather than by bulk 

diffusion (Abbaschian, 1992; Yardley, 2003). 

 

Figure 2.11 shows how dislocation glides and climb manifest. The act of stress results into free the 

dislocations movement laterally on slip planes up-until they meet an obstacle like precipitate(s) (Yardley, 

2003). When the service temperature is lower (i.e. towards ambient temperature), dislocations move 

through the obstacles by cutting through the affected obstacle(s). Though, at elevated temperatures the 

dislocations can also pass the obstacles by means of climbing to the adjacent plane(s) that does not have 

an obstacle due to the thermal diffusional energy in the atoms at an increased temperature (Yardley, 2003). 

 

 

Figure 2.11: The process of climb and glide (Yardley, 2003). 

Creep strength is fundamentally acquired from the resistance to creep deformation on the steel. The creep 

deformation is retarded by the opposing force for movement of dislocation in a microstructure level of the 

steel. There are numerous metallurgical parameters that play a role on the creep strengthening of an alloy 

(twi-global.com); and are outlined as follows (Reed-Hill and Abbaschian, 1992 and Masuyama, 2000). 

Dislocation substructure that is defined as a steady network of dislocations that provides an intrinsic pull-

back-force to dislocation displacement/movement within the steel (Reed-Hill and Abbaschian, 1992). This 

substructure can develop and coarsen due to creep strain. Coarsening of the substructure consequently 

results to the creep strength decrease. The fine dispersedly precipitates have an important role to stabilise 



 

32 

 

the dislocation structures, therefore the precipitates spacing distance and their stability are fundamentally 

vital in resisting the creep progression (Reed-Hill and Abbaschian, 1992).  

The material grain size contributes to the creep strength of the steel without considering some other 

microstructural features. For the purpose of obstructing the long-range dislocation movement, finer grain 

size is beneficial. Conversely, this effect is mostly compensated by the influence of precipitate dispersion 

and/or sub-structural enhancement to creep strength (Reed-Hill and Abbaschian, 1992).  

The transformation structure of the alloy contributes to the creep strength as well. This advantageous 

contribution is attained from the first applied heat treatment cycle, for instance in the ferritic alloy steels 

the transformation microstructure products such as martensitic and bainitic structures have lath that 

contributes to the creep strength (Reed-Hill and Abbaschian, 1992).  

Solid solution strengthening impedes the free dislocations movement by means of the distortion of lattice 

structure. For instance, the presence of molybdenum in ferrite enables substantial solution strengthening 

in the 9-12%CrMo and 2.25%CrMo steels. This promotes the creep-inherent strength in these ferritic 

creep resistant steels after the prolonged operation in the creep regime, once precipitation strengthening is 

no longer effective as a consequence of coarsened particles/precipitates (Watanabe, 1983; Reed-Hill and 

Abbaschian, 1992).  

Creep resistant precipitates such as carbides or intermetallics (VC, MO2C) that are finely dispersed in 

microstructure matrix hinder the free dislocation movement by climbing and gliding (Beech et al., 1984; 

Masuyama, 2000). Precipitate particles spacing has a significant role. It has been reported that there is an 

antithetical relationship between the spacing and the creep rapture strength; i.e. fine and close-spaced 

particles/precipitates provide the superior creep strength compared to widely-spaced and coarsened 

dispersions (Reed-Hill and Abbaschian, 1992; Masuyama, 2000). The resistance of precipitates coarsening 

due to their thermal stability at creep temperature is paramount on providing and sustaining the long-term 

creep strength. In most instances, the creep strength is significantly lost after over-aging or prolonged 

application at elevation temperature because of the coarsening of precipitate particles. The precipitates 

morphology, shape, size, mechanical properties and boundary features, are also deemed essential in 

defining the level of creep strength (Martin, 1980; Reed-Hill and Abbaschian, 1992; Masuyama, 2000). 
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2.6.  Precipitation Sequence 

Both the tempering temperature and the steel composition determine the order and the phase of 

precipitation in an alloy steel (Thomson, 1992). Precipitation of carbides in alloy is designated with a 

universal formula MxCy or MxXy, where M denotes an elemental component and C or X denotes the 

combination of nitrogen (N) and carbon (C) elements (Thomson, 1992). Figure 2.12 illustrates the map 

for precipitates phase stability conditions and sequence for 2.25Cr1Mo steel and for 9-12% Cr steels, the 

sequence of precipitates formation is identical, however the rate of precipitation is different (Thomson, 

1992).  

 

Figure 2.12: Carbide stability diagram for 2 2.5Cr1Mo steel, using micro-analytical methods to identify precipitation phases 

and sequences (Nutting, 1999). 

 

The characteristics of precipitation phases that are normally experienced in the thermal power plant 

materials are summarily tabulated in Table 2.2. Nucleation could take place in-situ on the interface 

between an existing precipitate and the ferrite matrix (Dawson, 2012; Yardley, 2003), as an alternative it 

may also take place on the prior austenite grain boundaries, on sub-grains boundaries, on intralath 

dislocations, or on the lath boundaries depending on the free energy of the preferred nucleation sites 

(Dawson, 2012; Yardley, 2003). 
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Table 2.2: Summary of common precipitates data. (Andrews et al., 1967; Yardley, 2003). 

Precipitation 

phase name 

Crystal 

structure 

Nucleation 

site 

Common 

size 

Shape Benefits to 

creep strength 

M3C Orthorhombic In-situ, MLB, 

PAGB, 

Coarse Plates, then 

spheroidises 

 

M2X Hexagonal D, MLB Fine Needle Yes 

M7C3 Trigonal In-situ Coarse Spheroidal No 

M23C6 Cubic F PAGB, MLB 

Fine Spheroidal Yes 

Coarse Spheroidal No 

M6C Cubic F In-situ, PAGB, 

MLB 

Coarse Spheroidal No 

MX  Undissolved/on 

MX 

Fine Spheroidal/platelike Yes 

Laves  PAGB, MLB, 

lath interior 

Coarse Spheroidal Short term 

Note; D: dislocations, MLB: martensitic lath boundaries, PAGB: prior austenite grain boundaries. 

 

Figure 2.13 illustrates a characteristic tempered martensitic microstructure in 9-12 wt. % steel. All 

common precipitates/phases that are found in the martensitic creep resistant steels are schematically 

presented. It has been demonstrated that lath boundaries in 9-12%Cr steels (particularly, P91 and X20 

steels) alloy are inhabited by M23C6 and MX precipitates; and the intralath precipitates are consists mainly 

of the MX phase. The relationship between sub-gain boundary M23C6 precipitation inter-particle spacing 

and sub-grain size has been established by Dawson (2012). The relationship was experiential to be valid 

when merely considering M23C6 distributions, however the dispersion of other precipitation did not hold 

the same observation. It was then conclusive that M23C6 precipitation contributes significantly more to 

stabilise the sub-grain boundary as compared to MX precipitates (Dawson, 2012).  
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Figure 2.13: Characteristic microstructure of tempered martensitic 9-12% Cr steels with common precipitates (Masuyama, 

2001).  

It has also been reported that the during creep service the loss of precipitation hardening during 

consequently lead to in the loss of creep strength in the material. This is fundamentally due to the 

microstructural thermal degradation and evolution that exhibits as coarsening of the sub-grain and lath is 

enhanced, leading to a weakening of the sub-structure hardening effect (Abe, 2008; Dawson, 2012). 
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2.7.  Historical Improvement of Creep Application Steels 

Progressive research and development in power plant materials has gradually introduced the higher creep 

resistant materials over time. Figure 2.14 (Masuyama, 1998) shows an increase in creep strength of creep 

resistant steels for boilers application, in terms of change in the 105 hours creep rupture strength at 600 ᵒC, 

for the steels that were developed in the 20th century period. The chemistry of these commonly used 

materials and their 100k hours creep rupture strengths are presented in Table 2.3 (Cerjak and Mayr, 2008). 

 

Figure 2.14: Historical developments and improvements in cree- rupture strength of boiler application steels (Masuyama; 

1998) 
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Table 2.3: Chemical composition (wt.%) and creep strength of commonly utilised ferritic steels for thermal power plant (Cerjak and Mayr, 2008). 
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2.8. The development of 9-12% Cr steels for boiler application. 

Chromium (Cr) content control and increase to above 9 wt.% in CrMo-steels had led to a development of 

steels group that have a martensitic microstructure which induces structural hardening. This martensitic 

microstructure is typically characterized large amount of dislocation density and a finely distributed 

martensitic lath structure that is stabilized mainly by M23C6 phase precipitates. Therefore, an increase in 

the microstructural strength is by means of structural hardening in these martensitic steels. Additional 

enhancements particularly of the creep strength have been attained by alloying martensitic steels with 

vanadium, niobium, tungsten and boron (Hagen and Bendick, 2002; Maruyama et al., 2001) 

 

The 9-12wt.% Cr steels are ferritic boiler steels that were designed and developed based on the global 

strong motivation by two major demands, namely; 

(i) Realisation of thermal power plants for public electricity generation (supply), operating at steam 

temperatures ranging from 538 – 566 ᵒC during the 1950s. 

(ii) The target to develop high efficient and low-pollution power plants operating at turbine steam 

admission temperatures of 600 – 650 ᵒC with ultra-supercritical pressure up to 35MPa during the 

1980s (Vaillant, et al., 2008), (Albert et al., 2005), (Eggeler et al., 1994), (Spigarelli and Quadrini, 

2002) and (Tu ma and Kosec, 2007). 

Figure 2.15 illustrates the development on ferritic creep steels from 2, 9 to 12%Cr steels with creep rupture 

strength of 105 hours at 600ᵒC. These 9-12%Cr high strength ferritic creep resistant steels exhibit relatively 

good corrosion, high temperature oxidation and creep resistance and can be alternatively be utilised since 

is much less expensive than 18%Cr-8%Ni based materials. The alloys also possess added benefits of 

allowing the usage of reduced pipe wall thicknesses as the strength is high (Masuyama, 2000).  

 

The 9Cr2Mo steel which is a low carbon 9%Cr–2%Mo steel has been developed and employed to service 

for more than 28 years in the power utility plants and has more than 2 000 tons of tube and pipe materials 

operating on the superheater and reheater systems (Yukitoshi et al., 1980). The creep rupture strength for 

this steel (9Cr2Mo) lies between TP304H and 2.25Cr1Mo steels and is mainly utilised in the reheater 

circuit tubing as a replacement for 18%Cr–8%Ni stainless materials. Low carbon steels such as 

9Cr1MoVNb, 9Cr2MoVNb and 9Cr1MoVNb (ASME T91) (Sikka et al., 1981) are altered 9%Cr 

materials with elevated temperature properties improvement by the introduction of carbonitride-forming 

elements like V and Nb (Musuyama, 2000). From these modified and improved 9%Cr steels, T/P91 that 
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was developed in the US possesses a higher strength for boiler equipment application (Musuyama, 2000; 

Kalwa et al., 1983). The reduction of Mo content well as the substitution of Mo by the introduction of W 

alloying element resulted in the development of T/P92 alloy steel material grade. The content of Mo was 

reduced to 0.5% and 1.8% of W alloying element was introduced to T/P91 grade to attain a recent T/P92 

alloy steel, while ±1% W has been introduced to T/P91 grade to obtain T911 alloy steel (Musuyama, 

2000).  
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Figure 2.15: Advancement of ferritic alloy material for power-plant application (Musuyama, 200). 
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In the family of 12%Cr steels, EN 10216-2 X20CrMoV11-1 (Kalwa et al., 1983) is widely utilised in the 

tubing and piping applications and has enormous operating experience in Europe and South Africa. 

However, due to its high carbon content (±0.2%), its weldability and fabrication are observed to be slightly 

challenging, it is scarcely utilised in other Asian countries (Masuyama, 2000). The advancements on 

12%Cr steels for boiler components were made by developing the; 12Cr1Mo1WVNb (Iseda et al., 1988) 

and 12Cr0.4Mo2WCuVNb (ASME T122) (Iseda et al., 1992) to reduce the disadvantages of typical 

12%Cr alloy steels. Consequently, 12Cr1Mo1WV-Nb alloy steel was also developed from 12%Cr steel 

to attain a slight improvement of creep properties and weldability by having the microstructure that has 

both tempered martensite and ferritic matrix. Elevated temperature properties of this material grade were 

achieved mainly by introducing finely dispersion of VN precipitates and by tempering at temperature as 

high as above 800°C (Abe et al., 2008; Masuyama, 2000). This alloy steel has consequently attained the 

allowable stress which is superior to T/P91 material. For more than 20 years of service, this steel had a 

remarkable experience in boiler applications, with its added usability in resisting corrosion activity. The 

T122 steel grades are the improved 12Cr1Mo1WVNb, and they have demonstrated that they can be safely 

utilised to fabricate the thick walled components without compromising the toughness because it retards 

the formation of delta-ferrite (Abe et al., 2008; Masuyama, 2000). 

 

During the progression of ferritic power-plant steels several methodologies for advancing high 

temperature properties have been explored, and the progress is illustrated in Figure 2.15. The steels with 

105 hours creep-rupture strengths of 180 MPa at 600°C and 130 MPa at 650°C were previously made 

available on small research quantity in the workshop (Ohgami et al., 1997). All of these steels have the 

chemical compositions which include an increased addition of Co (Cobalt) and W (Tungsten) content. 

The 11Cr2.6W2.5CoVNbBN alloy steel has 2.5% Co, 2.6% W and with <1% B (Boron) alloying elements 

as compared to the conventional steels (Ohgami et al., 1997). Meanwhile, the 11Cr3W3CoVNbTaNdN 

alloy steel (Igarashi and Sawaragi, 1997) has 3% of Co and W all together, as well as the addition of Ta 

(Tantalum) and Nd (Neodymium). Research has confirmed that both Ta and Nd provide finely stabilized 

nitride precipitates that are important in enhancing creep performance at the service range between 600°C 

and 650°C (Igarashi and Sawaragi, 1997). 
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The developments of 9-12%Cr steels have successfully achieved the improved material strength, namely 

proof yield strength (Rp0.2) and creep-rupture strength at 10 000 hours (Rm10000h) are shown in Figure 2.16 

(Hagen and Bendick, 2002).   

 

Figure 2.16: Strength properties of 9-12% Cr steels (Hagen and Bendick, 2002). 

2.9.  Types and effects of welding process used in this study 

Welding is a major joining technology for power plant components.  The joints can either be between 

similar material; similar metal welding (SMW) or between dissimilar materials (DMW). The most 

commonly used welding processes for joining the power plant steel components are TIG (Tungsten Inert 

Gas) and MMA (Manual Metal Arc) welding (Juffes, 2012).  

In the TIG process the heat energy that produced by the arc being sustained in the middle of the work 

piece and tungsten electrode, is utilised to melt and fuse the metal. A welding arc is consistently 

established and preserved in the passive gas that enables the protection of a molten weld metal aid it 

adjacent surrounding out of environmental impurity (Juffes, 2012). This welding technique possesses high 

arc heat concentration, tremendous weldment quality, versatile control mechanism and multi-pass welding 

procedure that enhance the tempering of welds after each pass however, it has low productivity due to low 

weld deposition rate (Arivazhagan and Vasudevan, 2014).  
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Manual Metal Arc welding process is also known as Shielded Metal Arc Welding (SMAW) process and 

is still referred to as stick welding in the fabrication industry (Juffes, 2012). It is customarily operated as 

a manual process hence it is labour demanding. When it is operated by a skilled and experienced operator, 

good quality welds without defects/indications are achieved in all types of components irrespective of the 

wall thickness and geometry. The drawback in this manual process is mainly the low productivity (Juffes, 

2012). 

 

2.10.  Microstructural Evolution of Welded Joints  

The weld joint consists of six distinct regions namely; Weld Metal (WM), Coarse-grained Heat Affected 

Zone (CGHAZ), Fine-grained Heat Affected Zone (FGHAZ), Inter-critical Heat Affected Zone (ICHAZ), 

Over-tempered region and unchanged Base Material (BM). These gradients of microstructures are formed 

near the fusion zone are due to different thermal cycles experienced during welding (El-Azim et al., 2012). 

The microstructural regions of a ferritic weldment are shown in Figure 2.17.  

 

Figure 2.17: Graphic representation of microstructures developed in HAZ due to welding peak temperature, equivalent to 

calculated equilibrium phase diagram of X10CrMoVNb9-1 (P91) steel (Blondeau, 2008; Cerjak and Mayr, 

2008). 
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The creep behaviour of all these weld joint regions has been intensively studied and it was found and 

reported that the zone with the poor creep strength is the IGHAZ (El-Azim et al., 2012). The HAZ sub-

zones for a typical Cr power-plant material are defined below. 

 

2.10.1. Grain growth zone (Tp >> Ac3) 

The grain growth zone is a zone adjacent to the weld fusion line and it experience temperatures that are 

fairly exceeding the Ac3 transformation temperature (Abe et al., 2008). All precipitates that hinder the 

growth of austenite grains tend to melt/dissolve at this temperature, resulting into austenite grains 

coarsening. At the maximum peak temperatures (Tp); TP > 1250°C, delta ferrite grain could nucleate (Abe 

et al., 2008). When cooling the low Cr steels; bainite or martensite microstructure is formed however for 

9-12wt.%Cr steels; martensite microstructure is instantaneously formed upon cooling. The coarse-grained 

heat affected zone (CGHAZ) has the maximum hardness and the lowest toughness in the entire weldment 

zones. This coarse-grained zone is susceptible to reheat / stress relief cracking during creep application 

(Abe et al., 2008). 

2.10.2. Grain refined zone (Tp > Ac3) 

At the minimum peak temperature of ±1100°C, which is just above the Ac3 transformation temperature 

line, there is a development of an undesired austenite phase, subsequent to the α/ɤ transformation during 

heating (Abe et al., 2008; Zhang et al., 2020). This thermal cycle produces small austenitic grains resulting 

to a zone called fine-grained heat affected zone (FGHAZ). Furthermore, a peak temperature might not be 

sufficiently high enough to fully dissolve the precipitate(s), subsequently this limit the grain coarsening 

by restraining the austenite grain boundaries. During cooling, there is then the formation of either a fine-

grained bainite microstructure for lower Cr alloy steels or a martensitic microstructure for higher Cr alloy 

materials. This fine-grained zone of the weldment is known to be the most creep strength inferior zone on 

the entire weldment. During longer term creep applications, majority of creep steels weldments are prone 

to fail at this region due to Type-IV mechanism, also known as Type-IV creep cracking (Abe et al., 2008; 

Zhang et al., 2020). 

 

2.10.3. Partially transformed zone – intercritical HAZ (Ac1 < Tp < Ac3) 

When the welding peak temperature is between Ac1 and Ac3 transformation temperatures lines, there is 

partial (incomplete) transformation of α into ɤ during heating stage (Abe et al., 2008; Zhang et al., 2020). 

While newly transformed austenite grains nucleate at their preferable sites (i.e. area of high free energy) 
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such as prior austenite grain boundaries or the martensite lath boundaries, the untransformed bainitic or 

tempered martensitic microstructure is tempered again for the second due to this weld thermal cycle. 

During a subsequent PWHT, there is fractional dissolution of precipitates as well as the coarsening of the 

precipitates that did not dissolved in this part of the HAZ. During cooling, a dual microstructure containing 

of recently transformed phases (i.e bainite, for low Cr steels, and un-tempered martensite for higher Cr 

alloy steels), as well as the tempered microstructure of the original phase are present. This intercritical 

HAZ possesses the smallest grain size among the entire weldment and has the lowest hardness compared 

to all regions. This is the sub-region of the HAZ which is also susceptible to Type-IV cracking, similarly 

to the grain refined zone (Abe et al., 2008; Zhang et al., 2020). 

 

2.10.4. Over-tempered region 

The weldment HAZ sub-zone microstructure that experiences the peak temperatures below Ac1 tends to 

not transform to any phase however it does experience tempering (Abe et al., 2008; Zhang et al., 2020). 

Consequently, the coarsening of precipitates is highly experienced due to greater diffusion coefficient at 

this temperature. Therefore, other alloys may exhibit the hardness values that are at the lower range, in 

this over aged sub-region (Abe et al., 2008). 

 

2.10.5. The unchanged base material zone 

This weldment-zone of unaffected parent material microstructure is observed below the temperatures of 

approximately 700°C. At this low temperature, there are no changes in the microstructure morphology 

and constituents. Therefore the microstructure appears to be the same as that of the original base material. 

(Abe et al., 2008; Buchmayr et al., 1989). 

The low creep rupture strength on the FGHAZ of the welded joint is due to the microstructural evolution 

as follows: 

1. Sub-grains coarsening and dislocations recovery contribute to softening of the FGHAZ during 

creep exposure. The martensite lath recovery by means of dislocations annihilation and the 

elimination of low-angle lath boundaries during PWHT lead to the development of these sub-

grains. In 9-12 %Cr steels, the sub-grain size of the FGHAZ tends to coarsen from approximately 

0.718 mm after PWHT to roughly 1.23 mm subsequent of creep at 650°C and 40 MPa stress. 

Consequently, the density of dislocation decreases from 6.3x109 cm-2 after PWHT to 2.4x109 cm-



 

46 

 

2 post the creep exposure at the same operating conditions, i.e. 650°C and 40 MPa (El-Azim et al., 

2012). 

2. Dissolution of the finely dispersed M23C6 carbides that obstruct the coarsening of sub-grains by 

grain boundary pinning mechanism. This result in an acceleration of the sub-grain growth rate, 

which equate to an increase softening rate. It was observed that the M23C6 particles become coarser 

(±158nm in average size) after PWHT and 173 nm post creep exposure (El-Azim et al., 2012).  

3. Formation of fine V-rich carbonitride (V(C,N)) precipitates with the approximately 70nm in 

average size after creep exposure, however these precipitate they form adjacent to the coarse M23C6 

particles. Consequently, this inhibits their role in the precipitates strengthening.  

4. Loss of fine niobium-carbonitride precipitates throughout the creep service which were observed 

after PWHT and the development of coarse precipitates of Z phase (i.e. Cr(V,Nb)N) with 

approximately 279 nm in size. The Z phase formation after prolonged creep service has been 

confirmed by its composition chemical examination using EDX. The gain of unwanted of Z phase 

at the disbursement of the finely dispersed vanadium nitride and niobium-carbonitride precipitates 

has been noted in the 9–12 %Cr alloy steels. (El-Azim et al., 2012; Masuyama, 2000). 

 

The cracking morphology that is experienced in weldments is typically categorized in terms of the location 

of the crack as shown in Figure 2.18. Type-I and Type-II modes take place in the weld body, Type-I is 

limited to the WM while Type-II could extend out of the WM towards HAZ region. Type-III crack 

develops in the coarser grain zone of the HAZ. Type-IV is an enhanced rate of creep voids formation an 

intercritical/fine-grained HAZ of the weldment, resulting to premature rupture as compared to an 

unwelded (parent) material (Masuyama, 2000). 

 

Figure 2.18: Classification of cracks in a weld joint (Molokwane; 2014) 
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2.11. Stress Analysis on Welded Structures 

Stress analysis on weld joints of P91 material pre and post the PWHT have been intensively examined 

(Dong et al., 2014; Paddea et al., 2012) and the findings are as follows: 

1. The maximum tensile residual stresses of ±600 MPa are evident at the interface of the HAZ and 

the immediate base metal, as well as within the root of the weld towards the inner diameter surface 

of a pipe in the as-welded form. An area with the maximum tensile stress after applying the PWHT 

is consistently found at the HAZ locality, having approximately 120 MPa which is about 24% 

yield strength of the base metal (Paddea et al., 2012). 

2. Significant residual tensile stresses of approximately 400 MPa are produced in the HAZ area, and 

after the effected PWHT, these stress levels are considerably relieved to the levels of ±50 MPa 

(Paddea et al., 2012). 

3. The measured compressive stresses of about -220 MPa in the WM body after welding 

corresponded to the last weld bead. These residual compressive stresses found in the last capping 

weld-run could be attributed to the fact that a constrained material surface that have experienced 

temperatures beyond the Ac3 temperature line during the heating/welding process will possess a 

minimum residual stress at ambient temperature than the material surface that has experienced 

temperatures less than the Ac1 temperature line, because during cooling (temperature ramp down 

period) the material in austenite phase tends to form the transformation strain which compensate 

for thermal contraction strains. 

4. The maximum tensile residual stresses were found to coincide with the HAZ interface region, 

which has a known microstructural that is prone to Type-IV creep degradation mechanism. Further 

regarding the effect of residual stress on the creep rupture strength for long term creep service still 

need to be researched to determine the effect of these undesired tensile residual stresses on the 

Type-IV creep cracking premature failure in weldments (Paddea et al., 2012; Zhang et al., 2020). 

The stress analysis profiles of a single pass butt weld, and that of multi-pass butt welds are reportedly 

different. For a single weld pass, there is a trend of tensile residual stresses at the middle of the weld. In 

contrary, for multi-pass weld, the middle of the weld is under compressive residual stresses as confirmed 

and supported by the FEA (finite element analysis) study (Brikstad et al., 1998). FEA showed that as the 

number of weld runs/passes increased the residual stress on outside surface of the weld goes into 

compression (Brikstad et al., 1998) 
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2.12. The Evolution of 9-12%Cr Steels Microstructure During Heat Treatment and Creep 

The 9-12wt.%Cr martensitic materials are optimally heat treated by a normalisation heat treatment in the 

austenite phase region, typically at the between 1040°C to 1100°C. This normalising heat treatment is 

usually followed by tempering cycle(s) at temperatures between ±650°C and ±780°C subject to the type 

or dimensions of the of an equipment/component, example; turbine rotor(s), boiler tubing or steam piping 

(El-Azim et al., 2012 and Maruyama et al., 2001). Subsequent to austenitising, while the material is being 

air cooled, the material transforms fully into martensite as a result of its hardenability which is controlled 

by the chemical composition that includes Cr content (Krauss, 1999). The prior austenite grains for these 

alloy steels are partitioned into grain packets and as well as into blocks, as illustrated in Figure 2.19(a). 

Thus the resultant microstructure at this current form is consisted of martensitic lath as well as high 

dislocation density structure (Sonderegger 2005). 
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Figure 2.19: Schematic representation of 9-12% Cr steels tempered martensitic microstructure (Holzer, 2010). 

When the tempering heat treatment is applied, the dislocation density decreases while the dislocation 

substructures/sub-grains are introduced. These sub-grain structures are consisted by small angle grain 

boundaries due to the rearrangement of dislocations through annealing process. These formed small angle 

boundaries that appear to be smaller than the martensite lath and are different from the martensitic lath 

boundaries that are also part of microstructure constituents. The measurements from EBSD clearly 

revealed the significant variance between sub-grain and martensitic lath interfaces based on their 

misorientations (Abe, 2008;  Sonderegger et al., 2008). It has been reported that the disorientations of 

smaller-angle grain boundaries are fully unsystematic while that of martensitic lath boundaries are 

predominantly of axes-angle mixture (Maruyama et al., 2001; Abe, 2008). 
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The precipitation of secondary phase particles occurs during tempering heat treatment, however M23C6 

and MX carbonitrides precipitates are the key strengthening precipitation phases in these alloy steels 

(Foldyna, 1996; Hald, 1996; Maruyama et al., 2001). The types and morphology of these particles are 

mainly influenced by the actual chemistry of the material. The Cr carbides M23C6 precipitates are 

commonly precipitated at the grain and sub-grain boundaries (Hald, 1996). Subsequent to tempering, the 

M23C6 precipitates sizes can be in a range between 50 – 100 nm prior to creep application (Abe, 2008; 

Sonderegger, 2005). 

 

The MX carbonitrides that are relatively smaller are generally classified into VN and NbC precipitate 

phases (Lee, 2006), but some of the N in VN and C in NbC are usually replaced by C and N, 

correspondingly (Ennis, 1997; Sonderegger, 2005). These MX precipitates have size of approximately 20 

– 50 nm before creep service (Abe, 2008; Sonderegger, 2005).  

These MX precipitates are considered superior in creep resistance in 9-12% Cr material grades as 

compared to the M23C6 precipitates. It has been found that these precipitates are nucleated on the sub-

grains and on the sub-boundaries (Abe, 2008; Hald, 1996; Holzer, 2010). Therefore, the microstructure of 

9-12% Cr alloy steel that was normalised and tempered typically consists of prior austenite grains, sub-

grain boundaries, martensite lath and small finely dispersed precipitates, as schematically shown in Figure 

2.19 (Holzer, 2010).  

 

A 9-12%Cr ferritic creep resistant steel is constituted by numerous microstructural parameters that are 

designed to be impediments on the movement of dislocations. These desired obstacles are sub-boundaries, 

sub-grains with free dislocations, M23C6, Fe2M laves phase that form during creep service, and MX 

precipitates. Solid solution strengthening using solute atoms like Mo and W, always plays an added role 

on the improvement of high temperature strength. The creep strengthening mechanisms achieved from 

these microstructure parameters are summarily categorised as follows (Maruyama et al., 2001): 

• Solid solution strengthening due to W and Mo in solution. 

• Dislocation hardening because of sub-boundaries and free dislocations within sub-grains. 

• Particle hardening due to M23C6 and Fe2M precipitation. 

Even though the structural network of dislocation on the normalised and tempered martensitic steel is 

considerably stable at elevated temperature, the recovery of dislocation substructure is initiated and 
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promoted by the plastic deformation. The research study by Maruyama et al., (2001) found that the density 

of free dislocation in the sub-grains tend to decrease while the sub-grains coarsen when creep deformation 

is progressive. These microstructural alterations are a result of the dislocation substructure recovery. 

Consequently, the recovery of the dislocation substructure controls creep deformation mechanism as well 

as the creep rupture strength until failure stage (Abe, 2008; Maruyama et al., 2001).  

For the recovery of sub-grains network to take place, the following two processes must be full filled 

(Maruyama et al., 2001);  

1. Reduction of sub-grain boundaries through eradication of free dislocations that are in the sub-

boundary, and 

2. The common sub-boundaries annihilation on the two adjacent interfaces that have different 

attractive polarity.  

The initial systematic process is primarily taking place during the first phase of recovery however, the last 

method could come in to play at an advanced phase. The dislocations that are constructing sub-boundaries 

are mostly steady subsequent to tempering; they cannot climb their adjacent sub-grain boundaries. 

Nevertheless, if the dislocations glide from the sub-grain interior to the sub-grain boundaries there will be 

a balance disturbance in the sub-grain boundaries that forces the annihilation of dislocations in the sub-

grain boundaries. Consequently, the density of dislocations tends to significantly decrease both in sub-

boundary and in the sub-grain interior simultaneously (Abe, 2008; et al., 2001).  

The important precipitates for the 9-12% Cr alloy materials are the finely dispersed MX carbo-nitride 

within sub-grains and M23C6 carbide and fine Fe2M Laves phase on the sub-grain boundaries. The 

precipitates located at the sub-grain boundaries are responsible to pin the dislocation climbing movement 

in order to retard the sub-grain structure recovery rate. The precipitation density of M23C6 particles is 

significantly more than that of Fe2M, signifying that M23C6 particles are the major barrier of dislocation 

climbing at sub-grain interfaces (Maruyama et al., 2001).  

The undesirable coarsening for M23C6 precipitates in 9-12%Cr steels is evident after elevated temperature 

application as shown in Figures 2.20 – 2.21 (Panait, 2010). The coarsening of precipitates size and a 

reduction in precipitates density is observed (Aghajani, 2009; Panait, 2009). The M23C6 precipitates that 

are at the vicinity of the sub-grain boundaries were reportedly found to coarsen earlier and faster than 

those that have lost the interface contact, this was attributed to short-circuit diffusion along sub-grain 

boundaries (Hald, 2008; Kostka et al., 2007). The recent research studies have reported that the stability 
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of M23C6 precipitates against coarsening is significantly improved by introducing boron (B) as the alloying 

element (Abe, 2008; Aghajani, 2009). 

 

 

Figure 2.20: Evolution of M23C6, VX and Laves phase precipitates under long-term thermal degradation (Aghajani, 2009) 
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Figure 2.21: Progression of M23C6, VX and Laves phase precipitates mean diameter in long-term thermal aging application 

(Aghajani, 2009). 

 

The behaviour of MX precipitates were experiential to be more stable during creep degradation, since 

their changes in particle size and distribution were insignificant as shown Figures 2.20 – 2.21 (Aghajani, 

2009; Cerri et al., 1998). The MX carbonitrides precipitates rich in Nb and V are very resistant to 

coarsening, however they tend to dissolve and disappear when the precipitation of nitride Z-phase 

(Cr(V,Nb)N) occur. Thus possess a significant challenge on the alloy steels that contain Nb and Cr 

contents in excess of 10 wt.% (Aghajani, 2009).  

After creep exposure, the Laves phase precipitates were observed. This has a negative impact towards 

creep life and are reportedly undesired for extended period in creep application (Aghajani, 2009). The 

addition of silicon promotes the nucleation and coarsening of Laves phase (Armaki et al., 2010; Panait, 

2010). 

In 9-12%Cr alloy steels, the deterioration in creep rupture strength has been confirmed to be as a result of 

M23C6 carbide precipitates coarsening, formation of coarse Laves phases, development of coarse Z-phases 

precipitates at the expense of the finely distributed MX particles and significant dislocations recovery in 

the matrix. The observed significant coarsening of creep strengthening precipitates that occurs during 
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creep service promotes the microstructure degradation and significantly contributes on the unwanted 

reduction in creep properties (Aghajani, 2009; Panait, 2010).  

 

2.13. Diffusion of Carbon due to Differences in Cr Concentration Across Ferritic Steel Weld 

Interfaces  

The phenomenon of elemental re-distribution through atomic diffusion is essential considering that most 

of the phase changes that take place in metallurgy depend on it. The atoms only migrate if the Gibbs free 

energy product results in a net reduction (Dawson, 2012; Elder, 2011; Kirkaldy and Young, 1987). 

 

Atoms diffusivity through a crystalline material is dependent on the change in temperature, conforming 

to Arrhenius type relationship set by Equation 2.1: 

𝐷 = 𝐷0𝑒𝑥𝑝(−𝑄/𝑅𝑇) 

           (Equation 2.1) 

Where, D0 is a coefficient of diffusion, that is a constant value which depend on an atomic vibration 

frequency, Q is defined as an activation energy (J.mol-1), R is a gas constant (8.31446 (Jmol-1K-1)), T is 

the absolute temperature (°K) and Q is define as the required activation energy (J.mol-1) to move an atom 

to the adjacent site. This movement is only possible when the following two conditions are met;   

1. Vacancy creation 

2. Sufficient energy to overcome the opposing force for an atom to diffuse. 

Therefore, the required activation energy can be expressed by Equation 2.2: 

 

Q = ∆Hv + ∆Hm 

           (Equation 2.2) 

Where, ΔHv is the vacancy creation force and ΔHm is the force/energy required for atom to move (Dawson, 

2012). 

 

The diffusion of carbon across dissimilar metal weld interfaces between X20 and P91 (9-12%Cr alloy 

materials) has not yet been conveyed in published literature however that of 2.25%Cr and 9%Cr has been 

extensively studied and published. The up-hill diffusion of C in 2.25%Cr and 9%Cr dissimilar welds has 

been publicised to manifest under PWHT period and during the elevated temperatures applications 

(Dawson, 2012). 
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In the P291/P22 steels weld transition joints, the carbon’s re-distribution driving force is caused by the 

variation in the chemical potential of elemental carbon in alloys that have dissimilar concentrations of 

chromium. This elemental re-distribution by means of diffusion result into the formation of chromium 

carbides. However for the steel alloys that contain other carbides strong formers such as V and Nb, the 

formation enthalpy of VC and NbC carbides is larger than that of Cr7C3 and Cr23C6 carbides, (Abe, 2008; 

Dawson, 2012), therefore the strong carbides formers (Nb and V) have higher preference to react with 

carbon than chromium to react with carbon. 

 

For estimation purposes the width or distance (x) that could be subjected to the solute species through 

diffusion in an alloy steel is provided by Equation 2.3; 

  

𝑥 =  √𝐷𝑡   

(Equation 2.3) 

Where, t is defined as time in seconds and D is representing a diffusion coefficient as given in Table 2.4 

(Dawson, 2012). 

Table 2.4: Diffusion coefficients (Dawson, 2012) 

Diffusion species Host species D0(m2s-1) Activation energy 

Qd(KJ/mol) 

Calculated/drived 

values 

T(ᵒc) D(m2s-1) 

Carbon ɤFe 2.3x10-5 148 1100 5.38x10-11 

Carbon αFe 6.2x10-7 80 730 4.23x10-11 

Nitrogen αFe 3.0x10-7 76 730 3.3x10-11 

Chromium αFe 2.53x10-4 240.6 730 7.47x10-17 

Iron αFe 0.5x10-4 240 730 1.59x10-17 

Vanadium αFe 0.61x10-4 259 730 1.98x10-18 

Noibium αFe 1.27x10-6 224 730 2.74x10-18 

Molybdenum αFe 0.78 305 730 1.02x10-16 

Tungsten αFe 3.8x10-2 293 730 2.09x10-17 

 

For example, when the αFe is being tempered at 730°C, the carbon could diffuse through the steel over a 

distance of; 
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𝑥 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 =  √𝐷 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 x 𝑡 

𝑥 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 =  √4.23x10−11 x 7200 

𝑥 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 =  550𝜇𝑚  

and the chromium could diffuse through the steel over a distance of; 

𝑥 𝑜𝑓 𝑐ℎ𝑟𝑜𝑚𝑖𝑢𝑚 =  √𝐷 𝑜𝑓 𝑐ℎ𝑟𝑜𝑚𝑖𝑢𝑚 x 𝑡 

𝑥 𝑜𝑓 𝑐ℎ𝑟𝑜𝑚𝑖𝑢𝑛 =  √7.47x10−17 x 7200 

𝑥 𝑜𝑓 𝑐ℎ𝑟𝑜𝑚𝑖𝑢𝑚 =  0.7𝜇𝑚  

 

Based on this example calculation it is apparent that the carbon atoms migrate more than chromium atoms, 

i.e. carbon atoms diffuses towards chromium atoms to form chromium carbides while chromium atoms 

are relatively immobile as compared to carbon atoms (Dawson, 2012; Kirkaldy and Young, 1987). 

 

These estimated calculations are over-simplified for the actually complex state in the alloys, however as 

a rule of thumb, they only provide an expected diffusion widths on the affected area as an indication. For 

accurate diffusion width determination, many important factors such as the overall chemical composition 

of both the alloys being welded together, microstructure at the applicable temperature, and paramagnetic 

features of the alloys must be accounted for (Dawson, 2012; You et al., 2001). 

 

In chromium containing steels, it has been reportedly found that C migrates from the lower/less Cr content 

containing steel to the higher Cr content bearing steel, and consequently forms chromium carbides on the 

high Cr containing steel interface side (You et al., 2001). This leads to the development of a C depleted 

area band in the lower Cr steel side along the weld fusion line. It has been reportedly found that the carbon- 

depleted area is soft and it has poor mechanical properties when operated in the creep temperature range 

(Dawson, 2012; Elder, 2011; Oates and Saitta, 1998). 
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2.14. Chapter Summary  

In summary, based on the available literature survey, there is a research knowledge gap on characterisation 

of a suitable weld filler to fuse a butt weld of creep aged X20 pipe material to a virgin P91 pipe material 

in consideration of attaining the optimal creep life from the affected weld joint. However there is vast 

published research pertaining to the development and characterisation of creep behaviour of parent 

material of both virgin X20 and P91 alloys without considering the effect of welding on the creep aged 

material. Literature reveals that these 9-12%Cr ferritic creep resistant alloys have proven to be the most 

economic high temperature power plant materials. The development of these alloy materials over the past 

decades have enabled a significant improvement on the power plant thermal efficiency and reduction in 

carbon dioxide (CO2) emissions. The main creep strength contributing parameters (i.e precipitates 

morphology, dislocation density and sub-grain size) have been explicitly characterised for these 9-12%Cr 

steels and it have been reportedly found that the latter P91 alloy has a better long term creep life as 

compared to the X20 alloy steel.  

 

The projections informed by the literature are showing that 9%Cr grade materials (in which P91 alloy 

belongs) are the future material in fossil power plant, due to their superior creep life while compared to 

the traditionally used 12%Cr grade materials (in which X20 alloy belongs) and will also be used in partial 

or fully system replacements. Therefore the characterisation of a dissimilar weld joint between a creep 

aged 12%Cr alloy steel and a virgin 9%Cr alloy steel to determine a suitable weld filler metal that will 

give optimal creep life is still needed to close this research knowledge gap. 
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CHAPTER 3 

3. EXPERIMENTAL METHODOLOGY 

3.1. Introduction 

 

The experimental approach that was adopted to achieve the objective of this research study entails the 

following; materials sample selection and preparation, welding process, post weld heat treatment, stress 

analysis, hardness testing, tensile testing, Charpy impact testing, uniaxial creep test, small punch creep 

test and microstructural evaluation, as per the flow chart in Figure 3.1. The details of this experimental 

methodology are elaborated in sections 3.2 - 3.10. 

 

Figure 3.1: Flow chart illustrating the experimental methodology that was followed to achieve the research objective. 

 

3.2. Materials 

The base materials used in this research work were seamless pipes of normalised and tempered new 

(virgin) P91 steel and service exposed X20 steel pipework used in power generation plants. The two pipes 

are shown in Figure 3.2. The creep cavitation damage level of the service exposed X20 material as 

expressed in terms of creep void density was 60 voids / mm2 as confirmed by the creep voids counting on 

the lifted surface replica micrographs shown in Figure 3.3.  
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The design temperature and pressure of the main-steam pipework materials are 544°C and 18.9 MPa, 

respectively, with a design operating life of 200 000 hours. However, the actual operating conditions were 

slightly lower (539°C and 17.1 MPa respectively), relative to the design conditions. 

 

 

 

Figure 3.2: Photograph showing the X20 and P91 base materials pipe samples with their respective dimensions. 

 

 

Internal Diameter = 336 mm 

Wall Thickness = 44 mm 

Two X20 base material samples 
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Figure 3.3: Surface replication micrographs of the base materials used, (a) X20 had 60 creep voids / mm2 and, (b) P91 had no 

creep damage (virgin material) at 500X magnification.  

The test pieces had a length of 200 mm, internal diameter (ID) of 366 mm, and the wall thickness (WT) 

of 44 mm for alloy X20 and the WT of P91 alloy was 42 mm, as summarised in Table 3.1. The outer 

diameter of X20 material pipe was machined to match that of P91 pipe by removing 2 mm on the outer 

wall radius (total of 4 mm on outer diameter). 

 

Table 3.1: Dimensions of the X20 and P91 test-pieces 

 X20 Pipe Material P91 Pipe Material 

ID (mm) 336 336 

OD (mm) 424 before machining 420 

WT (mm) 44 before machining 42 

 

The actual analysed chemical composition for the P91 (X10CrMoVNb9-1) and X20 (X20CrMoV11-1) 

pipe materials that were used in this study as well as the EN standards (BS EN 10216-2: 2002) 

specification are as shown in Table 3.2. The chemical composition of the TIG and the MMA consumables 

were compared to the manufacturer’s datasheet (Bohlër Welding, 2009) as tabulated in Tables 3.3 and 3.4 

respectively. 

(a) (b) 

Creep 

void 
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Table 3.2: Chemical composition (in wt.%) of X10CrMoVNb9-1 and X20CrMoV11-1 pipe materials, according to the chemical analysis certificate in comparison 

with EN standards (BS EN 10216-2: 2002). 

Steel Grade C Si Mn P 

max 

S 

max 

Cr Mo Ni Al tot Cu Nb V N 

X10CrMoVNb9-1 

Pipe Sample Results 
0.09 0.33 0.46 0.007 0.007 8.61 0.97 0.18 0.013 0.13 0.094 0.20 - 

X10CrMoVNb9-1 

Pipe Material (BS 

EN 10216-2: 2002) 

0,08 

to 

0,12 

0,20 

to 

0,50 

0,30 

to 

0,60 

0,020 0,010 

8,00 

to 

9,50 

0,85 

to 

1,05 

≤ 0,40 ≤ 0,040 ≤ 0,30 

0,06 

to 

0,10 

 

0,18 

to 

0,25 

0,030 

to 

0,070 

X20CrMoV11-1Pipe 

Sample Results 
0.16 0.22 0.56 0.009 0.007 11.7 0.96 0.69 0.029 0.08 0.021 0.29 - 

X20CrMoV11-1 Pipe 

Material (BS EN 

10216-2: 2002) 

0,17 

to 

0,23 

0,15 

to 

0,50 

≤ 1,00 0,025 0,020 

10,00 

to 

12,50 

0,80 

to 

1,20 

0,30 

to 

0,80 

≤ 0,040 ≤ 0,30 - 

0,25 

to 

0.35 

- 
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Table 3.3: Chemical composition (in wt.%) of X10CrMoVNb9-1 and X20CrMoV11-1 TIG rod welding consumables, according to Bohlër welding Technical 

handbook (Bohlër welding, 2009) 

Welding Consumable C Si Mn P 

max 

S 

max 

Cr Mo Ni W Cu Nb V N 

X10CrMoVNb9-1 – 

TIG wire (C9 MV-IG) 
0,11 0,35 0,45 - - 9,0 1,0 0,75 1,05 - 0,06 0,2 0,04 

X20CrMoV11-1 –TIG 

wire (20MVW-IG) 
0,19 0,37 0,55 0.010 0,003 11,1 0,85 0,1 0,42 < 0,1 <0,01 0,25 - 

 

Table 3.4: Chemical composition (in wt.%) of X10CrMoVNb9-1 and X20CrMoV11-1 MMA covered electrode welding consumables, according to Analysis Certificate and Comparison with Bohlër 

welding Technical handbook (Bohlër welding, 2009) 

Weld Sample / Welding 

Consumable 

C Si Mn P 

max 

S 

max 

Cr Mo Ni W Cu Nb V N 

X10CrMoVNb9-1 Weld 

Sample (MMA electrode 

sample results) 

0.079 0.26 0.59 0.01 0.013 8.59 1.03 0.49 - 0.05 0.061 0.22 - 

X10CrMoVNb9-1 (Böhler 

Fox C9 MV) 0.11 0.2 0.7 - - 9.0 1.0 0.75 - - 0.06 0.22 - 

X20CrMoV11-1 welding rod 

sample) Results 
0.12 0.28 0.67 0.009 0.012 10.8 0.92 0.49 - 0.04 0.022 0.22 - 

X20CrMoV11-1 (Böhler Fox 

20MVW) 0,18 0,24 0,67 0.010 0,007 10,8 0,90 0,5 0,50 < 0,1 < 0,01 0,21 - 
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3.3. Fabrication of Welds 

The welds fabrication process involved welding process, post weld heat treatment (PWHT) and non-

destructive testing (NDT). 

 

3.3.1 Welding Processes 

The welded joints of creep aged X20 steel and new P91 steel were prepared using the welding parameters 

given in Table 3.5. The weld preparation was a single-Vee joint type as shown on Figure 3.4.  

 

Figure 3.4: Schematic representation of a single-Vee joint type weld prepared-phase [distance is in mm and angle is in 

degrees] 

The weld pre-heat of 250°C was applied to the area to be welded before the commencement of the welding 

process. The pipes were welded using the Tungsten Inert Gas (TIG) welding process for the root pass, and 

Manual Metal Arc (MMA) welding for the filling of the passes. The TIG weld deposit thickness of 4 mm 

at the root was achieved by welding only two weld passes. The weld interpass temperature was 200°C-

300°C. The essential welding parameters that were used as determined from the recorded welding 

parameter sheets are presented in Table 3.5  

 

 

 

 

 

 

 

WT = 42  
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Table 3.5: Essential welding parameters used for TIG and MMA Welding processes 

 Process variables 

Welding parameters TIG MMA 

Welding current (A) 90 – 121 104 – 127  

Welding voltage (V) 8.7 – 12.8 19.7 – 22.8 

Time per run (s) 50 59 

Weld length (mm) 110 120 

Weld travel speed (mm/s) 2.2 2 

Heat Input (KJ/mm) 0.8 – 1.2 

using the arc efficiency 

of 0.35 

0.12 – 0.25 

using the arc efficiency of 

0.8 

 

3.3.2 Post Weld Heat Treatment 

The weld joints were allowed to cool to a temperature below 100°C before the samples were post weld 

heat treated (PWHT). The importance of cooling below 100°C was to ensure a fully transformed 

martensitic microstructure by reaching martensite finish (Mf) transformation temperature before PHWT 

as the residual untransformed austenite does not respond to the PWHT and can lead to fresh un-tempered 

martensite (Zhang et al., 2000). The PWHT for both weld joints was carried out in the furnace at 755°C 

for 4 hours (soaking time) using the ramp rates of 50°C per hour as shown in Figure 3.5. The choice of  

PWHT parameters was informed by the previous research publication on grade 9-12%Cr steels (Böhler 

welding, 2009) and with consideration of the condition of the creep aged X20 material, so that optimal 

tempering of the weld joint is achieved without compromising (over tempering) the creep aged material. 
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Figure 3.5: Post weld heat treatment profile applied on the weld joints at 755°C for 4 hours using the ramp rates of 50°C per 

hour. 

 

3.3.3 Non-Destructive Testing (NDT) on Welds 

Non-Destructive Testing (NDT) namely; MPI (Magnetic Particles Inspection), Phased-Array UT (PA 

Ultrasonic Testing) and Radiographic Testing (RT) were conducted after welding, to determine the 

soundness of the welded joints before further tests were carried out.  

 

The MPI testing was carried out using a Gammatec Yoke (with Serial Number ZY006) equipment in 

accordance to the DIN EN ISO 17638 - 2010 standard for quality schedule and DIN EN ISO 23278 – 2010 

standard for acceptance criteria. 

 

Phased array UT was carried out using an OMNI-M2-16128 (with Serial Number OMNI2-104877) 

instrument with probe type 5L64-A12 (probe serial Number H1414). The tests were carried out according 

to BS EN 1712 – 1997 standard for flaws acceptance criteria. 

 

Radiographic testing was carried out using IR-192 and film type AGFA D5 10X25 cm equipment, 

according to EN 1435 - 1997 specification standard and BS EN ISO 5817 – 2014 standard for acceptance 

criteria. 
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3.4. Analysis of Weld Residual Stresses 

Stress analysis was carried out to determine the residual stress levels acting on the pipe weld joints without 

the internal pressure stress and operating system loading using a laboratory X-ray diffraction equipment 

manufactured and supplied by Proto Manufacturing Ltd, with serial number 10202040111. The analysis 

was carried out on the as welded and post weld heat treated samples. Surface preparation was carried out 

to remove metal oxides and to obtain a smooth flat surface by means of mechanical grinding and polishing 

up to 3 μm surface finish, while taking care not to remove more than 1 mm metal wall thickness. The set-

up of the laboratory X-ray diffraction residual stress measurements technique that was used to measure 

the stresses on the weld joints is shown in Figures 3.6 – 3.7. Measurements of lattice parameters were 

made in the hoop and axial orientations. The parameters that were used for X-ray diffraction measurements 

on the sample using a tube with a Cr target are;  20 kV tube voltage, 4 mA tube current, Cr-Kα X-Ray 

with two detectors, 156.0° on the 211 plane Bragg angle (2), 1 mm collimator aperture diameter, and 3° 

psi oscillation 1s exposure. The instrument was calibrated using Fe powder sample for zero stress and a 

high stress reference sample of -496 MPa prior to recording measurements. 

 

 

 

Figure 3.6: Photograph showing the set-up of a laboratory X-ray diffraction residual stress measurements technique. 

 

Laboratory X-ray 

diffraction equipment 

Cross weld pipe sample 
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Figure 3.7: Photograph of a close-up view showing a set-up of a laboratory X-ray diffraction residual stress measurement 

technique being applied on a mechanically polished (3μm surface finish) cross weld pipe sample. 

 

3.5. Hardness Testing 

Samples sectioned from the two post weld heat treated pipes namely; (1) creep aged X20 PM  - X20 weld 

filler - new P91 PM and (2) creep aged X20 PM – P91 weld filler - new P91 PM cross weld specimens, 

were prepared following standard procedures for ferrous alloys. The samples were ground using a silicon 

carbide paper (80, 120, 240,500, 800 and 1200 grit size) and polished using 3 µm and 1 µm diamond 

paste. The samples were then etched using Villela’s Reagent (1gram picric acid, 5 ml hydrochloric acid 

and 100 ml ethanol). Macro, micro and nano-indentation hardness measurements were carried out on the 

prepared samples. 

 

Macro and micro Vickers hardness tests were carried out on the prepared samples using EMCO TEST 

DURASCAN Vickers hardness testing equipment. Hardness profiles were obtained across the weldments 

using a load of 10 kgF for macro hardness measurements and a load of 300 gF for micro Vickers hardness 

measurements. The indentation for macro and micro hardness measurements were in 1 mm and 0.5 

intervals, respectively. The dwell time for hardness indentations was 5 seconds. The micro hardness test 

trends were also used as markers for SEM and TEM analysis. 
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The Vickers hardness test method was as per the ISO 6507-1 standard of metallic materials (ISO 6507-1, 

2005). Hardness measurements were carried out on the BM, HAZ and the WM areas of the weldment 

samples. 

 

Nano-indentation hardness measurements were taken across the fusion line for the dissimilar weld 

metal/parent material samples to investigate a possible “carbon denuded” zone. A Berkovich (triangular) 

tip was used to perform the measurements at a load of 500 mN using the nanoindentation tester platform 

from CSM Instruments. The converted Vickers hardness measurement was calculated automatically from 

the load-displacement curve generated during indentation.  

 

3.6. Tensile Testing 

Tensile tests at room temperature (21°Ϲ), 500°Ϲ and 550°Ϲ were performed to study and compare the 

effect of maintenance welding on both weld joints (P91 weld filled joint and X20 weld filled joint). All 3 

test conditions for both samples (X20 and P91 filler weldment cross weld pipe sample) were duplicated, 

with the tests amounting to a total of 12 test specimens as summarised by the test matrix in Table 3.6. The 

test strain rate of 0.00025 s-1 was used. These tests were carried out on PWHT materials.  

 

Uniaxial tensile tests were carried out on the standard round gauge length tensile specimens using the 

Universal Tensile Testing Machine. The test load was applied as per the BS EN ISO 6892-1 standard of 

tensile testing method on metallic materials at ambient temperature (BS EN ISO 6892-1, 2009) and BS 

EN ISO 6892-2 standard of tensile testing method on metallic materials at elevated temperatures (BS EN 

ISO 2892-2, 2011). The weldment joint sample regions that were subjected to tensile testing included a 

BM, HAZ and WM as a cross weld joint sample. All tensile test specimens were sampled in the 

longitudinal direction of the pipe butt weld at the centre of the pipe wall thickness, only in MMA welded 

region without intersecting the TIG welded region. The test specimen had the 6mm diameter and the gauge 

length of 30mm. 

 

 

 

 

 

 

http://en.wikipedia.org/wiki/International_Organization_for_Standardization
http://en.wikipedia.org/wiki/International_Organization_for_Standardization
http://en.wikipedia.org/wiki/International_Organization_for_Standardization
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Table 3.6: Tensile Test Matrix 

 
Specimen No. Temperature (°C) 

X20 (X20CrMoV11-1) Filler 

weldment cross weld pipe  

1 21 

2 (Duplicate) 21 

3 500 

4 (Duplicate) 500 

5 550 

6 (Duplicate) 550 

P91 (X10CrMoVNb9-1) Filler 

weldment cross weld pipe  

7 21 

8 (Duplicate) 21 

9 500 

10 (Duplicate) 500 

11 550 

12 (Duplicate) 550 

 

3.7. Charpy Impact Testing 

The Charpy impact test, also known as the Charpy V-notch test, is a material toughness test by high strain-

rate testing that involves striking and breaking a standard notched specimen with a controlled weight 

pendulum swung from a set height (ASTM: A370 – 97a, 1997). The Charpy impact test assists in 

measuring the amount of energy absorbed by the material specimen during fracture. The amount of energy 

absorbed during fracture is recorded and this provides toughness level of the tested material. The test 

reveals whether the material can be classified as brittle or ductile.  Brittle materials absorb a small amount 

of energy during impact testing, whereas ductile materials absorb substantial amount of energy (ASTM: 

A370 – 97a, 1997). 

 

Samples sectioned from post weld heat treated (i) creep aged X20 PM welded with X20 weld filler to new 

P91 PM and (ii) creep aged X20 PM welded with P91 weld filler to new P91 PM, as cross weld specimens 

were prepared following standard procedure for notched Charpy impact testing, with the specimen size of 

10 × 10 × 55 mm. All specimens were sampled in the longitudinal direction of the pipe butt weld, in the 
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MMA welded region without intersecting the TIG welded region. These samples were then notched at the 

centre of the weld metal from the weld cap side. 

 

Impact test were carried out in accordance with ASTM standard test methods for notched bar impact 

testing of metallic materials (ASTM: E23 − 12c, 2016). The impact test temperature for all samples was 

kept at 21ᵒC.  Two different samples (i.e. (i) with X20 weld filler and (ii) that of P91 weld filler) with their 

duplicates were tested. 

 

3.8. Small Punch Creep Tests 

Small punch creep test (SPCT) samples were removed from the parent material (P91 and X20), weld 

metal, and the fine-grained heat affected zone (FGHAZ) from both sides of each weldment. In order to 

ensure that the FGHAZ samples were extracted from the correct location, the weld cross section had to be 

polished and etched to identify the different weld regions. The FGHAZ samples were the most critical 

sections that were to be removed from the correct position, since FGHAZ is a narrow zone of ~1.0 – 1.5 

mm. Once discs were removed from these regions, they were polished on both sides to a final thickness 

of 500 μm and etched with Villela’s Reagent (1 g picric acid, 5 ml hydrochloric acid and 100 ml ethanol) 

to ensure that the microstructure was mostly similar on both sides.  

 

Sections were cut from the butt welded samples which were polished to a final finish using 0.05μm 

colloidal silica and etched with Villela’s reagent. The samples welded with X20 filler metal are shown in 

Figure 3.8, while the samples welded with P91 filler metal are shown in Figure 3.9.  
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Figure 3.8: Macrographs indicating the weld metal, HAZ and parent material of (a) the X20 weld filler metal, P91 parent 

material side and (b) X20 weld filler metal, X20 parent material side. 

 

  

Figure 3.9: Macrographs indicating the weld metal, HAZ and parent material of (a) the P91 weld filler metal, P91 parent 

material side and (b) P91 weld filler metal, X20 parent material side. 

 

To ensure that the fine-grained HAZ area was properly sampled, the samples were scribed along the edges 

of the HAZ (X20 filler metal samples are shown in Figure 3.10, while P91 filler metal samples are shown 

in Figure 3.11). Slithers were wire-cut from the samples, and SPCT discs were removed from these slithers 

a 

a b 
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at a position which coincided with the centre of the pipe wall thickness. The slithers were extracted from 

the samples as shown in Figure 3.12.  

 

 

 

Figure 3.10: Stereo macrographs with scribe lines indicating where the HAZ samples were removed from the X20 weld filler 

material sample (a) P91 parent material side, (b) X20 parent material side. 

 

 

 

Figure 3.11: Stereo macrographs with scribe lines indicating where the HAZ samples were removed from the P91 weld filler 

material sample (a) P91 parent material side, (b) X20 parent material side. 

 

  

Figure 3.12: Photograph showing extraction of slithers where SPCT disc samples were removed. 
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To ensure that the samples from the HAZ were of the correct microstructure, the sectioned discs were 

ground incrementally. Both faces were polished and etched, and the surfaces were examined using light 

microscopy to ensure that the microstructure was similar on both sides (i.e. both front disc faces and rear 

disc face), and consistent with a fine-grained HAZ appearance. When the microstructure was not 

acceptable, the sample was ground further, and this process was repeated until acceptable microstructure 

was attained. The resultant microstructures (at a thickness of approximately 500 μm) are shown in Figure 

3.13 and Figure 3.14 for X20 filler metal and P91 filler metal samples respectively. 

 

 Front Face (Side) Rear Face (Side) 

X20 

FM / 

X20 

HA

Z 

  

X20 

FM / 

P91 

HA

Z 

  

Figure 3.13: Micrographs showing the appearance of the microstructure on each side of the SPCT disc of the X20 weld filler 

metal samples, at a thickness of approximately 560 μm. 
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Figure 3.14: Micrographs showing the appearance of the microstructure on each side of the SPCT disc of the P91 weld filler 

metal samples, at a thickness of approximately 560 μm. 

 

The samples were tested using the small punch creep testing (SPCT) machine at eNtsa at the Nelson 

Mandela University.  Figures 3.15 - 3.17 show the SPCT machines that were used. These machines were 

developed by eNtsa at the Nelson Mandela University and hence the name; eNtsa NMU SPCT machine. 

The test parameters were chosen such that the P91 parent material would reach a rupture time of 

approximately 500 hrs. The test parameters were based on previous studies from previous research on P91 

samples. The tests were carried out at a load of 276 N, and a temperature of 625°C. 
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Figure 3.15: Photograph showing eNtsa’s SPCT equipment facility that has 11 testing platforms in total at NMU. 

 

 

Figure 3.16: Photograph showing the close-up view of eNtsa’s SPCT frames/equipment. 
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Digital analog and computation system 
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Figure 3.17: Photograph showing the close-up view of an opened eNtsa’s SPCT equipment, indicating the sample loading 

and heating zone (furnace). 

 

 

The SPCT was performed on the 8 different regions of the cross-weld samples at constant test temperature 

and load as shown in the test matrix in Table 3.7. 
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Table 3.7:  Small Punch Creep Test Matrix 

 
Specimen No. Temperature (°C) Load (N) 

P91 Parent Material 1 625 276 

X20 Parent Material 2 625 276 

P91 Weld Material 3 625 276 

X20 Weld Material 4 625 276 

P91 FGHAZ adjacent to P91 WFM 5 625 276 

X20 FGHAZ adjacent to P91 WFM 6 625 276 

P91 FGHAZ adjacent to X20 WFM 7 625 276 

X20 FGHAZ adjacent to X20 WFM 8 625 276 

3.9. Uniaxial Creep Test 

Cross-weld and parent metal uniaxial creep tests were conducted using Applied Test Systems (ATS) 2330-

CCM-230 Series 2330-CCM Lever Arm creep machines to assess the creep behaviour of the two 

dissimilar joints. The creep tests were conducted at 610°C, under the applied stress of 63 MPa and 80 MPa 

in an inert (argon gas) environment to avoid excessive high temperature oxidation. All these test conditions 

had duplicate tests except the X20 parent material as summarised by the test matrix in Table 3.9.  

 

Table 3.7: Uniaxial Creep Test Matrix 

 
Specimen No. Temperature (°C) Stress (MPa) 

X20 (X20CrMoV11-1) 

Filler weldment cross 

weld pipe  

1 610 63 

2 (Duplicate) 610 63 

3 610 80 

4 (Duplicate) 610 80 

P91 (X10CrMoVNb9-1) 

filler weldment cross 

weld pipe 

5 610 63 

6 (Duplicate) 610 63 

7 610 80 

8 (Duplicate) 610 80 

X20CrMoV11-1 Parent 

material pipe  
9 610 80 
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The round tensile test specimens with 77 mm (length) × 10 mm (diameter) uniform gauge cross section 

was machined from the welded joints. Figure 3.18 shows the schematic representation of a creep test 

specimen. 

 

 

 

Figure 3.18: Schematic representation of a cross weld uniaxial creep test specimen showing the dimensional details in mm. 

 

3.10. Microstructural Characterisation  

The microstructural characterisation of dissimilar butt welds of creep aged X20 and virgin P91 steels pipes 

were studied in the laboratory using optical microscopy (OM), scanning electron microscopy (SEM), 

transmission electron microscopy (TEM) and X-Ray diffraction (XRD) techniques.  

3.10.1 Optical microscopy 

 

The objective of utilising the optical microscopy was to identify and evaluate the phase constituents and 

to count the creep voids (creep density) at 500X magnification. The evolution of creep voids during 

welding and creep testing was studied by evaluating creep voids on the BM, HAZ and WM.  

 

3.10.2 Scanning Electron Microscopy 

 

The scanning electron microscope with EDX (Energy Dispersive X-rays) was used to determine the 

composition of the phases and carbides present in the matrix. Scanning electron microscope (SEM) 

imaging was performed using secondary electrons (SE) and backscattered electrons (BSE) in a JEOL JSM 

7001F instrument fitted with an X-Max 20mm2 energy dispersive spectrometer (EDS) from Oxford 

Instruments. 

1
0
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The electron backscattered diffraction (EBSD) and transmission Kikuchi diffraction (TKD) data were 

collected using a Nordlys HKL high-sensitivity detector. Simultaneous EDS measurements were taken 

from the samples during the EBSD/TKD acquisition using the AZTec software from Oxford Instruments. 

The results were then processed using the Channel5 HKL software for the visualisation and exporting of 

the data.  

 

3.10.3 Transmission electron microscopy (TEM) 

 

Transmission electron microscopy was used to analyse the morphology of the carbide precipitates and 

sub-grains. This fulfilled the objective of analysing the dislocation networks.  

Site-specific samples in the heat affect zones (HAZ), parent material (PM) and weld metal (WM) of each 

of the weldments were identified using optical microscopy on the etched surfaces. The 2 mm thick sections 

were removed from the HAZ using electro-discharge machining. These sections were then further sized 

down to 500 µm thickness followed by mechanical punching to remove 3 mm disks that were subjected 

to jet-poling using a 5% Perchloric acid – methanol solution to electron transparency. The samples were 

investigated using TKD-EDS, ADF-STEM, XRD, EBSD and BSE to measure the different 

microstructural features (i.e. precipitates, sub-grains/micro-grains and dislocations). For each sample, a 

TKD-EDS map of a single 10 × 10 µm area was collected, and 10× images (5×5 µm area) were taken 

using ADF-STEM for the sub-structure and dislocation analysis. EBSD bulk scans were performed on the 

surface (250 ×180 μm) using a step size of 0.2 μm on the jet-polished samples. The micro-grain size was 

measured from the EBSD data, using the minor axis (short-width) of elongated (aspect ratio > 2) micro-

grains (ϴc = 2°) in the sample. Polished samples were sent for XRD analysis over the angular range of 20 

– 100° 2ϴ, this range included the three peaks for ferrite (α) iron. Whole pattern Rietveld refinement using 

TOPASTM was used to determine the crystallite size (L) and micro-strain broadening (ε0) for each sample. 

These values were then used to calculate the free-dislocation density of the sample. The surface of the jet-

polished samples was imaged using 5 kV backscattered images to investigate the presence of Laves phase, 

show the sub-structure of the micrograins and the location of the M23C6 and MX precipitates relative to 

the sub-structure. 
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Scanning electron microscope (SEM) imaging was performed using secondary electrons (SE) and 

backscattered electrons (BSE) in a JEOL JSM 7001F instrument fitted with an X-Max 20mm2 energy 

dispersive spectrometer (EDS) from Oxford Instruments. 

 

The electron backscattered diffraction (EBSD) and transmission Kikuchi diffraction (TKD) data were 

collected using a Nordlys HKL high-sensitivity detector. Simultaneous EDS measurements were taken 

from the samples during the EBSD/TKD acquisition using the AZTec software from Oxford Instruments. 

The results were then processed using the Channel5 HKL software for the visualisation and exporting of 

the data.  

 

Low angle annular dark-field (ADF) images were collected from the jet-polished samples using a JEOL 

JEM 2100 LaB6 transmission electron microscope (TEM) in scanning mode (ADF-STEM) using a camera 

length of 40 cm. 

 

3.10.4 X-ray diffraction 

 

Dislocation densities in all samples were quantified by using a powder X-ray diffraction peak profile 

analysis. The samples were scanned from 20º to 120º degrees 2θ, to include the three peaks for ferrite (α) 

iron. A silicon powder reference sample was used to calibrate the instrument line broadening. TOPASTM 

software was used to apply whole pattern Rietveld refinement to determine the crystallite size (Crys-L) 

and micro-strain (ε0) in the sample, from which the dislocation density was determined.  

 

MIPARTM was used for the automatic thresholding and quantification of the different microstructural 

features from the various images collected on the electron microscopes.  
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CHAPTER 4 

4. RESULTS AND DISCUSSION 

4.1. Introduction 

 

Chapter 4 presents the results and discussion of all tests, analyses and characterisation that were carried 

out in this study to determine the suitable weld filler for a butt weld of a creep aged X20 to virgin P91 

pipe material. The results and discussion are presented in sections 4.2 – 4.8. Section 4.2 consists of  NDT 

on fabrication of welds, 4.3 residual stress analysis, 4.4 mechanical testing ((both room temperature and 

hot tensile tests), hardness testing (i.e. macro, micro and nano-indentation hardness tests), Charpy impact 

tests), 4.5 microstructural characterisation (for both pre creep and post creep test conditions), 4.6 diffusion 

chemical analysis, 4.7 creep test (both uniaxial and small punch creep tests) and 4.8 microstructural 

characterisation after uniaxial creep testing. 

    

4.2. Non-Destructive Testing (NDT) on fabrication of welds 

 

Weldability of dissimilar creep strength enhanced ferritic (CSEF) such as the alloys used in this research 

study (X20 and P91), is influenced by both the metallurgical and non-metallurgical factors. These factors 

include composition of the parent and weld filler metals, mechanical properties, process parameters and 

restraint. These factors are qualified by performing weldability test during fabrication and during service 

(Abstoss et al., 2019; David et al., 2013).  

Qualification of dissimilar welds forms an integral part of the welding procedures, choice of filler material 

and post weld heat treatment. The dissimilar welds between X20 and P91 were subjected to the standard 

qualification process which included the performance of non-destructive and mechanical tests evaluation. 

The purpose of these tests was to make sure that the welded joints are sound with no defects and have the 

required strength and toughness. Ordinarily, welded joints are not defect free, hence acceptance criteria 

are used to determine if the defects are acceptable or not.   

The three NDT methods that were used to evaluate the soundness of the fabricated welds are magnetic 

particle inspection (MPI), phase array ultrasonic testing (PA-UT) and radiography testing (RT). The 

different techniques were used because of their respective capabilities and limitations. 
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4.2.1 Magnetic Particle Inspection 

Magnetic particle inspection was used to evaluate surface cracks with acceptance criteria according to 

DIN EN ISO23278 2010. The MPI results showed that there were no defect indications on both the X20 

weld and the P91 weld joints at the time of inspection. 

4.2.2 Phase Array Ultrasonic Testing (PA-UT) and Radiography Testing (RT) 

Volumetric inspection of inner defects such as pore, internal cracks, and fusion were assessed using PA-

UT and RT. The acceptance criteria guidelines were set out according to BS EN 1712 1997 for PA-UT, 

and BS EN ISO 5817 2014 for RT. Both PA-UT and RT also confirmed that the welded sample were 

acceptable in accordance with the NDT acceptance criterion specification. From the results obtained, it 

was concluded that both weldments were defect free. 

The use of either X20 or P91 weld filler had no relevant recordable weld defects indications as revealed 

by the applied NDT (i.e. surface crack test and volumetric inspections) that was carried out on both butt 

welds pipe samples. The absence of relevant recordable indications on both butt welds pipe samples 

provided the assurance of the weld integrity of the joints and eliminated the uncertainty on the possibility 

of weld defects that could have a detrimental effect on weld performance test to be carried out. Both welds 

were acceptable in accordance with the NDT acceptance criteria specification. 

4.3 Residual Stress Analysis 

The thermal cycles induced during welding introduce residual stresses and distortion in welded joints 

(Ahmed et al., 2018; David et al., 2013). The challenge with residual stresses is that it affects the weld 

performance by increasing stress corrosion cracking, heat cracking and hydrogen induced cracking (David 

et al., 2013). However, the detrimental effects presented by residual and triaxial stresses can be mitigated 

by performing post weld heat treatment (PWHT). Therefore, stress analysis was performed to analyse 

weldment residual stresses on the pipe weld joints of as welded and post weld heat treated samples. The 

residual stress measurement results were generated by using a laboratory X-ray diffraction technique with 

a Proto iXRD combo instrument by means of the sin²ψ technique. The overall accuracy of the 

measurements, taking into account curve fitting and material properties was estimated at ± 50 MPa. The 
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limitation of X-ray diffraction for measuring residual stresses close to the surface is approximately < 

0.025mm depth (Prevéy, 1986). 

Figures 4.1 (a) and (b) depicts the plot of axial and hoop residual stresses of X20 weld and the P91 weld 

before heat treatment. From the plots it was observed that the parent material was under tension whilst the 

weld was under compressive stresses. This observation is similar to that of a finite element analysis study 

of the residual-stress level analysis on the circumferential weld constructed by multi-pass welding on a 

stainless sample (Brikstad et al., 1998), which showed that as the number of weld passes increased the 

residual stress on the outside surface can go into compression. The average compressive stresses in the 

X20 and P91 welds were -185 MPa and -148 MPa, respectively.  

The as-welded samples were subjected to PWHT, with the intention of improving mechanical properties 

such as hardness, creep strength and toughness, and prevent premature Type-IV cracking (Pandey et al., 

2019; Wang et al., 2018). 

Results presented in Figures 4.2 (a) and (b) show the response of the welded joints after PWHT. From the 

figures, it was evident that PWHT led to a substantial reduction in both the compressive and tension 

stresses in the welded joints. The compressive stresses in the X20 and P91 weld joints were reduced to -

52 MPa and -43 MPa, respectively after heat treatment.  
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Figure 4.1: Residual axial and hoop stress measurement profile on as welded condition for X20 to P91pipes welded with (a) X20 weld filler and (b) P91 weld filler. 
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Figure 4.2: Residual axial and hoop stress measurement profile on as heat treated condition for X20 to P91pipes welded with (a) X20 weld filler and (b) P91 weld filler. 

 

 

Based on the results of this residual stress analysis, there is no significant differences in the stresses found in the two cross welds. Both weld 

fillers had the same residual stress distribution effects across the welded joints. This could have been due to the fact that X20 and P91 have 

similar properties and are therefore comparable. 
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4.4 Mechanical Testing 

Mechanical tests were conducted to assess the soundness of the weld joint, and to evaluate the effect of 

PWHT. Mechanical tests results presented in this section include hardness, room temperature tensile, hot 

tensile and impact tests. 

4.4.1 Hardness Test 

Macro and micro hardness tests were carried out across the weldments on the 1 μm polished surface finish. 

The hardness traverses were carried out across the weldment joint from X20 parent material side to P91 

parent material side as illustrated in Figure 4.3. 

 

 

Figure 4.3: Photograph of the etched cross weldment showing hardness traverses tests indentations carried out from creep 

aged X20 PM side (LHS) to the virgin P91 PM side (RHS). 

4.4.2 Macro Hardness Test 

The hardness traverse results are shown in Figure 4.4. Macro hardness variations were observed in the 

different regions across the welded joint. For X20 weld filler sample the maximum hardness recorded in 

the HAZ region was 255 HV10 whilst the hardness in the weld metal was 262 HV10. The reported hardness 

X20 PM Weld 

(X20 filler for this sample) 
P91 PM 
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values are within the required specification limit of less than 300 HV for EN 10216-2:2002+A2:2007 (E) 

code.  

 

The maximum hardness for P91 weld filler sample was 264 HV10 in the HAZ, and 240 HV10 in the weld 

metal. The hardness values in the HAZ and the weld metal are within the required specification limit of 

280 HV10 for P91 material according to the EN 10216-2:2002+A2:2007 (E) code. The hardness values 

obtained on the X20 PM averaging at 238 HV10 was within the required specification (216 – 257 HV10) 

for EN 10216-2:2002+A2:2007 (E) code. The hardness value of P91 PM was recorded as 206 HV10 and 

was within the required specification of 194.84 - 254.84HV10 for EN 10216-2:2002+A2:2007 (E) code.  

 

It is worth noting that the hardness of X20 PM is higher than the hardness of P91 PM. The difference in 

hardness values between X20 and P91 parent materials can be attributed to high carbon content in X20 (C 

= 0.16 wt.%) while P91 has lower carbon content of 0.09 wt.% (Bròzda and Zeman, 2003). From the 

macro hardness results it was deduced that the PHWT was effective in tempering the microstructure of 

the weldments. 

 

 

Figure 4.4: Macro hardness traverse for both X20 and P91 weld filler cross weld joints. 
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Based on the results of these macro hardness tests, there are no observed significant differences between 

X20 and P91 weld filler cross weld joint samples. Both weld fillers had the comparable hardness profile 

across the welded joints.  

 

4.4.3  Micro Hardness Test 

Microhardness was carried out using a 300 gf Vickers load and the hardness results are shown in Figure 

4.5. The hardness indentation spacing intervals was set at 0.5 mm on the PM (Parent Material) and the 

WM (Weld Metal). However, on the HAZ region, the indentation intervals were minimised to 0.25 mm 

so that the hardness of all the different HAZ zones (i.e. coarse-grained (CGHAZ), inter-critical (ICHAZ) 

and fine-grained (FGHAZ) heat affected zone) were measured.  

 

The lowest hardness value of 224 HV was obtained in the X20’s ICHAZ that was welded using the X20 

weld filler, whilst the hardness of 226 HV was recorded on the X20’s ICHAZ that was welded using P91 

weld filler. On the P91 ICHAZ side, for both weldment samples (i.e. (i) with X20 filler weldment and (ii) 

with P91 filler weldment), similar hardness value of 188 HV was obtained. The soft zone in the ICHAZ 

was due to partial austenitisation during welding whereas the remaining tempered martensitic structure 

was over-aged as a result of the welding thermal cycle experienced by the joint and subsequent PWHT 

(Paddea et al., 2011). The thermal cycles and PWHT induced a relatively soft microstructure which lost 

its strengthening mechanism due to the dissolution of carbo-nitrides which are essential for creep 

resistance (Paddea et al., 2011; Zhang et al., 2000). 
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Figure 4.5: Micro hardness traverse for both X20 and P91 weld filler across weld joints. 

Based on the results of the micro hardness tests, both X20 and P91 weld filler cross weld joints have 

comparable hardness profile. It is therefore conclusive that both weld fillers have similar effect on the 

hardness trends for the HAZ and PM.  

 

4.4.4 Tensile Test 

Tensile tests were carried out on two cross weld test pieces (creep aged X20 and virgin P91) using either 

X20 or P91 weld filler. The test was carried out to evaluate the strength performance of the X20 and P91 

weld metals. The typical tensile stress vs strain curves of high strength and ductility materials obtained 

during tensile testing is shown in Figure 4.6.  
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Figure 4.6: Mechanical tensile stress vs tensile strain curves typical of high strength and high ductile materials after post 

weld heat treatment (Example from X20 weld filler cross weld sample tested at 21°Ϲ with its duplicate 

sample). 

The tensile test results of all 3 test conditions (21°Ϲ, 500°Ϲ and 550°Ϲ) are presented and discussed under 

the following subsections. 

 

4.4.5 Room Temperature (21°Ϲ) Tensile Test 

The results of room temperature tensile test are shown in Figure 4.7. The resultant ultimate tensile strength 

(UTS) measured was 738 MPa and 724 MPa for the X20 and P91 filler welded samples, respectively. The 

UTS results conform to the requirements of EN 10216 code (BS EN 10216-2, 2013) in which X20 has 

UTS ranging between 690 – 840 MPa, and P91 has UTS of 630 – 830 MPa. The measured yield strength 

of X20 filler welded sample and P91 filler welded sample was 576 MPa and 584 MPa, respectively. The 

yield strength of both samples conforms to the requirements of EN 10216-2:2013 (E) code (BS EN 10216-

2, 2013) which specify yield strength ≥ 490 MPa for X20 PM and ≥ 450 MPa for P91 PM.  The slight 

difference in tensile strength results between X20 and P91 filler welded sample is considered to be within 

the same scatter band. 
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Tensile rupture occurred at the P91 PM side of the weldment on both samples and these findings agree 

with EN 10216 code (BS EN 10216-2, 2013) considering that P91 PM has lower tensile properties 

compared to X20 PM. The difference in tensile properties can be attributed to lower carbon content of the 

P91 PM. The tensile properties are consistent with the results obtained from hardness traverses.  

  

 

Figure 4.7: Room temperature (21°Ϲ) yield strength and UTS for both X20 weld filler cross weld specimen (on the left hand 

side) and P91 weld filler cross weld specimen (on the right hand side). 
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The fracture surface of the test specimens was typical of a ductile fracture mode with an appearance of 

partial ductility (low /limited ductility) morphology with a dull greyish colour appearance as shown in 

Figure 4.8. This limited ductility appearance is consistent with the obtained tensile test area reduction of 

5% and the elongation of 11%. The limited ductility can be attributed to room temperature test. 

 

  

Figure 4.8: Fracture surface image of the room temperature tensile tested specimen  with the appearance of partial ductile 

(low / limited ductility)  morphology with a dull (greyish) colour appearance (a) Fractured half sample (towards 

X20 PM side, (b) Fractured half sample (towards P91 PM side). 

 

The tensile test results at room temperature (21°Ϲ) revealed that both X20 filler and P91 filler are quite 

comparable to fuse with creep aged X20 PM and P91 PM. Consequently, there is no apparent evidence 

that can be used to choose one filler over the other. Moreover, the tensile rupture did not occur on either 

the weld material, HAZ regions or the service exposed X20 parent material, it consistently occurred on 

the P91 parent material as a result of its design of lower mechanical strength at lower temperature as 

compared to X20 parent material. Therefore, there is no observed distinct effect on using either X20 or 

P91 weld filler with respect to mechanical properties performance.

(a)  (b)  
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4.4.6  Hot Tensile (500°Ϲ) Test 

Figure 4.9 show the results of hot tensile tests that were carried out at 500°Ϲ. The measured resultant yield 

strength (YS) for X20 filler welded sample and P91 filler welded sample were 409 MPa and 412 MPa, 

respectively. The UTS results reported for X20 and P91 filler welded samples were recorded at 452 MPa 

and 457 MPa, respectively. The hot tensile properties of both samples conformed to the specification 

requirements of EN 10216-2:2013 (E) code (BS EN 10216-2, 2013) which specify the yield strength ≥ 

290 MPa for X20 parent material and ≥ 319 MPa for P91 parent material. 

 

Tensile rupture occurred on the X20 parent material location on both samples and these findings agree 

with EN 10216-2:2013 (E) code considering that at elevated temperatures (500°Ϲ) X20 parent material 

has lower tensile strength than P91 parent material (BS EN 10216-2, 2013). This can be attributed to 

higher thermal stability of P91 material as compared to X20 due to the optimised chemical composition 

of P91 material for high temperature application (Iseda et al., 1988; Masuyama, 2000). The minor 

difference of tensile strength results between X20 and P91 filler welded sample is considered to be within 

the same scatter band. These results revealed that there is no effect on using either X20 or P91 weld filler 

material on the tensile strength of these dissimilar cross weld samples. 

  

Figure 4.9: Yield strength and ultimate tensile strength for X20 (on the left hand side) and P91 (on the right hand side) weld 

filler cross weld specimens at 500°Ϲ  
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The fracture surface of the investigated samples was typical of a ductile fracture mode and has a cup and 

cone shape with dull (greyish) colour appearance as shown in Figure 4.10. This apearence of high ductility 

is in agreement with the obtained tensile test reduction in area (70%) as well as the elogation (14%). 

 

  

Figure 4.10: Fracture surface stereo image of the 500°Ϲ hot tensile tested specimen showing cup and cone shape with dull 

(greyish) colour appearance (a) Fractured half sample (towards X20 PM side, (b) Fractured half sample 

(towards P91 PM side). 

Based on these high temperature (500°Ϲ) tensile test results, it is conclusive that both X20 filler and P91 

filler are quite comparable to fuse with creep aged X20 PM and P91 PM. There is no effect on using either 

X20 or P91 weld filler material on the tensile strength of these dissimilar cross weld samples.

(a)  (b)  
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4.4.7 Hot Tensile (550°Ϲ) Test 

 

Figure 4.11 show the results of hot tensile tests that were carried out at 550°Ϲ. The measured yield strength 

is 352 MPa and 353 MPa for X20 filler welded sample and P91 filler welded sample, respectively. The 

measured resultant ultimate tensile strength (UTS) is 413 MPa and 404 MPa for X20 filler welded sample 

and P91 filler welded sample, respectively. Both samples conform to the requirements of EN 10216-

2:2013 (E) code (BS EN 10216-2, 2013) which specify the yield strength ≥ 250 MPa for X20 parent 

material and ≥ 270 MPa for P91 parent material. 

 

Tensile rupture occurred on the X20 parent metal location on both samples and these findings are 

supported by the EN 10216-2:2013 (E) code considering that at elevated temperatures (500°Ϲ) the X20 

parent metal has lower tensile strength than P91 parent metal (BS EN 10216-2, 2013). This can be 

attributed to higher thermal stability of P91 material as compared to X20 due to the optimised chemical 

composition of P91 material for high temperature application. The small difference of tensile strength 

results between X20 and P91 filler welded sample is considered to be within the same scatter band. These 

results revealed that there is no effect on using either X20 or P91 weld filler material on the tensile strength 

of these dissimilar cross weld samples since none of the tensile rupture occurred on neither the weld 

material nor HAZ regions. 
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Figure 4.11: Yield strength and UTS for X20 weld filler cross weld specimen (on the left hand side) and P91 weld filler 

cross weld specimen (on the right hand side) at 550°C. 
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The fracture surface is typical of a ductile fracture mode and has a cup and cone shape with dull (greyish) 

colour appearance as shown in Figure 4.12. The obtained tensile test reduction in area of 79% as well as 

the elongation of 15% are consistent with this ductile fracture surface appearance.   

 

  

Figure 4.12: Fracture surface stereo image of the 550°Ϲ hot tensile tested specimen showing cup and cone shape with dull 

(greyish) colour appearance (a) Fractured half sample (towards X20 PM side, (b) Fractured half sample 

(towards P91 PM side). 

 

In summary based on the results from 3 tensile test conditions (21°Ϲ room temperature, 500°Ϲ and 550°Ϲ) 

that were carried out, the strength performance of both cross welds samples fused by either X20 or P91 

weld metals is satisfactorily meeting the code requirements (BS EN 10216-2, 2013). As expected and in 

line with literature (Xiong and Liew, 2020), the tensile strength decreased with an increase in test 

temperature (i.e. UTS at room temperature was ranging  from 724 – 738 MPa, at 500°Ϲ UTS ranged 

between 452 – 457 MPa, and at 550°Ϲ UTS was  404 – 413 MPa. Similar trend was also observed on the 

yield strength as illustrated in Figure 4.13.  

 

 

(a)  (b)  
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Figure 4.13: Mechanical tensile test results as a function of change in test temperature conditions (21ᵒC, 500ᵒC and 550ᵒC) 

for cross weldment fused by X20 and P91 weld filler material. 

 

 

There was no noticeable difference on strength performance when comparing the results for both 

dissimilar cross weldment fused by either X20 or P91 weld filler material.  None of the tensile rupture 

occurred on the weld material or on HAZ regions. All tensile rupture occurred on the parent material that 

has the lower mechanical strength at the specific test temperature (BS EN 10216-2, 2013). Therefore, it is 

conclusive that based on the mechanical tensile test results, both weld fillers (X20 and P91) are compatible 

to fuse the virgin P91 to creep aged X20 materials.
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4.4.8 Charpy Impact Toughness 

 

Charpy impact tests were carried out to study and compare impact toughness for both welded joints. The 

specimens tested were notched in the weld metal. The results revealed that impact toughness (energy 

absorbed) of P91 weld material (50 J) is higher than the energy absorbed by X20 (44 J) weld material by 

12% as shown in Table 4.1. This is attrubuted to the higher carbon content of the X20 weld metal (0.12 

wt % C) compared to P91 weld metal (0.09 wt % C) (Bròzda and Zeman, 2003). Both X20 and P91 weld 

filler metals did meet the specified minimum absorbed energy of 35 J and 47 J respectively as per the 

Böhler welding technical handbook (Böhler welding, 2009).  

 

Table 4.1: Room temperature (21°Ϲ) Charpy impact test results for X20 weld filler and P91 weld 

filler cross welds vs Böhler welding technical handbook (Böhler welding, 2009).  

Weld Sample Test Results, 

Total Energy Absorbed (J) 

Bohlër Welding Specification 

Required Energy Absorbed (J) 

X20 Weld Filler  

(Böhler Fox 20MVW) 

44 ≥ 35 

P91 Weld Filler  

(Böhler Fox C9 MV) 

50 ≥ 47 

 

The fracture surfaces for both tested specimens are typical of a ductile fracture mode and have a cup and 

cone morphology, with dull (greyish) colour appearance as shown in Figure 4.14. 
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 LHS Fractured Half Sample (Towards X20 PM Side) RHS Fractured Half Sample (Towards P91 PM Side) 

X20 Weld 

Filler 

Metal 

Sample 

  

P91 Weld 

Filler 

Metal 

Sample 

  

Figure 4.14:  Stereo microscope  images of impact fracture surfaces filler metals showing features of ductile fracture; dull grey colour with cup and cone morphology 

appearances. 
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4.5 Microstructural Characterisation 

This section presents microstructural characterization of the X20 filler and P91 filler welded materials 

after PWHT, but before creep testing. Areas of interest that were analysed are the base metal, weld metal 

and the heat affected zone. 

4.5.1 Microstructural Characterisation of Post-Weld Heat Treated Weldments 

Microstructural characterization was carried out on weldment samples after PWHT to quantify the 

microstructural parameters contributing to creep strength.  Specific locations (of the cross weldments) 

were carefully selected for the analysis.  Site-specific samples in the heat affect zones, parent metals and 

weld metal of each weldment were identified using optimal microscopy, on etched surfaces as show in 

Figures 4.15 – 4.18. 

. 

 

 

 

Figure 4.15: Photograph of an etched cross sectional view of the cross weldment showing the specific locations that were 

carefully identified in order to quantify the microstructural parameters. [Etched in Villella’s reagent]. 

P91 PM 

See 

Fig. 4.16(b) 

X20 PM 

See 

Fig. 4.16(b) 

 

Weld Filler 
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Fig. 4.18 

 

FGHAZ 
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Fig. 4.17(a) 

 

FGHAZ 

See 

Fig. 4.17(b) 
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4.5.1.1 Parent Materials Microstructures 

 

Figure 4.16 shows  the tempered martensite microstructure of the parent materials, a)  X20 and b) P91.  

Occasional creep voids are visible on the X20 PM, and none on the virgin P91 material. The X20 

microstrucrure is typical of the austenitised, normalised and tempered heat treated X20 parent material, 

and it shows no microstructural anomalies other than creep voids. This microstructure is characteristic of 

X20 material that was subjected to a heat treatment cycle consisting of austenitizing between 1020 - 1080 

ᵒC, normalisation and tempering between 730 - 780 ᵒC as required by the technical delivery conditions 

for seamless steel tubes for pressure purposes EN 10216-2:2013 (E) code (BS EN 10216-2, 2013). The 

P91 microstructure is typical of the austenitised, normalised and tempered P91 PM without microstructural 

anomalies. This microstructure is characteristic of P91 material that was subjected to a thermal cycle for 

austenisation between 1040 - 1090ᵒC, normalisation and tempering between 730 - 780ᵒC as required by 

the technical delivery conditions for seamless steel tubes for pressure purposes EN 10216-2:2013 (E) code 

(BS EN 10216-2, 2013). 

 

Prior-austenite grain size ranged from approximately 40 μm to 70 μm in both parent materials. The 

microstrustural constituents of tempered martensitic laths and finely dispersed carbides (M23C6 and MX) 

on the ferittic matrix can also be seen (these will be more clearly visible on the electron microscope 

micrographs, section 4.5.2). The presence of these precipitates is considered to improve creep rupture 

strength through precipitation hardening (Abe, 2008 and Dawson, 2012). In addition, the M23C6 

precipitates primarily stabilises the martensitic lath structure during creep application (Milovic´ et al., 

2013). Similar findings regarding precipitation hardening in these 9-12%Cr creep resistance steels have 

been made by other researchers (Buchmayr al., 1989; Matsuyama, 2000; Milovic´ et al., 2013). 
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(a) X20 PM (b) P91 PM 

  

Figure 4.16: Optical micrograph of the PMs for (a) X20 showing tempered martensite microstructure with occasional creep voids, and for (b)  P91 showing tempered 

martensite microstructure typical of virgin P91 material, [Etched in Villella’s reagent, 500X Magnification]. 
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4.5.1.2 Heat Affected Zone Microstructures 

 

Figure 4.17 shows the microstructure of the intercritical heat affected zone (ICHAZ), a) X20 and b) P91 

materials. These microstructures are typical of a product of the parent material structure that was originaly 

tempered martensite which then later partialy transformed into austenite. The latter phase subsquently 

transformed into martensite during cooling following the welding thermal cycle with a peak temperature 

(Tp) between Ac1 and Ac3; 850ᵒC < Tp < 925ᵒC. These findings were also reported by Abe et al. (2008) and 

Milovic´ et al. (2013). This microstructure within the ICHAZ is known to exhibit the lowest hardness 

values in weldments and is susceptible to Type-IV creep cracking (Abe et al., 2008; Masuyama, 2000). 

Occasional creep voids were evident on the creep aged X20 HAZ side. These creep voids are as a result 

of the pre existing voids on creep aged X20 PM. 
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(a) X20 ICHAZ (b) P91 ICHAZ 

  

Figure 4.17:  Optical micrographs of the ICHAZ for (a) X20 and for (b) P91 showing small grained structure with a mixture of tempered martensite laths and ferrite. 

Occasional creep voids are also evident only on the X20 ICHAZ side, [Etched in Villella’s reagent, 500X Magnification]. 
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4.5.1.3 Weld Filler Metal Microstructures 

 

Figures 4.18 illustrates the microstructures of weld filler metals, a) X20 and b) P91 respectively. These microstructures show a tempered 

martensite structure without anomalies. 

 

(a) X20 Weld Filler Metal (b) P91 Weld Filler Metal 

  

Figure 4.18: Optical micrograph of weld filler for (a) X20 and (b) metals showing tempered martensite microstructure. It is apparent that X20 has more martensite laths 

and less ferritic phase fraction compare to P91microstructure, [Etched in Villella’s reagent, 500X Magnification]. 
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4.5.2 Characterization of Microstructural Parameters 

 

The contribution to creep strength is determined by the several metallurgical parameters such as 

precipitate density, sub-grain / micro-grains and dislocation density (Masuyama, 2000). The samples 

were investigated using TKD-EDS, ADF-STEM, XRD, EBSD and BSE to measure these different 

microstructural features that contribute to creep-strength. The collected images were processed using 

custom recipes in MIPAR to identify the features of interest. 

 

Figure 4.19 shows the feature outlines of the different microstructural contributions of precipitates, 

micro-grains and substructure. The MIPARTM software was then used to quantify the phase fractions, 

equivalent circle diameter (ECD) for each of the Cr-rich and V-rich precipitates from the TKD-EDS 

maps. In addition, the mean linear intercepts for the sub-structure were measured from the ADF-STEM 

images. Figure 4.20 shows and annotates the dislocations and the sub-structure that were analysed 

using HAADF-STEM.  

 

Dislocation measurements on the ADF-STEM were not successful due to the low magnification 

(20 000 X) and low image resolution (1024×1024). The EBSD data were processed using the M-Tex 

plugged in to Matlab in order to first identify the elongated micro-grains and then determine the minor 

axis (short-width) of each micro-grain. 
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Figure 4.19: Processed images showing outlines (red) of the various features identified: a) Cr-precipitates from the 

TKD-EDS, b) V-precipitates from the TKD-EDS, c) Micro-grains from the EBSD and d) Sub-

structure from the ADF-STEM images. 

 

a) Cr-precipitates from the TKD-EDS b) V-precipitates from the TKD-EDS 

c) Micro-grains from the EBSD scan 
 

d) Sub-Structure from the ADF-STEM 
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Figure 4.20: Processed HAADF-STEM images annotating the dislocations and the sub-structure that were measured. 

 

The processed images show a projection of a slice through the 3D (three dimensional) microstructure 

of the material. As an approximation, it was assumed that the precipitates were spherical in shape and 

that the size was in the order of 50-150 nm in diameter. The TEM specimen thickness was assumed to 

be 100 nm throughout the sampled areas. The location of the precipitate in relation to the sectioned 

slice will determine the measured size, which would generally be smaller than the actual 3D size 

distribution. In addition, the sectioned precipitate might not extend through the foil thickness, thus the 

measured phase fraction will be an overestimation of the true volume phase fraction of the precipitate. 

 

4.5.2.1  Microstructural Characterization of Parent Metals 

Figure 4.21 shows the distribution of the M23C6 (Cr-map), MX (V-map) from TKD-EDS, micro-grains 

from the EBSD and sub-structure from ADF-STEM images of the parent materials.  
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Creep-aged X20 – parent material Virgin P91 – parent material 

Figure 4.21: Microstructural constituents maps showing the distribution of: a) Cr-precipitates from the TKD-EDS (Top 

Left Image), b) V-precipitates from the TKD-EDS (Top Right Image), c) Micro-grains from the EBSD 

(Bottom Left Image) and d) Sub-structure from the ADF-STEM (Bottom Image) for the parent material. 

From the images in Figure 4.22, the M23C6 (Cr-carbides) precipitates are located on the prior austenite 

grain boundaries. The MX (V-carbides) precipitates are located within the sub-grains as well as on the 

sub-boundaries. The MX precipitates are considered to confer superior creep strength to 9-12% Cr 

steels compared to the M23C6 precipitates (Abe, 2008; Hald, 1996; Holzer, 2010). 

 

Table 4.2 shows the projected microstructural parameter measurements for the parent materials. The 

mean equivalent circle diameters (ECD) and phase fractions of precipitates (M23C6 and MX) for X20 

and P91 parent materials were comparable. The calculated ECD values for X20 and P91 are 117 ± 6 

nm and 115 ± 6 nm respectively, while the M23C6 precipitates phase fractions were 4.60 vol.% and 

4.52 vol.% respectively.  This implies that creep aged X20 parent material microstructural precipitates 

have coarsened compared to that of virgin P91 parent material. The coarsening of these precipitates 

has a negative effect on the remaining creep (Maile, 2007, Auerkari et al. 2007). 

 

Although it was possible to identify the V-rich precipitates via EDS, their small size combined with 

the interaction volume of the technique made reliable size measurements on these small precipitates 

difficult. The sub-structure size measurements taken from the ADF-STEM images showed that the 

a) Cr-precipitates from the TKD-EDS b) V-precipitates from the TKD-EDS 

c) Micro-grains from the EBSD scan 

 
d) Sub-structure from the ADF-STEM  

a) Cr-precipitates from the TKD-EDS b) V-precipitates from the TKD-EDS 

c) Micro-grains from the EBSD scan 

 
d) Sub-structure from the ADF-STEM  
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creep-aged X20 parent material had a larger sub-structure (0.32 ± 0.03 µm) than the virgin P91 material 

(0.25 ± 0.03 µm). This could be attributed to the fact that X20 material had already operated for 167303 

hours at temperatures of 539°Ϲ and pressures of 17.1 MPa, yielding to a calculated operating hoop 

stress of 71 MPa. This resulted in a 15% creep life exhaustion on the creep aged X20 parent material 

based on the theoretical creep life calculations using operating conditions and ISO-20% material 

properties. This level of creep exhaustion is considered acceptable for maintenance welding purposes 

in fossil power plants (Bezuidenhourt et al., 2008; Molokwane, 2013). In support of this theoretical 

creep life exhaustion, the creep cavitation damage level of the service exposed X20 material as 

expressed in terms of creep void density was only 60 voids / mm2 when counted from the lifted surface 

replica micrographs; as previously illustrated in Figure 3.3. 

 

Table 4.2: Projected Area Microstructural Measurements of the Parent Material 

Microstructural Parameters Creep-aged X20 Virgin P91 

Precipitates   

M23C6 
Mean ECD (nm) 117 ± 6 115 ± 6 

Fraction (vol.%) 4.60 4.52 

MX 
ECD (nm) 93 ± 5 66 ± 4 

Fraction (vol.%) 1.44 0.75 

Elongated micro-grains (µm) 1.137 0.845 

Sub-structure (µm) 0.32 ± 0.03 0.25 ± 0.03 

Free-dislocations (10-14 m-2) 0.54 4.67 

 

Therefore, it is apparent from the parent material microstructural characterisation results that the creep 

aged X20 parent material microstructural parameters (i.e. precipitates, micro-grains and sub-structure) 

have coarsened compared to that of virgin P91 parent material. The coarsening of these parameter has 

a damaging effect on remaining creep life since the creep strength is determined by finely distributed 

state of these parameters (Maile, 2007, Auerkari et al., 2007). 

4.5.2.2 Microstructural Characterization of Weld Filler Metals 

Figure 4.22 illustrates the distribution of the M23C6 (Cr-map), MX (V-map), sub-grains (band contrast) 

and dislocation network (ADF-STEM) for the weld filler materials. Based on the uncorrected mean 

measured parameters presented in Table 4.3, there is no significant difference between the 

microstructures, other than the phase fraction of M23C6, that is 4.20 vol.% for X20 weld filler metal 

and 3.31 vol.% for P91 weld filler metal. The reason for higher phase fraction of M23C6 precipitates 

on X20 weld filler material is attributed to high Cr (11.1 wt.%) and high C content (0.19 wt.%) in X20 
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welding rod filler compared to the Cr and C content in P91 welding rod filler with 9 wt.% Cr and 0.11 

wt.% C (Böhler welding, 2009). 

  

X20-filler P91-filler 

Figure 4.22: Microstructural constituents maps showing the distribution of: a) Cr-precipitates from the TKD-EDS (Top 

Left Image), b) V-precipitates from the TKD-EDS (Top Right Image), c) Micro-grains from the EBSD 

(Bottom Left Image) and d) Sub-structure from the ADF-STEM (Bottom Image) for the weld filler 

material. 

 

Table 4.3: Microstructural Measurements for Filler Materials. 

Microstructural Parameters X20 filler P91 filler 

Precipitates 

M23C6 
Mean ECD (nm) 120 ± 6 130 ± 7 

Fraction (vol.%) 4.20 3.31  

MX 
ECD (nm) 89 ± 4 96 ± 4 

Fraction (vol.%) 0.93  1.50  

Elongated micro-grains (µm) 0.999 0.958 

Sub-structure (µm) 0.23 ± 0.02  0.18 ± 0.01 

Free-dislocations (10-14 m-2) 3.07 2.35 

 

 

 

 

 

 

 

a) Cr-precipitates from the TKD-EDS b) V-precipitates from the TKD-EDS b) V-precipitates from the TKD-EDS a) Cr-precipitates from the TKD-EDS 

c) Micro-grains from the EBSD scan 

 

c) Micro-grains from the EBSD scan 

 
d) Sub-structure from the ADF-STEM  d) Sub-structure from the ADF-STEM  
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4.5.2.3 Microstructural Characterization of ICHAZ Regions of the Different Dissimilar 

Welds 

 

Figure 4.23 illustrates the distribution of the M23C6 (Cr-map), MX (V-map), sub-grains (band contrast) 

and dislocation network (ADF-STEM) for ICHAZ regions in the different parent materials welded 

with dissimilar filler materials. All four ICHAZ regions, namely; (1) X20 ICHAZ adjacent to X20 

WM, (2) X20 ICHAZ adjacent to P91 WM, (3) P91 ICHAZ adjacent to X20 WM, and (4) P91 ICHAZ 

adjacent to P91 WM were analysed. Based on the uncorrected mean measured parameters reported on 

Table 4.4, there was no significant difference between the microstructures, other than the phase 

fraction of M23C6 precipitates. The X20 ICHAZ adjacent to X20 WM had 5.23 vol.% M23C6 phase 

fraction and 5.65 vol.% M23C6 phase fraction on the X20 ICHAZ adjacent to P91 WM. The P91 

ICHAZ adjacent to X20 WM had 3.37 vol.% M23C6 phase fraction and 2.87 vol.% M23C6 phase fraction 

on the P91 ICHAZ adjacent to P91 WM. The reason for higher phase fraction of M23C6 precipitates 

on X20 ICHAZ is attributed to high chromium content in X20 parent material (10 – 12.5%) compared 

to that in the P91 parent material (8 – 9.5%), (BS EN 10216-2: 2002; Maile, 2007). 

 

  

X20 ICHAZ (P91 filler)  P91 ICHAZ (X20 filler) 

Figure 4.23: Microstructural constituents maps showing the distribution of: a) Cr-precipitates from the TKD-EDS (Top 

Left Image), b) V-precipitates from the TKD-EDS (Top Right Image), c) Micro-grains from the EBSD 

(Bottom Left Image) and d) Sub-structure from the ADF-STEM (Bottom Image) for the ICHAZ region. 

It is also apparent that the M23C6 precipitates are coarser on the X20 FGHAZ than on the P91 FGHAZ. 

As stated earlier, the coarser precipitates found in the X20 FGHAZ was as a result of previous service 

a) Cr-precipitates from the TKD-EDS a) Cr-precipitates from the TKD-EDS b) V-precipitates from the TKD-EDS b) V-precipitates from the TKD-EDS 

c) Micro-grains from the EBSD scan 

 

c) Micro-grains from the EBSD scan 

 

d) Sub-structure from the ADF-STEM  d) Sub-structure from the ADF-STEM  
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history of the X20 material. The phenomenon of precipitates coarsening at creep operating conditions 

has also been reported by Abbaschian (1992), Masuyama (2000), and Yardley (2003).  

 

Table 4.4: Microstructural Measurements for HAZ Regions 

Microstructural Parameters 

X20 ICHAZ P91 ICHAZ 

X20 HAZ 

nearer to 

the X20 

weld filler 

metal 

X20 HAZ 

nearer to 

the P91 

weld filler 

metal 

P91 HAZ 

nearer to 

the X20 

weld filler 

metal 

P91 HAZ 

nearer to 

the P91 

weld filler 

metal 

Precipitates 

M23C6 
Mean ECD (nm) 155 ± 10  156 ± 10 150 ± 10  158 ± 10 

Fraction (vol.%) 5.23  5.65 3.37  2.87 

MX 
ECD (nm) 88 ± 4  94 ± 4 89 ± 4  98 

Fraction (vol.%) 0.99  1.46 1.32  1.23 

Elongated micro-grains (µm) 1.113  1.099 1.256 1.239 

Sub-structure (µm) 0.39  0.30 0.34  0.25 

Free-dislocations (10-14 m-2) 1.29  2.31 0.78  1.14 

 

4.5.2.4 Precipitates Analysis Summary 

 

The role of precipitates in the dislocation movement obstruction is directly interrelated to the mean 

inter-particle spacing (ʎss). This parameter is a function of not only the size of the particle (precipitate), 

but also the phase fraction of the precipitate. In calculating ʎss, the effect of sectioning the precipitates 

for TEM examination, as well as the foil projections are accounted for in order to calculate the true 3D 

inter-particle spacing. The correction factor calculation for a given precipitate distribution and a TEM 

foil thickness were carried out according to the study in the MSc dissertation by Marx (Marx, 2016). 

Details of this correction factor calculations for a given precipitate distribution and a TEM foil 

thickness can be found in Sonderegger (2006).  

 

Figures 4.24 and 4.25 show the comparison of the mean surface-to-surface particle spacing calculated 

from the different precipitates (i.e. M23C6 and MX) distributions of the different microstructural zones. 

Higher mean particle spacing values would indicate lower resistance to dislocation movement which 

would indicate lower creep strength and indentation hardness. The highest normalised inter-particle 

(M23C6) spacing were measured in the P91 ICHAZ regions. This was due to lower number of 
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precipitates in quantity. The smallest inter-particle (M23C6) spacing values were measured in the filler 

materials, due to the rapid cooling from a molten metal and subsequent growth of the precipitates 

during the post-weld heat treatment. These two regions (P91 HAZ and weld metals) correlated to the 

lowest (187 HV) and highest (268 HV) hardness values, respectively as reported in the previous 

Section 3.4.3 (Micro Hardness Test) as well as in Figure 4.5 (Micro hardness traverse for both X20 

and P91 weld filler cross weld joint). The MX precipitates in the different microstructural regions had 

similar inter-particle spacing. This could partly be due to the limitations of the measuring technique. 

 

 

Figure 4.24: Mean surface-surface distance for the precipitates measured with TDK-EDS. 

The significance of the dotted line in figures 4.25, 4.27 and 4.31 is that for all the feature values 

(precipitate spacing, sub-grains and dislocation density) in the bar graphs were normalised relative to 

the new P91 material, which had a value of 1. The dotted line is added as visual aid to see and compare 

each material state relative to this normalisation. 
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Figure 4.25: Normalised mean surface-surface measurements of the precipitates (M23C6 and MX). 

4.5.2.5 Grain Size Analysis Summary 

 

Figure 4.26 presents the comparison of the mean linear intercept size of the sub-structure measured in 

the different microstructural zones using the ADF-STEM images. The formation of the sub grain 

boundaries can be attributed to the decrease in dislocation densities during tempering (Pešička et al., 

2003). The HAZ regions had the largest sub-grain structures, while the filler materials had the smallest 

sub-grain structures. This correlates with the measured hardness values in these zones. The creep aged 

X20 parent material had a larger sub-grain structure than the one found in virgin P91 parent material. 

The sub-structure and micro-grain sizes of the different microstructural areas imaged using ADF-

STEM are presented graphically herein Figure 4.27. 

- - - Dotted line was added as visual 

aid to see and compare each material 

state relative to the normalisation in 

which the new P91 material is 

assigned a value of 1. 
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Figure 4.26: The mean values for the linear intercept of the sub-structure and the short-width of the elongated micro-

grains. 
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Figure 4.27: Sub-grain size of the different microstructural areas imaged using ADF-STEM. 

After normalising the measured grain-size values for all analysed regions to that of the virgin P91 

parent material region value, it is apparent that the micro-grain size is predominantly high on both X20 

and P91 HAZ regions. This could be attributed to the welding thermal cycle that results in the 

coarsening of the microstructure’s sub-grain structure in the ICHAZ. Abe et al. (2008) reported similar 

finding, whereby applied heat input contributed to the coarsening of grains and sub-grains. This 

microstructural notch contributes to the creep weak zone on the weldment and promotes the formation 

of Type-IV creep cracking on the ICHAZ during creep loading (Abe et al., 2008; Zhang et al., 2020).   

 

4.5.2.6 Dislocation Density Analysis Summary 

 

Figure 4.28 shows the typical ADF-STEM images taken from the different microstructural zones in 

the weldment. The virgin P91 parent metal had numerous dislocations within smaller sub-grains 

compared to the creep aged X20 parent metal. The sample removed from the FGHAZ in the P91 

material (bottom left) showed significant growth of the sub-grains and very low dislocation density. 

The filler metal had very small sub-grains and contained a significant number of free dislocations 

- - - Dotted line was 

added as visual aid to 

see and compare each 

material state relative 

to the normalisation in 

which the new P91 

material is assigned a 

value of 1. 
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within the sub-grains. The dislocation density in the material had a very strong influence on the 

dislocation creep strength of the material, based on the Orowan back-stress concept (Abe, 2008; Holzer, 

2010; Marx, 2016). ADF-STEM was used to quantify the bulk dislocation density on the sections that 

were removed from the different regions of the weldment. 

  

 

Figure 4.28: Typical ADF-STEM images of the different microstructural zones showing the relative sub-structure size 

and the regions of high dislocation density. 

X-ray diffraction performed on the different sections was used to quantitatively measure the bulk 

dislocation density, and the results are graphical shown in Figure 4.29. This was carried out using peak 

profile analysis on the XRD patterns for each microstructural region. Based on these results, it is 

apparent that the virgin P91 parent material has the highest dislocation density (approximately 4.6x1014 

m-2) compared to the creep aged X20 parent material (approximately 0.5x1014 m-2), this could be 

attributed to the fact that X20 material has already operated in creep service hence the coarsening of 

sub-grains that was observed and previously illustrated in ADF-STEM images (Figure 4.31). The P91 

FGHAZ had lower dislocation density (ranging between 0.8x1014 m-2 and 1.2x1014 m-2) compared to 

X20 FGHAZ density (ranging between 1.4x1014 m-2 and 2.3x1014 m-2). These quantitative XRD results 

agree with the qualitative observation from the ADF-STEM images results.  

 

Regions of high 

dislocation density 

Sub-structure 
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Figure 4.29: Free dislocation density determined from XRD peak measurements. 

 

4.5.3 Orowan Back Stress Calculations before Creep Test 

 

Material’s resistance to creep can be quantified using the Orowan back-stress concept model. This 

concept states that if there is an applied load or stress on the metallic material, a considerable amount 

of this applied stress is counteracted by the microstructural strengthening features such the interfaces 

and/or precipitates. Consequently, the applied stress may cause the microstructural deterioration/ 

deformation, however, not all of the applied stress is deemed to contribute in the creep microstructural 

degradation (Holzer, 2010). Therefore, only that fraction of the applied stress which surpasses the total 

internal stress resistant force provided from desired microstructural parameters does effectually plays 

a role to the microstructural deterioration. This material internal deformation resistant stress which 

plays a role to retard the microstructural degradation is called material back stress; and has enabled the 

development and the application of Orowan back stress concept (Holzer and Kozeschnik 2008). 

However, this model has several limitations and makes a number of assumptions regarding the 

interactions between dislocations, precipitates and the grain boundaries.  
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Therefore, more work is needed on the development of physical models to link microstructural 

information to the measured mechanical properties. Table 4.5 shows the Orowan back stress values 

manifesting from the microstructural features that act as obstacles (precipitates, grain boundaries and 

dislocations) for dislocation movement in the material.  

 

Table 4.5: Orowan Back Stress Contributions from the Different Microstructural Features 

(Holzer and Kozeschnik, 2008) 

 

 

Figure 4.30 shows the calculated Orowan back stress for each microstructural region. The total back stress 

values were calculated using equations from Table 4.8. Each microstructural contribution (precipitates, 

dislocations and micro-grains) were summed up linearly to produce the stacked bar chart shown in Figure 4.34. 

Using this very simplistic model, it was noted that the virgin P91 parent material had the highest calculated 

back-stress of 800 MPa, while the creep-aged X20 parent material had the lowest calculated back-stress of 420 

MPa. The dislocations had the largest contribution to the calculated back stress.   
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Figure 4.30: Total Orowan backs tress contributions for the different microstructural regions. 

 

The assumption of a linear summation of the back-stress contributions necessitates a consideration for 

each microstructural feature separately. In addition, the measurements relative to a reference standard 

could be compared. Figure 4.31 shows the Orowan back stress contribution (σi) for each 

microstructural feature separately, relative to the virgin P91 parent material for comparison purposes. 

 

 

Figure 4.31: Normalised microstructural values for different weldment regions. A dotted line represents a visual aid to 

compare each material features state relative to the normalisation in which a new P91 material is assigned a value of 1. 
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The dislocation density for the virgin P91 material is the highest while the dislocations contribution to 

the Orowan strength in the creep-aged X20 material is only 35% of that value. The precipitate 

contribution to the Orowan strength is higher for the X20 material, due to the higher phase fraction of 

carbides, thus the inter-particle spacing is lower. The Orowan strength for the WM is higher than the 

virgin P91 PM, due to the smaller size of the precipitates in this region. The micro-grain contribution 

to the Orowan strength is lower in all the weldment regions as compared to the virgin P91 material. 

 

Based on the Orowan back stress contribution model, it is apparent that the virgin P91 parent material 

had the highest calculated back-stress (800 MPa). The creep-aged X20 parent material had the lowest 

calculated back-stress (420 MPa). Dislocation density had the largest contribution to the calculated 

back-stress value. These findings are consistent with the results presented by Abe, (2008), Holzer, 

(2010) and Marx, (2016).  

 

4.6 Diffusion Chemical Analysis 

Welding of dissimilar materials can result in chemical elements diffusing across the weld fusion line 

due to concentration gradients. Elements such as C can diffuse from lower Cr base metal to higher Cr 

weld metal to form Cr-rich precipitates such as chromium carbides (You et al., 2001). Carbon 

migration can result in negative undesired properties on mechanical and creep strength of the weldment 

at high temperatures, leading to premature failure. Therefore, it is vital to determine and quantify any 

diffusion that may have occurred in the dissimilar joints analysed in this research study. EDS chemical 

analysis with the objective of evaluating the diffusion patterns of C and Cr elements was performed. 

The results confirmed that the Cr analysis of both the X20 and P91 parent materials comprised the 

required concentration of Cr as per EN standards (BS EN 10216-2, 2002) specification. The results 

did not reveal any noticeable Cr diffusion across the dissimilar fusion lines (X20 Parent Metal - P91 

Weld Filler Metal) and (P91 Parent Metal – X20 Weld Filler Metal) as illustrated in Figure 4.32.  
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Figure 4.32: EDS chemical analysis on the micrograph samples plotting the chromium concentration across dissimilar 

X20 Parent Metal - P91 Weld Filler Metal, and P91 Parent Metal - X20 Weld Filler Metal cross welds. 

Blue intermittent straight line indicates the position of the weld-fusion line. 

There is a noticeable contrast difference across the fusion line as detected by secondary electron 

imaging, and the measured Cr-content is presented in Table 4.6. 

 

Table 4.6: EDS Chromium Content Measurements 

 
Weldment Region Cr (wt.%) 

(a) X20 Parent Material 

Weld Joint Side Sample 

X20 parent material 12.2 

P91 weld filler material 9.3 

(b) P91 Parent Material 

Weld Joint Side Sample 

P91 parent material 9.2 

X20 weld filler material 11.1 

 

The EDS line profiles for Fe showed an inverted profile compared to that of Cr which is expected 

based on the specification from EN standards (BS EN 10216-2: 2002). 

 

Carbon (C) migration was analysed and quantified by using SEM secondary electron imaging and 

nano-indentation hardness measurements across the fusion line. Figure 4.33(a) shows the secondary 

electron images for fusion line regions where dissimilar materials are in contact (left). Local 

measurements of the precipitate phase fractions using image analysis and elemental analysis using 

EDS were also carried out to investigate the “carbon denuded zone” at the fusion line. The position of 

weld-fusion-line is seen through the change in contrast of a secondary electron image. This position 

corresponds with the micro Vickers hardness measurements that were presented and discussed in detail 

in Section 4.3.2. The nano-indentation measurements (60 μm spacing) followed the same profile as 

a b 
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the Vickers hardness measurements. From these measurements, there was no clear indication of a 

“soft-zone” on either side of the dissimilar fusion lines.  

 

High-resolution SEM images were taken and processed to measure the precipitate phase fraction as a 

function of position over a sliding area 7 × 7 μm, as shown on the coloured image in Figure 4.33(b). 

The phase fraction increased from the P91 to X20 material as evidenced by the change in colour [dark 

blue = 0; yellow: 12 vol.%]. The EDS elemental line profile showed an increase in the Cr content from 

the P91 side (~9 wt.%) to the X20 side (~12 wt.%).  

 

Figure 4.33: (a) Secondary electron images of fusion-lines for dissimilar weldments, with the nanoindentation hardness 

measurement overlay. (b) Precipitate phase fraction colour plot (12 vol% max), with EDS-profile analysis 

(Cr wt.%) overlay for the fusion-line region, indicated with the red rectangle on the left. [dark blue: 0; 

yellow: 12 vol.%] 

Both the precipitate phase fraction and the EDS measurement indicated the presence of a localised 

“denuded zone” that was ~20 μm in width.  The effect of this tiny denuded zone was also not evident 

in measured mechanical (tensile and Charpy impacts) tests. This negligible localised carbon denuded 

zone found in this investigation is in agreement with theoretical studies of determining the chemical 

a b 
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potential gradient of carbon in dissimilar cross weld joints using the Kirkady model (Elder, 2011; 

Kirkaldy and Young, 1987).  

 

The model assumes there is equilibrium that locally occurs at the joint fusion-interface, and that the 

chemical potential of carbon is derived from instantaneous chemical composition-index. The elements 

(i.e. chromium, molybdenum, and vanadium) that promote the formation of carbides decrease the 

chemical-potential of carbon, and the precipitation of carbides in high-alloy steel alters the solubility 

limit of carbon in the ferrite phase, and may slow down its diffusivity in steels. Carbon activity for 

diffusion is determined by all elements present in the steel and is driven by thermodynamics (Elder, 

2011; Kirkaldy and Young, 1987). 

 

Interstitial carbon atom diffuses down the chemical potential gradient across a dissimilar steel joint 

from low Cr concentration to high Cr concentration as reportedly found by Dawson (2012), and 

Kirkaldy and Young (1987). Findings by Dawson (2012), Kirkaldy and Young (1987) are in support 

of what was observed in this research study; whereby a localised “denuded zone” of approximately 20 

μm in width was noticeable. The denuded zone was considered negligible because of its size. This was 

attributed to a small chemical composition variation between P91 and X20 materials, particularly the 

Cr and C contents that ranged from 9-12 wt.% for Cr and 0.1 – 0.2 wt.% for C.  

 

In summary, based on the microstructural characterisation observations, there is no noticeable 

difference on the ICHAZ microstructure as a result of using either X20 or P91 weld filler. Therefore, 

it is conclusive that both weld fillers (X20 and P91) are compatible to fuse the virgin P91 to creep aged 

X20 materials.
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4.7 Creep Testing 

Creep testing is often conducted to determine life performance of the materials at high temperatures. The 

two types of creep tests that were carried out in this study are the small punch creep test (SPCT) and the 

uniaxial creep test.  

4.7.1 Small Punch Creep Tests 

 

SPCT test is a small-scale testing method that is gaining momentum because of the size of the sample 

required to conduct the test. Images of the tested samples are shown in Figures 4.34 - 4.35. The difference 

in the diameter of the punched hole is not a function of the sample, but rather a characteristic of the test 

and equipment. Once the sample fails, the punch rod is pushed through the sample, forcing the punched 

hole to be larger after the completion of the test. The position where the punch rod finally comes to rest 

differs slightly between platforms, resulting in different hole diameters. However, this does not influence 

the test results.  
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P91 PM P91 WM 

  

FM P91_FGHAZ P91 FM P91_FGHAZ X20 

  

Figure 4.34: Tested SPCT specimen of P91 parent material and P91 WM and FGHAZ samples. 
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X20 PM X20 WM 

  

FM X20_FGHAZ P91 FM X20_FGHAZ X20 

  

Figure 4.35: Tested SPCT specimen of P91 parent material and P91 filler metal samples. 

 

A single test per specific location of the welded joint was carried out in this study considering that the 

repeatability of small punch tests carried out within an individual test laboratory or using the same testing 

equipment is very good, and reportedly found to be perfectly comparable with the repeatability of results 

from the conventional uniaxial creep tests (Eskner and Sandström, 2004; Ule et al., 1999). 

 

The creep deflection versus time curves for all the tests are illustrated in Figure 4.36. Rupture times of all 

tested samples are summarily presented in Table 4.7. From the obtained creep curve graphs, it is noted 

that the initial steep deformation was as a result elastic-plastic deformation mechanism.  

 

. 
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Figure 4.36:  Small Punch Creep Test curves for all 8 samples (PM, X20 PM, P91 WM, X20 WM, P91 FGHAZ adjacent to 

P91 WM, P91 FGHAZ adjacent to X20 WM, X20 FGHAZ adjacent to P91 WM, and X20 FGHAZ 

adjacent to X20 WM specimens) at 276 N and 625°C. 

The P91 parent material achieved the highest rupture time, followed by the creep aged X20 parent 

material. These findings were anticipated since P91 parent material has high creep strength compared to 

X20 material. According to EN 10216-2:213 (E) specification, the rupture creep strength for 10 000 hours 

at 625°C for P91 is 92 MPa while that for X20 is 67 MPa. The other reason for this parent material SPCT 

results is that X20 material has already operated for 167303 hours at 539°Ϲ and 17.1 MPa pressure 

resulting in a calculated operating hoop stress of 71 MPa where 15% creep life had already been exhausted 

(consumed), based on the theoretical creep life calculations using operating conditions and ISO-20% 

material properties. 

A close examination of the weld metal revealed that the X20 filler metal outperformed the P91 filler metal 

by a difference of 84.6 hours since X20 weld ruptured at 176 hours and P91 weld ruptured within 91.4 

hours. This difference in rupture time is attributed to the short testing duration and high stress levels that 

did not allow diffusional creep mechanism from taking place. 

All the FGHAZ samples reached similar rupture times, ranging from 49 to 68 hours. The low rupture times 

of the HAZ samples does not make it possible to draw conclusions regarding the performance of materials 

because of the small differences between their rupture times. This finding of similar rupture times 

irrespective of the weld filler chemical composition can be attributed to no significant chemical diffusion 
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found between the different weld fillers cross both weldment samples, only a tiny denuded zone of 

approximately 20 μm in width was observed, and could not even be detected by the nanoindentation 

measurements. This means that there was no substantial alteration in the chemical composition of the HAZ 

that can alter the mechanical properties of the HAZ. It is therefore evident that the mechanical properties 

of the HAZ for these weldments will only be altered by the welding heat input. For both welded joints, 

the measured welding heat input was the same, in a range between 0.12 – 0.25 kJ/mm for MMA welding 

technique region using the same welding procedure.   

From all cross weldments’ regions (PM (i.e. X20 and P91), HAZ and both weld filler materials (i.e. X20 

and P91) that were subjected to SPCT, it was evident that the lowest creep life was obtained on the HAZ 

(i.e. FGHAZ). This finding is in covenant with the findings by Abel et al. (2008) and Masuyama (2000) 

who reported that the fine-grained area of the HAZ is considered as the most weakest link in the weld-

joint under creep application (Abe et al., 2008; Masuyama, 2000). This FGHAZ is commonly known to 

experience a premature failure due to the mechanism called Type-IV creep cracking (Abe et al., 2008; 

Masuyama, 2000; Zhang et al., 2020). 

 

Table 4.7: Small punch creep test rupture times of all the samples 

Sample Location SPCT Rupture Time (Hrs) 

P91 PM 349 

X20 PM 276 

X20 WM 176 

P91 WM 91.4 

FM P91_FGHAZ P91 49 

FM P91_FGHAZ X20 57 

FM X20_FGHAZ P91 68 

FM X20_FGHAZ X20 54 

 

In summary, based on the SPCT results focusing on the FGHAZ regions specimen results, there is no 

distinctive difference on the creep life performance when using either P91 or X20 weld filler metal. All 

the FGHAZ samples reached similar rupture times, ranging from 49 to 68 hours irrespective of the weld 

filler material grade used. This makes it impossible to draw conclusions regarding the performance of 

materials because of the small differences between their rupture times. 
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4.7.2 Uniaxial Creep Tests 

Uniaxial creep testing method has been developed to determine the creep rupture strength for materials 

that are designed to operate at elevated temperature. Uniaxial creep test was conducted in this research 

study to obtain and analyse the creep performance of the cross-weld samples. 

 

Figures 4.37 - 4.38 show the locations where all 8 cross weld creep tested samples ruptured, on the X20 

HAZ side of the weldment. The consistency of failure location on the X20 creep side can be attributed to 

the lower creep strength of X20 compared to that of the P91 material. According to EN 10216-2:2013 (E) 

specification, the creep-rupture strength for 10 000 hours at 625°C for P91 is 92 MPa while that for X20 

is 67 MPa. The other attributing factor for the failure to be on the X20 side is that X20 material has already 

been in creep application service for 167303 hours in which 15% of its creep life was consumed as 

informed by the theoretical creep life calculations using operating conditions and ISO-20% material 

properties. It is worth noting that all failures occurred in the FGHAZ, referred to as the Type-IV cracking, 

as expected, since the fine-grained region of the HAZ possesses the lowest creep life in weldments during 

creep application as a result of its creep inferior microstructure (Abe et al., 2008; Masuyama, 2000). 

 

 

 

Figure 4.37: Photograph of the creep test specimens showing the creep rupture location (X20 HAZ location side) 

Creep rupture location 

Specimen before 

creep test  

Specimen after creep 

test  

X20 Parent Material 

H
A

Z
 

Weld Material P91 Parent Material 

H
A

Z
 



 

133 

 

 

 

 

Figure 4.38: Photograph showing longitudinal-section view of the creep tested and ruptured specimens with evidence of 

localised necking adjacent to ruptured location.  

 

Figure 4.39 shows creep curves (creep strain vs time) obtained for cross weld samples of dissimilar welds 

of creep aged X20 parent material welded to the new P91 parent material using X20 and P91 weld fillers 

at and their duplicates at 63 and 80 MPa. All these creep tests were conducted at a constant test-

temperature of 610°Ϲ. The plotted creep curves indicate how the creep-strain increases with time in hours. 
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Figure 4.39: Creep curves (creep strain Vs time) for creep aged X20 PM – X20 weld filler – new P91 PM at 60 MPa and its 

duplicate, creep aged X20 PM – X20 weld filler – new P91 PM at 80 MPa and its duplicate, creep aged X20 

PM – P91 weld filler – new P91 PM at 60 MPa and its duplicate, creep aged X20 PM – P91 weld filler – 

new P91 PM at 80 MPa and its duplicate cross weld samples. 

Based on the observations on Figure 4.39, it can be deduced from the creep curves that the total strain 

accumulation at rupture ranged from 1.15 % - 3.02 %, and the creep rupture time ranged from 312.07 

hours – 1302.39 hours. A considerable increase of creep-strain at the last stages of the creep curves can 

be attributed to nucleation of voids and local deformation known as necking as previously shown in Figure 

4.38.   

For comparison purposes, additional uniaxial creep test was carried out on the creep aged X20 parent 

metal from the same material batch that was used for the cross weld samples, to determine  and compare 

the effect of welding on creep aged material which is technically known as the weld reduction factor on 

creep aged material. The parent material that was creep tested was only of the X20 and not of P91 because 

all 8 creep tests that were conducted on the dissimilar cross weld samples failed on X20 PM side 

consistently on its FGHZA region and no failure was experienced on the P91 parent material side. Figure 
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4.40 gives creep strain vs time for creep aged X20 parent metal plotted together with the creep curves for 

the cross-weld samples. From the results presented in the figure, it is apparent that the aged X20 parent 

material had longer creep rupture time (2774.80 hours) compared to that of the cross weld samples (ranges 

from 312.07 hours – 663.19 hours) tested at the same stress condition (80 MPa). The percentage weld 

reduction factor (%WRF) was calculated, and it ranged between 11 – 24%.  

 

%WRF = (Welded Base Metal Creep Life lower range limit / Base Metal Creep Life) x 100 % 

 = (312.07 hours / 2774.80 hours) x100% 

 = (0.11) x 100 % 

 = 11 % 

 

and, 

 

%WRF = (Welded Base Metal Creep Life high range limit / Base Metal Creep Life) x 100 % 

 = (663.19 hours / 2774.80 hours) x100% 

 = (0.24) x 100 % 

 = 24 % 
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Figure 4.40: Creep curve (creep strain vs time) for creep aged X20 PM in comparison with creep aged X20 PM – X20 weld 

filler – new P91 PM at 63 MPa and its duplicate, creep aged X20 PM – X20 weld filler – new P91 PM at 80 

MPa and its duplicate, creep aged X20 PM – P91 weld filler – new P91 PM at 60 MPa and its duplicate, 

creep aged X20 PM – P91 weld filler – new P91 PM at 80 MPa and its duplicate cross weld samples. 

 

The creep parameters (minimum creep rate; έmin (s
-1), strain at minimum creep rate; Ԑέmin (%), time at 

minimum creep rate; tέmin (hours), time of rupture; tR (hours) and strain at rupture; ԐR (%)) for all tested 

specimens are summarily tabulated in Table 4.8; 
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Table 4.8: Uniaxial Creep Parameters for all ruptured samples 

Creep Test Sample 

Name 

Minimum creep 

rate; έmin (s-1) 

Strain at 

minimum 

creep-rate; Ԑέmin 

(%) 

Time at 

minimum 

creep-rate; tέmin 

(hours) 

Time of 

rupture; tR 

(hours) 

Strain at 

rupture; ԐR 

(%) 

X20 WMF @ 63MPa 4.61 ×10-08 0.21 1261 1289 1.15 

X20 WMF @ 63MPa 

Duplicate 

2.09 ×10-07 0.67 901 981 2.64 

X20 WMF @ 80MPa 1.65 ×10-07 0.21 293 663 3.02 

X20 WMF @ 80MPa 

Duplicate 

4.00 ×10-07 0.36 244 312 1.13 

P91 WMF @ 63MPa 4.49 ×10-08 0.27 994 1302 1.37 

P91 WMF @ 63MPa 

Duplicate 

1.20 ×10-07 0.43 1006 1268 2.94 

P91 WMF @ 80MPa 1.37 ×10-07 0.64 201 547 2.08 

P91 WMF @ 80MPa 

Duplicate 

2.09 ×10-07 0.34 451 550 2.08 

X20 Parent Material @ 

80MPa 

1.51 ×10-07 0.89 1603 2775 2.63 

Based on these uniaxial creep test results, it is evident that the samples tested at lower stress of 63 MPa 

had longer creep rupture time (averaging at 1210 hours) while the higher test stress (80 MPa) samples had 

shorter creep rupture time (averaging at 518 hours). It is beneficial to note that when comparing the creep 

rupture time of X20 weld filler cross weld samples against P91 filler cross weld samples at constant test 

parameters (temperature and pressure), there was no obvious difference between the two samples. 

Therefore, the use of either X20 weld filler or P91 weld filler did not affect the creep rupture life of 

dissimilar welds between creep exposed X20 and new P91 as informed by the short-term creep 

assessments undertaken herein study.  

Figure 4.41 illustrates the comparison of creep aged X20 PM creep test results (illustrated by a red dot) 

and the X20, PD 6525 creep life vs stress at 610°Ϲ. The comparison was done at a test stress of 80 MPa. 

In order to obtain the relevant theoretical creep sensitivity curves that considers that the creep tested X20 

pipe has already been exposed to service conditions, creep life sensitivity calculations were carried out 

according to the ISO master creep curves equation constants specified in the British Standard PD 6525 for 
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Elevated Temperature Properties for Pressure Purposes Steels (BS PD 6525, 1990) using the steam 

operating conditions (610°Ϲ temperature and 17.1MPa pressure).  

 

Figure 4.41: Creep sensitivity analysis curves for a virgin and for 15% creep aged X20 parent materials with the comparison 

of the creep aged X20 PM creep test results (illustrated by a red dot). 

 

These calculations revealed that the X20 creep aged material was at 15% creep life exhaustion before it 

was subjected to laboratory uniaxial creep test. Based on these creep curves, it can be deduced that the 

tested creep aged X20 PM result (red dot on the graph) has ISO-18% creep properties. Further comparison 

shows that if this tested creep aged X20 material was a virgin material, the resultant creep test life would 

be approximately 3112 hours based on ISO-20% creep properties at 610°Ϲ and 80 MPa stress. 

 

In summary, it is observed that the use of either X20 or P91 weld filler did not affect the creep rupture life 

of dissimilar welds between creep exposed X20 and new P91 based on the short-term creep tests and 

theoretical creep life sensitivity curves undertaken in this study. 
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4.8 Microstructural Characterisation After Uniaxial Creep Testing 

 

Microstructural characterisation was carried out on the creep ruptured (failure) location of crept specimens 

to characterize the failure surface and changes in the microstructures. 

 

Optical microscopy was utilised to characterise the failure area of the cross weldment and to analyse the 

failure morphology. For all creep tested samples, irrespective of the weld filler metal (X20 and P91 weld 

fillers) used, creep rupture of the cross weldment occurred on the X20 HAZ location side as shown in 

Figures 4.42 - 4.45. The reason of the failure location to be on the on the X20 creep aged side can be 

attributed to the occasional creep cavities (60 voids/mm2) that were observed in the baseline replicas 

micrographs that were lifted on the pipe base metal samples before the commencements of this study’s 

characterisation, as well as the lower creep strength on X20 compared to P91 material. According to EN 

10216-2:2013 (E) code specification, the creep rupture strength for 10 000 hours at 625°C for P91 is 92 

MPa while that for X20 is 67 MPa. In addition, the other reason for creep-rupture on the X20 material 

side is that X20 material has already operated in creep application in the plant and that resulted to the 

coarsening of the creep resistant precipitates (i.e. MX and M23C6), micro-grains and sub-structure as 

observed during the microstructure characterization compared to that of virgin P91 microstructure as 

previously presented on Table 4.5. This negative effect of coarsened precipitates on creep life has also 

been reportedly found by other researchers; Masuyama, (2000), Andrews et al., (1967), and Yardley, 

(2003). 
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Figure 4.42: Photograph of the uniaxial creep test specimens showing the creep rupture location (X20 HAZ location side) 

 

  

Figure 4.43: Photograph of a ruptured creep test specimen showing the polished and etched longitudinal sectional view at the 

failure location; on the X20 HAZ side. Necking of the creep test specimen is also observed adjacent to the 

failure / rupture location. 

 

Figures 4.44 and 4.45 show the micrographs (at 50X and 500X magnification respectively) of the inter-

critical heat affected zone (ICHAZ) at a location where the creep rapture / failure occurred.  It is worth 

noting that all failures were experienced on the inter-critical HAZ (ICHAZ) as expected since this region 
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of the HAZ / inter-critical HAZ is known for being depleted from creep resistance microstructural features. 

When the weldment is subjected to creep application, it fails as a result of a failure mechanism called 

Type-IV creep cracking in this ICHAZ (Abe et al., 2008; Masuyama, 2000; Zhang et al., 2020). 
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Figure 4.44: Micrograph of the longitudinal section view for the uniaxial creep tested specimen showing micro creep cracks and voids adjacent to the creep rupture location 

(ICHAZ on X20 material side), (a); X20 parent metal side, (b); P91 weld filler [Etched in Villella’s reagent, 50X Magnification]. 

 

 

 

a b 
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Figure 4.45: Micrograph of the longitudinal section view for the uniaxial creep tested specimen showing micro creep cracks and voids adjacent to the creep rupture location 

(ICGHAZ on X20 material side (a)) [Etched in Villella’s reagent, 500X Magnification]. 

a b 
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Stereo microscope images of the fracture surface of all creep ruptured specimen revealed similar features 

of the cup and cone ductile failure mode, with necking adjacent to the fracture surface, as shown in Figure 

4.46. Ductile fracture occurred as a result of micro-void coalescence, due to plastic deformation. When 

ductile materials are loaded, uniform elongation occurs until the point of plastic instability is reached 

where necking starts to occur and de-cohesion of particle/matrix interfaces takes place (Milovic´, et al., 

2013).  

 

 

Figure 4.46: Stereo macrograph of the creep fracture surface specimen showing the ductile failure mode features (i.e. ductile 

dimples, “cup and cone shape”, dull grey colour appearance and necking adjacent to fracture surface). [10X 

Magnification] 

 

4.9 Chapter Summary  

 

In summary, based on the overal characterisation results from this research study, the use of either X20 or 

P91 weld filler for a dissimilar butt weld of creep aged X20 and virgin P91 pipes material does not have 

a distinct effect on the creep life and on the weldment failure location/area.  Both weld fillers (X20 and 

P91) are deemed to be suitable because very limited interdiffusion (~20 μm in width) of chromium and 

carbon at the dissimilar weld-interface was observed by utilising the SEM secondary electron analysis 
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technique across the fusion line. The presence of a carbon ‘denuded’ zone was limited to approximately 

20 μm in width based on the results from local measurements of the precipitate phase fractions using 

image analysis and from elemental analysis using EDS. However the nanoindentation hardness 

measurements across the fusion line could not detect any ‘soft’ zone at the dissimilar weld interface. The 

effect of this tiny denuded zone was also not evident on mechanical testing (tensile and Charpy impact 

energy) and creep (uniaxial and SPCT) property testing. 

 

The applied NDT (i.e. surface crack test and volumetric inspections) also revealed that the use of either 

X20 or P91 weld filler had no relevant recordable weld defects indications on both butt welds pipe 

samples. Both welds were acceptable in accordance with the NDT acceptance criteria specification. 

 

Residual stress analysis results confirmed that there are no significant differences in the stresses found in 

the two cross welds. Both weld fillers had the same residual stress distribution effects across the welded 

joints. This could be attributed to the fact that X20 and P91 have similar properties and are therefore 

comparable. 

 

Based on macro and micro hardness tests result, there are no observed differences between X20 and P91 

weld filler cross weld joint. Both weld fillers had the same hardness profile across the welded joints. It is 

therefore conclusive that both weld fillers have similar effect on the hardness trends for the HAZ and PM 

areas. 

 

Tensile tests results for the 3 tensile test conditions (21°Ϲ room temperature, 500°Ϲ and 550°Ϲ), indicated 

that the strength performance of both cross welds samples fused by either X20 or P91 weld metals are 

satisfactory meeting the code requirements (BS EN 10216-2, 2013). As expected and in line with 

literature, the tensile strength decreased with an increase in test temperature i.e. UTS at room temperature 

was ranging  from 724 – 738 MPa, at 500°Ϲ was 452 – 457 MPa, and at 550°Ϲ was  404  – 413 MPa. 

Similar trend was also observed on the yield strength results. Therefore, it is conclusive that based on the 

mechanical tensile test results, both weld fillers (X20 and P91) are compatible to fuse the virgin P91 to 

creep aged X20 materials. 

 

Microstructural characterisation observations revealed that there is no noticeable difference on the HAZ 

microstructure as a result of using either X20 or P91 weld filler.  A very limited interdiffusion (~20 μm in 



 

146 

 

width) of chromium and carbon at the dissimilar weld-interface was observed using the SEM secondary 

electron analysis technique across the fusion line consitatantly on both weld joint samples. However the 

nanoindentation hardness measurements across the fusion line could not detect any ‘soft’ zone at the 

dissimilar weld interface. Therefore, it is conclusive that both weld fillers (X20 and P91) are compatible 

to fuse the virgin P91 to creep aged X20 materials considering the short-term creep test results that were 

conducted in this research study. 
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CHAPTER 5 

5. DISCUSSION 

 

From the study, it was observed that the samples X20 and P91 were successfully joined by TIG and MMA 

process without any reportable indications. Microstructural analysis showed the typical phases observed 

in ferritic/martensitic steels used in power generation plants. The main zone of importance in the HAZ is 

the IGHAZ. This region is deemed to be of importance because it is an area where welded components 

operating in creep regime fail as a result of a failure mechanism called Type-IV creep cracking (Abe et 

al., 2008; Masuyama, 2000; Zhang et al., 2020).  

 

The contribution to creep strength is determined by the several metallurgical parameters such as precipitate 

density, sub-grain and dislocation density (Abson and Rothwell, 2013; Maile, 2007; Masuyama, 2000). 

When X20 and P91 are exposed to high temperature they experience microstructural evolution such as 

precipitation of secondary phases, growth of precipitates and recovery of tempered martensite (Panait et 

al., 2010). Therefore it is important to characterise these strengthening parameters. The microstructural 

characterisation on the ICHAZ which is the most creep susceptible zone (Maridurai et al., 2015) showed 

higher sub-grain values and M23C6 precipitates coarsening on the X20 compare to P91 ICHAZ. The M23C6 

precipitates phase fraction ranged between 5.23 vol.% - 5.65 vol.% in the X20 ICHAZ location. The M23C6 

precipitates measured on the P91 ICHAZ ranged between 3.37 vol.% - 2.87 vol.%. The reason for higher 

phase fraction of M23C6 precipitates on X20 ICHAZ is attributed to high chromium content in the X20 

parent material (10 – 12.5 wt.%) compared to that in the P91 parent material (8 – 9.5 wt.%), (Abson and 

Rothwell, 2013; Maile, 2007; BS EN 10216-2: 2002). It was also observed that the M23C6 precipitates are 

coarser on the X20 ICHAZ than on the P91 ICHAZ. The coarser precipitates found in the X20 ICHAZ 

was as a result of previous service history of the X20 parent material that has already operated for 167303 

hours on creep regime.  

 

The phenomenon of precipitates coarsening at creep operating conditions has also been reported by 

Abbaschian (1992), Masuyama (2000), and Yardley (2003). Precipitate coarsening is a common 

phenomenon in creep exposed 9-12%Cr steels (Abson and Rothwell, 2013), which result in the loss of 

precipitation hardening and consequently leads to the loss of creep strength in the material (Dawson, 2012; 

Panait, 2010; Abe, 2008; Holzer and Kozeschnik, 2008; Buchmayr et al., 1989). In this study it is apparent 

that the micro-grain size was predominantly high on both X20 and P91 HAZ regions. This could be 
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attributed to the welding thermal cycle that resulted in the coarsening of the microstructure’s sub-grain 

structure in the ICHAZ. Abe et al. (2008) reported similar findings, whereby the applied heat input 

contributed to the coarsening of grains and sub-grains on the 9-12%Cr steels ICHAZ. This microstructural 

notch contributes to the weak creep zone in the weldment and promotes the formation of Type-IV creep 

cracking on the ICHAZ during creep loading (Abe et al., 2008; Zhang et al., 2020). 

 

Residual stress measurement on the surface of both the cross-weld joints showed similar residual stress 

distribution. This could have been due to the fact that X20 and P91 have similar properties and are 

therefore comparable as per the EN 10216 code (BS EN 10216-2, 2013). The post weld heat treatment 

that was applied reduced the residual stresses on both samples from compressive stresses of -185 MPa and 

-148 MPa to -52 MPa and -43 MPa in the X20 and P91 welds respectively. This observation is similar to 

the work that was conducted by Brikstad et al. (1998) using a finite element analysis to study the residual-

stress level on the circumferential weld constructed by multi-pass welding, the study showed that as the 

number of weld passes increase. The residual stress on the outside surface can go into compression 

(Brikstad et al., 1998). A study by Paddea et al. (2012) is also in agreement with this observation of 

residual stress reduction after post weld heat treatment on 9-12 %Cr creep resistant steels. 

 

The localised carbon and chromium denuded zone of approximately 20 μm in width was analysed by using 

the SEM secondary electron analysis technique across the fusion line. The results showed that the denuded 

zone did not have any effect on the mechanical properties and this was confirmed by the nano-indentation 

measurements. According to observations by Brozda et al., (1998), the limited denuded zone was due to 

a small difference in chromium content between the weld and the parent metal. Furthermore, the negligible 

localised carbon denuded zone was found to be in agreement with theoretical studies of determining the 

chemical potential gradient of carbon in dissimilar cross weld joints using the Kirkady model (Elder, 2011; 

Kirkaldy and Young, 1987). The study by Dawson (2012) regarding the up-hill diffusion of carbon during 

PWHT period and during elevated temperature application on dissimilar weld joint is also in agreement 

with the observations in this study. 

 

The mechanical properties of X20 and P91 materials used in this study were comparable to findings by 

Maridurai et al. (2015) and Masuyama (2000). These authors reported values of  tensile test results that 

are within the code requirements (BS EN 10216-2, 2013). Tensile tests results for the 3 tensile test 
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conditions (21°Ϲ room temperature, 500°Ϲ and 550°Ϲ), indicated that the strength performance of both 

cross welds samples fused by either X20 or P91 filler weld metals satisfactorily met the code requirements 

(BS EN 10216-2, 2013). As expected and in line with literature, the tensile strength decreased with an 

increase in test temperature i.e. UTS at room temperature was ranging  from 724 – 738 MPa, at 500°Ϲ 

was 452  – 457 MPa, and at 550°Ϲ was  404  – 413 MPa. The effect of change in temperature showed 

similar behaviour on yield strength results, whereby the yield strength was decreasing with increasing 

temperature. 

 

The Vickers macro and micro hardness traverses that were obtained from the weld joint samples were also 

aligned to the obtained room temperature tensile strength, this correlation was also observed by Madyira 

et al. (2017) who conducted a comparative study on the effect of TIG and SMAW welding on the 

mechanical performance of P91 and 10CrMo9-10. From the study it was found that UTS and hardness are 

aligned. Furthermore, the hardness traverse results in this study revealed clear distinction in 4 distinct 

weld zones (i.e. parent metal, HAZ, fusion line and weld metal), similar observation was found by Mayr 

et al., (2018) and Madyira et al., (2017) in which the hardness mapping was used to locate the distinct 

zones of the weldment for further characterisation on a specific zone.    

 

Creep degradation in the power generation plant components manifests mainly by grain boundary sliding 

and diffusional creep that degrades the microstructural strengthening features at elevated temperature as 

reportedly found by Bano et al. (2014), Padmanabhan et al. (2001) and Bhadeshia et al. (1998). The 

dominant mechanism in which deformation manifests is governed by the temperature and stress magnitude 

(Frost and Ashby, 1982; Ashby and Jones, 1989). It is reportedly found that under typical power plant 

operating conditions, creep occurs by dislocation glide and climb, rather than by bulk diffusion 

(Abbaschian, 1992; Yardley, 2003). Based on the uniaxial creep test results obtained in this study, it is 

evident that the samples tested at lower stress of 63 MPa had longer creep rupture time (averaging at 1210 

hours) while the higher test stress (80 MPa) samples had shorter creep rupture time (averaging at 518 

hours). It is beneficial to note that when comparing the observed creep curves of the two filler welded  

samples there was no distinct performance on sample welded with either X20 or P91 filler  concerning the 

creep rupture life obtained under constant test conditions. Therefore, the use of either X20 weld filler or 

P91 weld filler did not affect the creep rupture life of dissimilar welds between creep exposed X20 and 

new P91 as informed by the short-term creep assessments undertaken herein study. 
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The overall observation drawn from all discussed results in this study indicate that it is inconclusive to 

determine which weld filler will perform better in service. Therefore, it can be considered that both weld 

fillers (X20 and P91) are compatible to fuse the virgin P91 to creep aged X20 materials. 
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CHAPTER 6 

6. CONCLUSIONS AND RECOMMENDATIONS 

6.1 CONCLUSIONS 

In this study, dissimilar welds between X20 and P91 joint using two different filler metals were 

evaluated. The microstructures and mechanical properties of the two dissimilar welds were compared. 

From the findings of this research study, the following conclusions were drawn.  

• The inter-diffusion of chromium and carbon at the dissimilar weld interface was limited to 

approximately 20 μm.  

• Nano-indentation hardness measurements could not detect any ‘soft’ zone at the dissimilar weld 

interface.  

• The effect of the denuded zone was also not evident on mechanical tensile, small punch creep test 

and cross weld uniaxial creep tests. 

• Microstructural quantification of the HAZ regions, parent material, and the weld metals revealed 

results that are consistent with theory of welding of 9-12%Cr steels. The microstructures in the 

HAZ regions were insensitive to the type of weld filler that was used.  

• Overall characterisation results in relation to the objective of this study reveal no distinctive 

performance of either using X20 or P91 weld filler for a butt weld of creep aged X20 and virgin 

P91 pipes material. Both weld fillers (X20 and P91) are deemed to be suitable since they gave 

comparable results from short term uniaxial creept tests (i.e. max. 1302 hours of creep test). 

Therefore, long-term creep test (≥ 10 000 hours) are to be conducted to study the microstructural 

evolution in the HAZ due to long term diffusional creep mechanism. 
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6.2 RECOMMENDATIONS FOR FURTHER WORK 

• Long-term (≥ 10 000 hours) creep test must be carried out to study the diffusional creep mechanism 

as experienced in the power plant operating conditions. 

• Determine the effect of material creep strength mismatch due to different weld fillers (that 

influences the offloading of creep damage) on the resultant creep life. 
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8.2 Second Paper: Microstructural Characterisation and Small Punch Creep Testing of 9-12Cr 

Steel Weldments 
 

 



 

176 

 

 



 

177 

 

 



 

178 

 

 



 

179 

 

 



 

180 

 

 



 

181 

 

 



 

182 

 

 



 

183 

 

 



 

184 

 

 



 

185 

 

 



 

186 

 

 


