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ABSTRACT 
 

The effect of the Friction Hydro-Pillar Process (FHPP) on the microstructure and hardness of 

P92 ferritic/martensitic steel was studied to determine whether FHPP could be used to repair 

cracks in the main steam pipes of power plants. The microstructural evolution, phase 

formation and hardness of the P92 steel were analysed. 

Thermo-Calc software with the TCFe5 database was used to calculate phase proportion 

diagrams for the P92 pipe and weld samples. Gleeble uniaxial compression tests were used to 

simulate the FHPP weld.  Hot compression tests were done at 1100°C and 1200°C at strain 

rates of 10 s
-1 

and 50 s
-1 

in order to simulate FHPP weld. The compressed samples were 

subsequently heat treated at 760°C for 3 hours 45 minutes or 5 hours because the provided 

FHPP welds had been heat treated.  

Thermo-Calc phase proportion diagrams indicated BCC as the major phase with minor 

amounts of M23C6, MnS, M2B, MX, FCC and Laves phases. The Gleeble uniaxial 

compression results showed that the flow stress increased with decreased deformation 

temperature and increased strain rate. The FHPP weld had good integrity without defects. 

The FHPP weld sample was fully tempered martensite with 254±19 HV0.3 hardness, whereas 

the hot compressed specimens had 449±11 HV0.3 hardness. The heat treatment reduced the 

hardness of the hot compressed samples to 280±29 HV0.3. Gleeble compression tests with 

subsequent heat treatment reproduced the FHPP weld structure. Thus, FHPP can be used to 

repair steam pipes because of the good integrity of the weld. 
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Chapter 1 : Introduction  

 

1.1 Overview of the FHPP process and CSEF steels 

Friction hydro pillar processing (FHPP) is a friction welding technique whereby an axial 

force is applied on a rotating consumable rod within a pre-machined hole [1-7]. The hydro 

pillar portion of the process name is derived from the mechanism whereby some of the 

plasticised stud material is continually deposited onto previously recrystallised stud material, 

forming the base for the next layer [8]. The FHPP can be used for repairing thick-section 

ferrous and non-ferrous plate materials [4 ,9, 10]. This solid welding technique will not 

completely replace fusion welding but minimise its use. This is because there are defects 

associated with the fusion welding techniques such as solidification cracking, segregation of 

alloying elements, solubility of gases, formation of undesirable phases and overheating [2, 9, 

11, 12]. Furthermore, FHPP is easily automated, cheap and safe to perform underwater due to 

absence of high voltage electric hazards [9, 13].   

Creep strength enhanced ferritic (CSEF) steels are highly alloyed steels that contains between 

9 % and 12 % Cr, varying additions of W, Co, B, N, Ni, and small amounts of Nb, V, Mo 

[11]. The as received microstructure of CSEF steels is tempered martensite with finely 

dispersed carbides, nitrides and carbonitrides. The CSEF steels are relatively inexpensive 

compared to advanced austenitic stainless steels and nickel-based alloys [14]. Lower thermal 

expansion coefficient as well as the higher resistance to thermal fatigue properties of CSEF 

steels, make them tolerable to thermal stresses on the power plants due to regular start-ups 

and shut-downs [14-16].  

The first CSEF steel to be approved for application in ultra-supercritical (USC) power plants 

is Grade P91/T91 [17]. However, the American Society for Testing and Materials (ASTM) 

and American Society of Mechanical Engineers (ASME) codes required that the diameter and 

wall thickness of the pipes should be reduced for operations at elevated temperatures [15]. 

This is because thinner components require less time to reach thermal equilibrium and 

therefore are less likely to be thermo-mechanically damaged during power plants shutdown 

cycles. The P91 steel (9Cr-0.5Si-0.6Mn-1.05Mo-0.1Nb-0.07N) was modified by addition of 
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mainly tungsten to form a 9Crï0.05Siï0.2Mnï1.9Wï0.5Moï0.25Vï0.07Nbï0.08Nï0.01B, 

ASTM grade P92 steel to allow reduced wall thickness. The creep strength of P92 steel is 

more than 30% higher than P91 steel at 600 °C [15]. The P92 steel has high heat resistance 

[15, 18].  

Creep strength enhanced ferritic steel weldments (HAZ (heat affected zone) and TMAZ 

(thermo-mechanically affected zone)) fail prematurely due to type IV cracking in the fine-

grained heat affected zone and intercritical heat affected zone [14, 15]. Type IV cracking is 

creep cracking which occurs at the base material and HAZ interface [14]. It occurs at the 

surface of the HAZ in the over-tempered, intercritical region of the HAZ.  

The FHPP process is an emerging technology and this work was aimed at generating 

knowledge about its application to CSEF steels.  The FHPP literature is mainly focused on 

the effect of the applied force on the weld [3, 7, 10]. Currently, there has been little work 

done to understand the microstructural evolution during the process, hence the motivation for 

the present study. The microstructure and hardness of P92 steel processed by FHPP was 

analysed. The FHPP process was simulated on a laboratory scale by computer controlled 

thermo-mechanical simulation on a Gleeble 3500 to understand the conditions (deformation 

strain and strain rates) under which FHPP occurs. 

 

1.2 Motivation  

The amount of energy a country can produce drives its economic development, especially in 

developing countries like South Africa. Despite the advanced variants of technologies in the 

field of renewable energy, fossil fuels remain the dominant energy resource worldwide, 

accounting for 80% of energy production [19-22]. Coal is the cheapest and most reliable 

energy source providing at least 40% of the worldôs electricity needs; coal-fired plants 

produce approximately 90%, 40% and 79% of electricity in South Africa, United States of 

America and China respectively. Furthermore, fossil-fuel plants pose a danger on the 

environment through greenhouse gases emission. Therefore, an urgent intervention is needed 

to meet the energy demands with reduced fossil fuel consumption, thus reducing the carbon 

footprint and preserving the resources for future generations. 

Power plants are required to operate at critical conditions (high temperatures and pressures) 

to produce energy with less environmental contamination from carbon containing gases [23]. 
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At critical conditions, less fossil fuel is consumed for the same amount of energy output [24]. 

The need to operate power plants under critical conditions requires that major parts of the 

power plants such as turbines, boilers and piping systems be made of strong structural 

materials to withstand high temperatures and pressures. 

The CSEF steels have adequate properties and are cost efficient, hence they are preferred for 

applications in power plants compared to nickel-based alloys and austenitic stainless steels 

[16]. ASTM grade P92 steel is by far the most advanced CSEF steel adopted for application 

in the power and energy industry due to its high temperature strength and creep performance 

[25-30]. However, CSEF steel weldments are prone to type IV creep cracking which can lead 

to catastrophic failure [14]. The FHPP process has the potential to combat this cracking 

problem, because the creep crack is removed by coring and then the resultant hole is then 

refilled with similar material. In the same way, FHPP can also be used for creep material 

sampling by cutting out a small portion of the component for a more accurate creep analysis 

of the component. As a solid welding process, FHPP does not have the problems of liquid 

phase.  Thus, the technique enables in situ repairing of the components, therefore preventing 

unnecessary long shutdowns. 

 

1.3 Problem statement 

The use of FHPP is a possible solution for repairing both ferrous and non-ferrous industrial 

equipment without off-site removal. However, there is limited understanding of the process, 

especially its application to steel, and whether reliable welds could be produced. Therefore, 

the current research addressed this problem, specifically the analysis of the FHPP weldments 

produced on P92 steel. The following questions were addressed during this research: 

1. What is the microstructure of the FHPP weldments, and how does it differ from the 

base material? 

2. What are the mechanical properties of the FHPP weldment? 

3. Can the microstructure of FHPP weldments be simulated by Gleeble?  

4. Can heat treatment of the P92 weld specimens recover their initial microstructure and 

properties? 
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1.4 Research aim and objectives 

The main aim of this study was to determine the influence of the FHPP technique on a steel 

grade P92 weldment, to ascertain whether it was a viable process to repair creep cracks, with 

the following objectives: 

¶ To characterise the microstructure of the FHPP weldment. 

¶ To determine the mechanical properties of the weldment.  

¶ To simulate the FHPP weldment microstructure by performing Gleeble thermo-

mechanical simulations. 

 

1.5 Outline of the dissertation 

Chapter 1: This chapter gives a brief overview and history of the FHPP process and CSEF 

steels. The motivation for this research, problem statement, objectives and aim 

of the study are also included.  

Chapter 2: A literature review on FHPP and CSEF steels is presented. 

Chapter 3: The experimental procedures and analytical techniques used in this study are 

described. 

Chapter 4: The results obtained in this study are presented.  

Chapter 5: The presented results are interpreted and discussed.  

Chapter 6: Based on the results and objectives of the study, conclusions are drawn.  

Chapter 7: This chapter presents the recommendations for further work. 

References: All the sources used in this study are referenced 
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Chapter 2 : Literature survey 

This chapter gives a brief history on the establishment of ultra-supercritical (USC) power 

plants and the background to development of creep enhanced ferritic steels. Since these are 

categorised as high alloy steels, the effect of the alloying elements is also discussed. This 

family of steel is used in high temperature applications and therefore the hot forming 

behaviour and microstructural evolution of the steels are discussed. The second part gives an 

overview of the FHPP welding technique. The last part briefly discusses heat treatment and 

thermodynamic calculations. 

 

2.1 Brief background on the establishment of ultra-supercritical (USC) 

plants 

 

Elsam, a large power generation organisation in Denmark, had a major objective of 

participating in research and development of new energy technologies [23]. In the 1990s, 

Elsam conducted intensive research into three coal-based technologies for power generation: 

integrated gasification combined cycle (IGCC), pressurised fluidised bed combustion (PFBC) 

and USC plants. The USC concept was the most feasible  [15]. Table 2.1 [24] shows that 

higher pressure and temperature operation of USC increases the net efficiency and reduces 

the coal consumption. Not only will the coal resource last longer, but the emissions and 

resulting pollution will also decrease. However, strong materials are required in the piping 

system of the USC plants to withstand high temperatures and pressures. 

 

Table 2.1: Comparison of the coal consumption with plant operating conditions for 

the equivalent energy supply of power plant types [24]. 

Type Vapour parameter 
Net efficiency 

(%) 

Coal consumption 

(g.kW
-1

.h
-1

) 

Subcritical (17 MPa, 538 °C) 37-38 330-340 

Supercritical (24 MPa, 538 °C) 40-41 310-320 

Ultra -

supercritical 
(30 MPa, 556 °C) 44-45 290-300 
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2.2 Creep Strength Enhanced Ferritic steels 

2.2.1 History and development of Creep Strength Enhanced Ferritic steels 

Steel is an important material due to its wide variety of microstructures and resulting 

properties that can be generated by solid-state transformation and processing [25]. The heat 

resistant ferritic/martensitic steels also knowns as CSEF steels, originated in 1912 at Krupp 

and Mannesmann Ltd in Germany [26]. This steel family was developed and evolved into a 

series of compositions from different countries of origin (using ASTM designations): US - 

Gr. 91, Europe - Gr. 24 and Gr. 911, and Japan - Gr. 92, Gr. 122 and Gr. 23 [17]. In the mid 

1980s, the first CSEF steel to be included in the ASME code was Gr. 91 when it was used in 

fossil fuelled power plants [17, 14, 27],. Figure 2.1 [28] shows the progress and development 

of CSEF steels with the coloured boxes showing evolution from T9 to P/T92 steel.   Table 2.2 

[28] shows the composition range of the common CSEF steels. In the names, the letters óTô 

and óPô were derived from their primary applications, thus T for tubing and P for piping [27]. 

Tube refers the different shapes of hollow sections used for the conveyance of products such 

as gases and fluids. A pipe is a circular tube [29]. 

 

 

Figure 2.1: Development of ferritic/martensitic steels with the coloured boxes showing 

evolution from T9 to P/T92 steel [28]. 
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Table 2.2: Chemical composition of selected 9-12Cr steels [28]. 

 

 

2.2.2 Background on ASME P91 and P92 steels 

The previous section gave a general overview of CSEF steels and this section discusses two 

CSEF steels, P91 and P92. ASME P91 steel was developed in the USA by Oak Ridge 

National Laboratory and Combustion Engineering in the 1970s for application in nuclear 

pressure vessels [16]. However, it was only approved as a construction material for power 

plants application by ASTM/ASME between 1983 and 1985 [14, 15, 17]. Figure 2.1 shows 

that P91 steel was developed by modification of 9Cr-Mo (T9) steel by optimising the 

niobium, carbon, and vanadium contents, and adding nitrogen, hence it is also referred to as 

modified 9Cr-1Mo steel. These modifications enhanced the strength of this family of alloys 

which made it suitable for application at elevated temperatures and pressures.  

P91 steel has been widely used in the power industry due to its good combination of creep 

and corrosion resistance. However, ASTM and ASME codes require the pipe diameter to be 

smaller and pipe wall thickness to be thinner for operations at 600 °C and above [17, 30].  

This is because the thinner components require less time to reach thermal equilibrium within 

the station and are therefore less likely to be thermo-mechanically damaged during station 

shutdown cycles [15]. Therefore, to satisfy the wall thickness and diameter reduction 

requirement, more advanced alloys had to be designed, and P92 steel was one of the products. 

The NF616 steel, which was later designated by ASTM as P92 steel, was developed in the 

late 1980s by Nippon Steel of Japan [17, 31]. This steel is a modification of P91 steel by 

substituting half of the molybdenum (Mo) for tungsten (W) to achieve solid solution 
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strengthening with 0.5% Mo and 1.8% W, whilst vanadium and niobium are added for 

precipitation strengthening. In addition, boron and slightly more nitrogen were also added 

[15, 31, 32]. 

2.2.3 Effect of alloying elements 

The chemistry of an alloy plays a critical role in maintaining its integrity under different 

conditions during application. Medina and Hernandez [33] found that an increase in the 

amount of the alloying elements: Mn, Si, Mo, Ti, V, and Nb, increased the activation energy 

of the steel, but carbon showed the opposite effect. How the alloying elements reacted 

enabled them to be classified into two categories: carbide formers which are also nitride 

formers (e.g. Cr, Mn, Mo, W, V, Ti, and Nb) and non-carbide formers (e.g. Ni, Si, Co, Al, 

Cu, N) [34, 35]. With the exception of Cu and N, the non-carbide formers do not form 

chemical compounds with Fe and C, and are therefore only in solution [34].  

P92 and P91 steels are the most commonly and widely applied steels in the ferritic-

martensitic modified 9% Cr steels. Modified 9% Cr steels have enhanced strength derived 

from the additional alloying elements compared to the conventional 9% Cr steels. These alloy 

modifications improve the component life, rupture strength and safety margin, and also 

reduce the wall thickness of the pipe [30]. Alloying elements in CSEF steels are either 

austenite stabilisers if they dissolve in austenite and widen the austenite phase field (e.g. Ni, 

Mn, N, Cu, and C) or ferrite stabilisers if they dissolve in ferrite and widen the ferrite phase 

field (e.g. Cr, Si, Al, Ti, V, Nb, Mo, and W) [34, 35].  

Ferrite stabilisers decrease the enthalpy of ferrite, thus requiring more energy to transform to 

austenite, which leads to an increase in the Ae1 transformation temperature (800 - 830 °C), 

which is the minimum temperature at which ferrite begins to transform to austenite [35, 36, 

37]. Conversely, the austenite stabilisers decrease the Ae1 temperature. Alexandrov et al. [37]  

highlighted the importance of the Ae1 temperature in P91 and P92 steels. They found that 

exceeding the Ae1 temperature during post weld heat treatment resulted in formation of 

Ŭferrite and/or fresh martensite in the final weld microstructure, both which are detrimental to 

the creep strength and toughness. Addition of alloying elements moves the time-temperature-

transformation (TTT) curves to shorter times, thus increasing hardenability, which results in 

martensite forming at lower cooling rates [34].   
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The effects of the key alloying elements are discussed further in this section. For the steel to 

take the full advantage of the alloying elements, the amount of each element must be 

carefully optimised, so that it is in the required proportions relative to the other elements.  

 

Carbon 

The high solubility of carbon in austenite and low solubility in ferrite makes it a strong 

austenite stabiliser, and promotes the formation of carbides and carbonitrides [27]. Carbon 

was found to have a slight softening effect in high alloy steels, thus the peak stress decreased 

with increase in carbon amount [33]. Dudko et al. [18] found that the long term creep rate 

was accelerated by a lower carbon content in P92 steel.  Tungsten and molybdenum provide 

solid-solution strengthening on the matrix. A lower carbon content decreases the solubility of 

tungsten and molybdenum. 

When carbon forms M23C6, Cr is removed from the austenite, thus effectively lowering its 

content, and reducing the growth of the Z-phase [38]. Z-phase (Cr(V,Nb)N) is the undesired 

precipitate formed at the expense of MX, M2X (where M=V,Nb and X=C,N) and M23C6 

which deteriorate the strength of the steel. However, an extremely low C content is required 

to promote the formation of fine and thermally stable MX nitride particles instead of 

thermally unstable M23C6 particles [39]. A higher carbon content also reduces the weldability 

of the steel by increasing its hardness, thus makes it more brittle [27], although the carbon 

content has no significant effect on toughness in P92 steel [40].  

 

Nitrogen 

Nitrogen is a strong austenite stabiliser like carbon, and forms nitrides and carbonitrides [27].  

Nitrogen addition significantly improves creep strength, provided it does not form boron 

nitride, which severely deteriorates creep strength [39]. This can be ascribed to the increase in 

tensile and yield strength at the expense of the toughness and ductility of the steel [41]. 

Chovet et al. [40] found that decreasing the N content substantially improved the toughness 

in P92 steel. Nitrogen is a component of the Z-phase, thus encouraging its formation [42].  

 

Chromium 

Chromium provides minimal solution strengthening when added to iron, so its primary role in 

steels is for oxidation resistance and corrosion resistance [27]. Chromium is a relatively weak 

carbide former, and only starts forming carbides above 1 wt% Cr [34]. The diffusion rate of 
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Cr is higher than most other carbide and nitride formers in ferrite, hence the coarsening rate 

of Cr precipitates is high [34]. A high Cr content of 10 wt% and above accelerates Z-phase 

formation [43]. High Cr content also stabilises ferrite. 

The Creq equivalent equation [34] adds the amounts of elements that are ferrite stabilisers, 

such as chromium: 

 Creq (wt%) = Cr + 2Si + 1.5Mo + 5V + 5.5Al + 1.75Nb +1.5Ti + 0.75Wéé. [2.1] 

 

Nickel 

Nickel has the greatest effect on stabilising the austenite, and significantly decreasing the Ae1 

temperature [34, 37] . Nickel content is kept at about 0.5 wt% to prevent the formation of 

delta ferrite, thereby improving the toughness [44]. Nickel accelerates precipitation 

coarsening and promotes the formation of M6C, thus reducing formation of M23C6, which is 

used to stabilise the subgrain structure [27]. The Nieq equivalent equation [34] adds the 

amounts of elements like nickel that are austenite stabilisers: 

 Nieq (wt%) = Ni + Co + 0.5Mn + 30C + 0.3Cu +25Néééééééééé [2.2] 

 

Tungsten 

Tungsten is one of the key elements in modified ferritic-martensitic steels. The lower 

diffusion rate of W in ferrite compared to Nb and Mo, slows precipitation of the Laves phase 

[27, 45]. The major role of tungsten is to enhance the creep strength through solid solution 

strengthening and pinning effects. This delays the recovery of martensite lath and inhibits 

coarsening of M23C6 carbides, thus enhancing the martensite stability during long-term 

exposure at elevated temperatures [45]. The addition of W is kept at the minimum required 

value to avoid the formation of delta ferrite as it has a negative effect on the steel [41].  

 

Manganese 

Manganese has the second largest effect after nickel on reducing the Ae1 temperature [37]. 

This affects the post weld heat treatment (PWHT) temperature and toughness in the ferritic 

martensitic steels [41, 44]. When the PWHT temperature is low there is insufficient 

tempering, which results in inadequate toughness [46]. Moreover, if the PWHT temperature 

exceeds the Ae1 temperature, the metal undergoes the reverse transformation, which promotes 

a microstructure with fresh martensite of high strength and low toughness. 
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Molybdenum  

Molybdenum is a strong carbide former and ferrite stabiliser [27, 34] . Molybdenum has the 

ability to form fine carbides with high enthalpies, which remain fine for prolonged times at 

higher temperature exposure [34]. A molybdenum equivalent, Moeq  [34], in solid solution is 

defined as: 

 Moeq = Mo +0.5 W (wt%) éééééééééééééééééééé. [2.3] 

The Moeq should be less than 1 wt%, otherwise precipitation of the Laves phase will occur, 

removing molybdenum from solid solution and causing poor solid-solution strengthening 

[27]. 

 

Silicon 

Silicon is an essential deoxidant. In conjunction with chromium, it improves oxidation 

resistance at higher steam temperatures [44]. Silicon slows down the nucleation and  growth 

of cementite, promoting the formation of the more stable carbides [34]. Laves phase 

precipitation is substantially hindered by a decrease in silicon content [47]. This can be 

attributed to the fact that silicon reduces molybdenum solubility, therefore promoting Laves 

phase precipitation [48]. 

 

Boron 

The primary role of boron (B) is to enhance hardenability since it is a surface-active element. 

However, too much B decreases toughness by precipitation of Fe2B on austenite grain 

boundaries [27, 34] .  

 

Niobium 

Niobium (Nb) is a strong carbide former [34, 35]. Undissolved Nb carbides impede grain 

growth during austenitisation. Niobium increases the recrystallisation temperature more than 

other alloying elements,  significantly retarding the softening rate [34, 35]. Lee et al. [49]  

found that Nb addition in ferritic steel with 10 wt% Cr improved the short term creep, but 

was detrimental to the long term stability due to Z-phase formation, which in turn shortens its 

creep rupture life. 
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Vanadium 

Vanadium (V) is a strong carbide, nitride and carbonitride former with most of its compounds 

rich in nitrogen [27]. Vanadium forms carbides and carbonitrides from as little as 1 wt% V 

[33], [34]. Vanadium carbides replace cementite in steels and persist as fine particles at high 

temperatures [34]. Nonetheless, vanadium carbides are more stable below Ae1 temperature 

[34]. 

 

Cr and Ni equivalents 

A typical P92 steel composition is shown on the Schaeffler ï Schneider diagram (Figure 2.2) 

[50]. P92 is on the phase boundary of martensite and martensite + ferrite, indicating that it 

contains mostly martensite, with Ò
 
2% ferrite.   

 

Figure 2.2: Schaeffler-Schneider diagram showing the relative positions of various steels 

including P92 [50]. 

 

2.3 Hot forming behaviour of steels 

2.3.1 Effect of hot deformation on the microstructure of steels  

Steels are hot formed to produce complex shapes with good strength [51]. The trend in metals 

has always been to improve mechanical properties because they are why metals have 

numerous applications. The most important properties are: ease of fabrication, high strength, 

relatively good ductility and corrosion resistance [51]. One of the ways of acquiring the best 
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combination of these properties is to select the optimum microstructure, which in turn 

depends on thermo-mechanical history as well as on chemical composition [52].  

Generally, flow curves are used to interpret the mechanisms involved during deformation. 

Figure 2.3 [52, 53] uses flow curves as well as microstructural evolution to illustrate these 

metallurgical phenomena during the hot forming process: work/strain hardening, dynamic 

recovery (DRV) and dynamic recrystallisation (DRX).  

 

 

 

Figure 2.3: Deformation flow stress curves with microstructural evolution corresponding to 

the different stages of the curve [52, 53]. 

 

During hot deformation at relatively high strain rates, the energy is stored in the form of 

dislocations and the deformed material undergoes work hardening [54]. As the deformation 

continues, part of the stored energy is released by dislocation rearrangement and annihilation 

through dynamic recovery. However, with further deformation, the dislocation density 

reaches a critical point necessary to promote the nucleation of new grains by dynamic 

recrystallization [54]. However, these competing phenomena occur simultaneously 
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throughout the deformation process, and the distinct stages are based on which one is 

predominant at a given point in the deformation process.  

 

2.3.2 Work hardening 

Dislocations are the basis of plastic deformation. Plastic deformation requires imperfections, 

such as dislocations, which move through the lattice when the stress is applied [55]. In the 

initial stages of deformation, the dislocations are generated and multiplied by a gradual 

increase in the applied stress or strain [52, 56]. When the density of these dislocations reaches 

a critical value, they begin to interact. This makes their movement difficult, leading to work 

hardening, which strengthens the material, seen as the increase in flow stress at later 

deformation stages. 

 

2.3.3 Dynamic recovery 

Materials tend to maintain their stable state where their free energy is at the lowest [57]. A 

work hardened material is thermodynamically unstable, so the material responds in a way that 

will minimise the free energy of the system and restore the initial structure. When 

deformation is carried out at higher temperatures, the restoration process that manifests is 

dynamic recovery (DRV). At these elevated temperatures, the diffusion rate increases, which 

promotes dislocation motion [51]. The mobile dislocations decrease the dislocation density 

by annihilation and formation of low-energy dislocation configurations which relieve some of 

the internal strain energy [52]. 

During DRV, the original grains are increasingly strained, but the subgrains remain more or 

less equiaxed ( Figure 2.3) [52]. This implies that the substructure is dynamic and readapts 

continuously to the increasing strain. The DRV rate is lower in low stacking fault energy 

(SFE) materials like copper. Low SFE materials allow stored energy accumulation until a 

critical strain when there is a significant variation in the energy distribution and that marks 

the onset of DRX.  

 

2.3.4 Dynamic recrystallization 

DRX is an important mechanism which controls microstructural evolution during hot 

deformation [58]. During the deformation of materials with moderate to low SFE, the 
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dislocation mobility is hampered due to wide stacking faults not being able to cross-slip thus 

uneven dislocation distribution [59-61]. This results in a high local dislocation density which 

acts as a nucleation sites for new grains. The nucleation and growth of the new grains affect 

the mechanical behaviour of the material. DRX is characterised by peaks appearing in the 

flow stress curve, each with an associated peak strain as shown in Figure 2.4.[62] The driving 

force for DRX is the stored energy in the deformed material due to plastic deformation.  

Dynamic recrystallisation has been categorised into three types: discontinuous dynamic 

recrystallisation (DDRX), continuous dynamic recrystallisation (CDRX) and geometric 

dynamic recrystallisation (GDRX) as shown in Figure 2.5 [61]. However, mechanisms of 

these DRX co-exist and occur interchangeably, for an example, CDRX can be seen in low 

SFE metals although it is expected to occur in high SFE metals [61]. 

 
Figure 2.4: Flow curves showing dynamic recrystallisation in typical single or multiple,  

cyclic peaks [62]. 
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Figure 2.5: Three types of recrystallisation mechanisms [61]. 

 

DDRX is common in materials with low SFE whereby heterogeneous nucleation of new 

strain-free grains occurs and grow solely at the expense of high dislocation density grains, as 

shown in Figure 2.6 [63]. Unless otherwise specified, DRX refers in general to DDRX. 

CDRX occurs at larger deformations when polygonised subgrain structures with low angle 

grain boundaries (LAGBs) evolve into high angle grain boundaries (HAGBs) as a result of 

progressive subgrains rotations as shown in Figure 2.7 [61, 63]. CDRX is mostly observed in 

high SFE materials. CDRX is characterised by slower kinetics compared to DDRX because 

the formation of a CDRX microstructure requires large strains, [52, 61, 63].  

 

 

Figure 2.6: Schematic illustration of discontinuous dynamic recrystallisation [63]. 
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Figure 2.7: Schematic illustration of continuous dynamic recrystallisation [63]. 

 

The least researched mechanism, GDRX, is associated with larger strains and higher 

temperatures [63] whereby extensive grain refinement is due to grain elongation and 

thinning. Unlike in CDRX, during GDRX both original and strain-induced HABs are rotated 

into the rolling plane and the HAB spacing decreases with increasing strain (Figure 2.8) [61, 

63]. However, a fibrous microstructure can form should HAGB migration not occur. 

Serration (wave-like character) at the HAGBs is critical for occurrence of GDRX [61]. 

 

 

 

Figure 2.8: Schematic illustration of geometric dynamic recrystallisation [63]. 
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2.3.5 Factors affecting dynamic recrystallisation 

Stacking fault energy  

Stacking fault energy (SFE) is an important factor when discussing softening mechanisms, 

because it greatly affects the dislocation mobility. Low SFE enhances dislocation dissociation 

into partial dislocations which hinders the climb and cross-slip of dislocations [57]. This is 

because the partial dislocations repel each other, and they are bound together by SFE, hence 

the lower the SFE, the greater the separation distance. Therefore, the wider they will spread 

and the more difficult it will become for them to come together and form a unit, so they can 

cross-slip. This explains the association of DRX with SFE. 

 

Initial grain size 

Grain boundaries affect  physical, chemical and mechanical properties of crystalline solids, 

including: electrical and thermal conductivity, thermal coarsening, corrosion resistance, 

impurity segregation, hydrogen embrittlement, stress corrosion cracking, strength and 

ductility [64]. However, this section will only cover the relationship between grain 

boundaries and hot deformation. The yield stress increases with decreased grain size (the 

Hall-Petch effect [65, 66]) because dislocation pile-ups in fine-grained material contain fewer 

dislocations. The stress at the tip of the pile-up decreases and thus larger applied stress is 

required to generate dislocations in the adjacent grain [67]. The grain size can only be 

reduced to a certain critical size, approximately 10 nm. Further reduction will have the 

opposite effect thus reduce the material strength, known as the inverse Hall-Petch effect  [67]. 

This is due to the fact that small grains are unable to support dislocation pile-ups.  

Anything that tampers with dislocations mobility affects the DRX processes. Large initial 

grain sizes slow the recrystallisation kinetics because there are fewer grain boundaries to 

serve as nucleation sites [67]. Finer initial grain sizes accelerate the kinetics and the steady 

state stress is reached faster. On the other hand, large grains favour the formation of 

deformation shear bands which are also nucleation sites.  

Sakai and Jonas [59] did an extensive study on the effect of the initial grain size on the shape 

of the flow curves. Multiple peaks were observed during grain coarsening or when grain 

refinement produced less than a 2:1 reduction in grain size. In the same manner, a single peak 

was observed when the grain refinement ratio was about 2:1. They associated a peak with a 

complete cycle of recrystallisation. Therefore, a single peak curve implies that the 
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deformation conditions were satisfactory to attain an equilibrium grain size, which normally 

happens at high strain rates and lower temperatures. Conversely, multiple peaks show that 

each recrystallisation cycle produced grain coarsening until the stable grain size was attained. 

Thus, equilibrium was established and associated with high temperatures and low strain rates. 

 

Thermo-mechanical processing conditions 

The hot forming processes cannot be discussed in the absence of the thermo-mechanical 

processing (TMP) conditions: deformation strain rate, temperature and total strain. The key 

TMP conditions are deformation strain rate and temperature which are kept constant 

throughout the DRX process. From the discussion on the effect of initial grain size, the 

recrystallized grain size at steady state is not linked to the initial grain size but deformation 

temperature and strain rate. This implies that for as long as these TMP conditions are the 

same, the steady state grain size should be the same for a given material with different initial 

grain sizes. Thermally activated stored energy developed during deformation is the driving 

force for the occurrence of the DRX and the other abovementioned phenomena observed 

during hot deformation [52]. A common empirical formula to incorporate the deformation 

activation energy, strain rate and temperature into a single parameter was developed using the 

Arrhenius equation and is called the temperature modified strain rate, or Zener-Hollomon 

parameter (Z) in s
-1

 [68]: 

 ὤ ‐ÅØÐ éééééééééééééééééééééééé.. [2.4]  

where: 

‐ is the deformation strain rate,  

T is deformation temperature (K),  

R is the gas constant, and  

Q is the deformation activation energy in kJ/mol. 

The activation energy must be overcome for the nucleation and growth of a new surface or 

grain boundary to occur [52]. A low value of Z corresponds to high temperature and strain 

rate whilst high Z corresponds to low temperature and high strain rate [61]. Multiple and 

single peaks on the flow curves are associated with low Z and high Z respectively. The steady 

state subgrain size decreases with increasing Z [61]. 
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Composition 

Second phase particles play a critical role in recrystallisation. Precipitation of second phase 

particles act as lattice impurities, which causes strain that interacts with dislocation strain 

fields and hinders dislocation motion, thus slowing down the recrystallisation and grain 

growth. On the contrary, coarse second phase particles can promote recrystallisation by 

particle simulated nucleation (PSD) due to the large amount of stored energy in the 

deformation zone. However there is not enough evidence supporting the PSD occurrence 

during DRX [61]. Sakai et al. [63] found that increasing solute content broadened the flow 

stress peak and increased the peak stress and strain. The oscillations on the flow curves were 

found to disappear with increased concentration of the alloying elements [63]. Thus, alloying 

elements stabilise the microstructure and suppress the grain growth. In general, the effect of 

second phase particles on DRX depends on whether they exist before, during or after the 

completion of recrystallisation [63]. 

 

 

2.3.6 Hot forming behaviour of 9% Cr ferritic -martensitic steels 

The 9% Cr ferritic-martensitic steels owe their application especially in the energy industry to 

their elevated temperature properties [69]. Good formability is ascribed to the occurrence of 

dynamic recrystallisation and dynamic recovery whereas poor formability is attributed to 

other phenomena such as hot shortness, dynamic strain ageing, localized deformation, 

cavitation, formation of new phases.  Generally, a homogeneous microstructure is desired for 

defect free formed products [69]. It is therefore important to establish optimum forming 

conditions which require good combinations of deformation strain rate and temperature as 

formerly discussed. The optimisation of the hot forming processes is done on a laboratory 

scale and the common experimental tests performed are compression, tension and torsion. 

Similarly, although other 9% Cr ferritic-martensitic steels are briefly discussed, the focus is 

on ASTM grade P92. 

Compression tests are used in the simulation of metal forming processes such as forging and 

rolling. In this process, the force is applied to the surface of the workpiece and the metal 

flows at right angles to the direction of compression [70]. Hot compression tests have been 

used to understand the effect of deformation conditions on 9% Cr ferritic-martensitic steels in 
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the deformation temperature range 600 - 1250 °C, strain rates of 10
-2

 - 20 s
-1

 and true strain of 

0.05-0.9 [69, 71-75].  

The activation energy indicates the degree of difficulty for  plastic deformation to occur, and 

is sensitive to slight changes in the composition [33,76]. Liu and Yan [73] and Shi and Liu 

[74] studied P92 steels in the range of 900 - 1250 °C and calculated activation energies of  

499 and 437 kJ/mol as presented in Table 2.3. The difference in activation energy can be 

attributed to the difference in composition. The activation energy increases with increased 

alloying element concentration as they form stronger retarding effects on DRX [77]. This 

indicates that the activation energy for every different P92 steel composition must be 

determined and cannot be generalised based on the previous work.  

The effect of deformation amount or true strain on DRX in P92 steel was studied by Shi and 

Liu [74] in the temperature range 900 - 1250 °C. Complete DRX was achieved at a true strain 

of 0.9, as shown in the ln Z - true strain diagram (Figure 2.9) [74]. This behaviour is 

explained by the modified Avrami equation which shows that as the true strain increases, the 

DRX volume fraction increases [52]. 

The effect of deformation temperature and strain rate behaviour combined via the Zener-

Hollomon parameter, Z, has been studied for P92 steel. Complete DRX occurred at low Z 

values, with temperatures above 1100 °C and the strain rate below 0.1 s
-1

 [72-74]. Shi and 

Liu [74] calculated the natural log of the critical Z value above which DRX would not occur 

in P92 steel to be ln(42.9). It was further discovered that for a given Z, the tendency for DRX 

became stronger with increased true strain. On the other hand, for a given true strain, the 

tendency of DRX weakened with increased Z [71, 74].      
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Table 2.3: Effect of composition on activation energy in steel P92. 

Elements Composition (wt%) 

C 0.10 0.097 

Mn 0.45 0.5 

S 0.01 0.005 

Si 0.4 0.34 

P 0.02 0.008 

Cr 9 8.87 

W 1.7 1.82 

Mo 0.45 0.48 

V 0.2 0.2 

Nb 0.05 0.076 

N 0.05 0.058 

B 0.003 0.0032 

Ni 0.4 0.27 

Al  0.004 - 

Activation energy 499 kJ/mol [73] 437 kJ/mol [74] 

 

 

 

 

Figure 2.9: Effect of true strain on ln Z for P92 steel [74]. 
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2.3.7 Microstructural evolution of 9% Cr ferritic -martensitic steels at high 

temperatures 

The target microstructure for 9-12% Cr steels is fully martensitic without delta ferrite and this 

is achieved by balancing the ferrite and austenite stabilisers [27]. The overall microstructures 

of the 9-12% Cr steels look similar, therefore their difference in properties can be attributed 

to their distinct alloy compositions and processes [78-80]. Figure 2.10 [81] shows the heat 

treated microstructure of P92 steel, which is characterised by tempered martensite decorated 

with precipitates of  Cr, Fe, W, and Mo rich M23C6 carbides on the grain boundaries, whilst 

fine vanadium and niobium rich MX carbonitrides are dispersed in the intra-lath regions [59, 

78, 79]. This is an ideal structure that the material needs to maintain throughout its service 

life. For the steel to maintain the good strength, the factors to be considered include the type, 

size and distribution of the secondary phases, as well as the nature of the matrix 

microstructure [79]. 

 

 

Figure 2.10: As-tempered microstructure of P92 before service [81]. 
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It is a common concern that materials at elevated temperatures tend to become unstable and 

fail due to creep and fatigue. An effective stress is responsible for plastic deformation at high 

temperatures [82]. A stable structure is therefore required to provide long-term resistance 

against plastic deformation, thus giving superior creep and fatigue resistance. Figure 2.11 

[82] shows how the microstructure in Figure 2.10 would evolve when exposed to higher 

temperature for a longer period. During the microstructural evolution, the original 

precipitates coarsen and some dissolve, while some unwanted precipitates form.  These 

alterations in the microstructure reduce the inner stresses and reduce the good mechanical 

properties, causing deterioration of fatigue and creep strength of the material [79, 82]. These 

undesired new precipitates are briefly described. 

 

 

Figure 2.11: Microstructure evolution at high temperature [82]. 
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2.3.8 Precipitates in 9% Cr martensitic ferritic steels 

M23C6 

M23C6 (M = Cr, Fe, W) carbides are one of the two main precipitate types in CSEF steels 

[83]. They form preferably on grain boundaries with a high dislocation density and can 

therefore hinder grain boundary movement. M23C6 particles are large and play a critical role 

in controlling the subgrain coarsening [83, 84]. 

 

MX 

The second type of the main precipitates in CSEF are small particles of MX carbonitride (M= 

V, Nb; X = C, N). Their preferential precipitation sites are within the lath grains [83]. They 

sporadically occur on the subgrain boundaries. MX are more beneficial than M23C6 because 

they precipitate finely and densely and act as obstacles to migrating subgrain boundaries by 

pinning them [85]. Even though the growth rate of MX particles can be enhanced by creep 

deformation, these particles are much more stable, thus their chemical composition and size 

do not show a significant change after long term thermal exposure [86]. 

 

Laves phase 

The Laves phase is an intermetallic phase with the empirical formula AB2, e.g. Fe2W, Fe2Mo, 

(Fe,Cr)2(W,Mo) [83]. The Laves phase growth mechanism is governed by W and Mo atoms 

diffusion to grain boundaries. They form at the expense of W and Mo dissolved in the ferrite 

matrix phase, thus reducing the solid solution strengthening effect [39, 85]. The Laves phase 

starts precipitating when there is high concentration of W and Mo. Laves phase nucleate and 

grow on the M23C6 carbides [80].  

 

Z-phase 

There are two forms of this phase: Z-phase (original) and the modified Z-phase [83]. The 

crystal structure of the CrNbN Z-phase is tetragonal and the modified Cr2(V,Nb)2N2 Z-phase 

is cubic. Z-phase precipitates decrease the creep strength, because they form at the expense of 

MX particles suppressing MX precipitation hardening [87]. While fine MN nitrides 

contribute to creep strength, the coarse Z-phase particles do not, and their formation is the 

major cause of premature creep strength loss [49, 88]. 
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2.4 Heat treatment 

2.4.1 Fundamental concepts in steel heat treatment 

Heat treatment is a series of heating and cooling operations, timed and designed to produce 

the desired microstructure and thus the properties of metals or alloys [57, 89]. The controlled 

mechanical properties are hardness, ductility, strength, and toughness. The heat treatment 

process variables are temperature, holding time, heating rate, cooling rate and furnace 

atmosphere.  

The heating and cooling rates are important factors in heat treatment of steels. The cooling 

rate determines the final structure (Figure 2.12) [89], and slow heating rate allows for 

structural equilibrium at the maximum temperature [89]. Time-temperature transformation 

diagrams play a key role in identifying a suitable heat treatment process that will produce a 

desired microstructure and hardness. Basic heat treatments of steels are annealing, hardening, 

normalising, and tempering. 

 

 

 

Figure 2.12: Different cooling treatments [89].  
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2.4.2 Effect of heat treatment on P92 steels  

Dipika et al. [90] studied the heat treatment of P92 steel. Grain boundaries are the nucleation 

sites for precipitates and decreasing grain size promotes precipitation. The area fraction of the 

precipitates decreases with increased normalizing temperature and increases with increased 

tempering temperature. Higher normalizing temperature increases the precipitate dissolution 

[91]. Lower normalizing temperature and higher tempering temperature produce straight 

grain boundaries due to resistance to grain boundary movement offered by more precipitates. 

The high normalising temperature increases the lath size while it causes no significant change 

in precipitate sizes [90]. On the other hand, both lath width and small precipitate size increase 

with increased tempering temperature. 

The hardness decreased with increased normalizing temperature due to increased grain size 

[90, 92]. However, lower precipitation of carbides at higher normalising temperature can 

result in more carbon retained in the matrix which leads to increased hardness. Hardness 

decreases with increased tempering temperature due to increased lath size, precipitate size, 

area fraction of precipitates and subgrain formation with decrease in dislocation density [90]. 

Continuous Cooling Transformations (CCT) diagrams provide insight in understanding the 

transformation behaviour of steels. The CCT diagrams enable for extraction of parameters 

that characterize transformation behaviour [91]. Critical cooling rates for martensite and 

ferrite can be extracted from CTT diagrams. Figure 2.13 [92] shows a CCT diagram for P92 

steel. 

2.5 Thermodynamic calculations 

2.5.1 Software general description 

Simulations are necessary to understand how a certain process is affected by the change in 

one or more of its parameters. Software have been constantly developed to carry out the 

simulations including in thermodynamics. Thermo-Calc is a powerful and flexible software 

and database package initially designed for complex multi-component systems and can be 

applied to any thermodynamic system in the fields of chemistry, metallurgy, material science, 

etc. [93]. Calculations performed by Thermo-Calc include phase diagrams (using the 

CALPHAD (CALculation of PHAse Diagram) method [94]), Pourbaix diagrams and phase 

proportion diagrams (called ñproperty diagramsò in Thermo-Calc). Thermodynamic 

databases have been developed for Thermo-Calc to be applied in different groups of materials 

and alloys. CALPHAD ñis a phase-based approach, whereby the thermodynamic properties 
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of each phase are described through the Gibbs free energy, which is evaluated through a 

critical assessment of all experimental and theoretical information available on phase 

equilibria and thermochemical properties in a systemò [94]. 

 

 

Figure 2.13: CCT diagram for P92 Steel [92]. 

 

The databases used depends on the analysed material for an example, TCAL database is for 

aluminium alloys and TCFE5 is for steels [93]. In thermodynamic databases phases usually 

have generic phase names, for their structure rather than composition e.g., BCC_A2, 

BCC_B2, and FCC_A1 (Figure 2.13) [95]. However, if there is a phase with same structure 

but different composition, the symbol # is used to differentiate them e.g., FCC_A1#1 and 

FCC_A1#2 signifying Austenite and MX respectively [95]. 
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Figure 2.14: Phase Structures [95]. 

 

2.5.2 Application of Thermo-Calc software  

Themo-Calc helps to predict possible phases and their proportions in materials for a given 

chemical composition and temperature. The phase proportion data can be used to understand the 

microstructure and properties of the material. Another important application of Thermo-Calc is to 

provide material data that is missing in the handbook data [96]. Figure 2.14 shows a property 

diagram for a P91 steel which is an example of Thermo-Calc application in CSEF steels. 

 

 

 

Figure 2.15: Phase proportion diagram for P91 [96]. 
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2.6 Friction Hydro -Pillar Processing (FHPP) 

2.6.1 Friction hydro -pillar processing overview 

Delany et al. [97] described the FHPP process as ña technique that involves rotating a 

consumable rod co-axially in a circular hole, under an applied load to continuously generate 

a plasticised layer.ò  

FHPP is an emerging friction welding technique which was developed from the concept of 

rotary friction welding [98]. Figure 2.12 [1] shows some available friction welding 

techniques. FHPP was developed and patented in the United Kingdom (UK) by The Welding 

Institute (TWI - World Centre for Materials Joining Technology) led by Dr Wayne Thomas 

in the early 1990s.  

FHPP is a novel technique that involves drilling a hole in the thick-walled metal structure 

containing a previous discontinuity such as crack and refilling the hole with an external stud 

(consumable rod). As a variant of friction welding processes, this technique uses an 

advantage of the energy conversion of mechanical to thermal energy caused by friction [99-

102]. The thermal energy is sufficient to form a solid-state bond between the stud and the 

metal substrate. FHPP can further be categorised as a hot working process whereby a large 

amount of deformation is experienced by faying surfaces (surfaces in contact).  

In the FHPP process, the consumable rod is fully plasticised across the bored hole at a rate 

faster than the consumable feed so the frictional rubbing surface rises along the length of the 

rod, which forms dynamically recrystallised deposit material. The joint is achieved as a result 

of hydrostatic forces, and the amount of the deposited material is usually greater than the feed 

material. The excess plasticised material, called flash, is removed at the end of the process to 

achieve an even, smooth surface. Figure 2.13 [1] schematically shows the FHPP process.  

 

2.6.2 Terminology associated with FHPP 

As FHPP terminology is not well defined, some terms are used interchangeably by different 

authors. The FHPP variants described by Meyer [103] are:  

¶ Friction Tapered Plug Welding (FTPW): Friction tapered plug welding is a friction 

welding process where a through-thickness hole is closed by friction welding a rotational 

welding consumable to the sides of the hole. The welding consumable is only plasticised 
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near the surfaces and not across the whole diameter. Usually, a tapered configuration for 

the consumables (plug) and the hole is used. 

¶ Friction Stitch Welding (FSW): Friction stitch welding is the application of the FHPP 

process where several FHPP welds are performed along a welding path, overlapping 

each other for a given distance. The bore hole for the following weld is drilled partially 

in the consumable stud of the prior weld. It is used for the repair of longer cracks and 

joining plates with longer welding seams. 

¶ Friction Tapered Stitch Welding (FTSW): FTSW is stitch welding with tapered holes 

and welding consumables. 

¶ Friction Stud Welding (FSW): FSW is a friction welding process where a single 

rotational stud is welded on the surface of a workpiece. 

 

 

Figure 2.16: Friction  welding technologies [1]. 
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Figure 2.17: Coring and tapered hole preparation process: a) cylindrical core sample is 

machined, b) core sample is removed, c) FHPP weld is performed, d) stud and 

flash are removed [102]. 

 

2.6.3 The FHPP hole configurations and process stages 

The difference in the process descriptions is mainly guided by the geometry of the 

consumable rod and the pre-machined hole. The two main and common geometries employed 

are parallel/straight and tapered as shown in Figure 2.14 [104]. 

 

 

 

Figure 2.18: Stud and hole configurations in FHPP [104]. 

 

¶ Parallel/straight configuration: The parallel/straight configuration prevents defects 

such as lack of filling. However, as the chamfered edges at the bottom of the hole cause 

stress concentration and void-like defects, a tapered configuration is widely applied 

[104].  

¶ Tapered configuration: With the tapered configuration, the contact area is increased, 

which effectively cause friction between the faying surfaces. This ultimately eases the 

flow of the plasticised material, which then yields a defect free joint [104]. 

 

 

Figure 1 ς Coring and tapered hole preparation process.  
a) cylindrical core sample is machined, b) core sample is removed, c) FHPP weld is performed, d) stud and flash is removed 

 

c) b) a) d) 
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FHPP process stages 

FHPP can be summarised into three sequential stages as illustrated in Figure 2.15 [105]. 

1
st
 stage - Dwell 

The external rotating stud is pressed into a pre-machined hole to fully open it which results in 

frictional heating along the stud. The temperature increase at the interface of the faying 

surfaces decreases the yield strength which favours the plastic flow of the base/substrate 

metal and the stud.   

2
nd

 stage - Burn-off 

The rotating stud is forced into the hole resulting in plastic flow of the stud material through 

the stud-hole clearance. During this stage, plasticised stud material fills through the studïhole 

clearance with the excess coming out of the hole which is referred to as flash. The burn-off 

describes the length of the rod consumed during the welding and determines the outcome of 

the process. 

3
rd

 stage - Forging 

At this point, the hole is filled. The rotational motion of the stud is stopped and the force is 

increased to promote a solid-state bond between the stud and the base metal. 

 

 

Figure 2.19: FHPP stages a) dwell, (b) burn-off and (c) forging [105]. 

 

Figures 2.16 [1] and 2.17 [2] show how the microstructures of the rod and the base material 

change during FHPP processing. The difference in heat input and strains, strain rates 

experienced during FHPP process result in a multi layered structure. The generated heat 

creates a heat affected zone (HAZ) region on both base and rod materials. Similarly, the 
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experienced strains and strain rates created a highly deformed region on both materials 

termed thermo-mechanically affected zone (TMAZ). Another region that forms is the 

interface, which is the bonding point of the rod and the base material. 

 

2.6.4 Effect of FHHP process variables on the weld structure and material properties  

 

Axial force, forging force, rotational speed and burn-off are the main variables that can be 

controlled in FHPP, to give the optimal combination of temperature and pressure to form the 

weld [7, 10]. The axial force ensures an appropriate bond through heat generation while the 

rotational speed ensures the appropriate mixing between the base metal and the consumable 

rod to give a defect free joint. These factors associated with burn-off determine the welding 

duration. There are reviews of some FHPP done on various materials [2-4, 10, 106, 107], but 

there was no available literature on the investigated steel, P92, or its family of creep strength 

enhanced ferritic steels. 

FHPP of ASTM A36 steel was done to understand the relationship between some process 

variables and their effects on the weld properties [105]. Longer processing time, lower stud 

force and longer burn-off length resulted in the highest peak temperatures and low 

temperature gradients. A more uniform hardness distribution was achieved under this set of 

conditions.  

Yeh et al. [4] investigated the influence of axial forces on ASTM A36 steel processed by 

FHPP. Depending on the region, the observed inclusions were: flattened, clustered or 

isolated, or deformed and oriented in the direction of the material flow. The flattening was 

attributed to the processing and post processing axial forces. The consumable material at the 

central lower region experienced rotational deformation rather than a series of shear 

interfaces. The higher forces shortened the processing time and decreased the heat input with 

a higher temperature gradient.  

Chludzinski et al. [10] studied the FHPP of C-Mn steel. Higher axial forces decreased the 

peak temperatures and shortened the processing time. The higher forces produced fewer 

inclusions. 
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Figure 2.20: Schematic diagram of the FHPP process with macrograph of a weld cross-

section [1]. 

 

 

 

 

 

Figure 2.21: Region characteristics of the FHPP weld: base material (BM), heat affected zone 

(HAZ) and thermo-mechanically affected zone (TMAZ) [2]. 
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FHHP of SAF2205 duplex stainless steel was studied by Rodrigo et al. [3]. There was a 

hardness increase between the mixing zone and the thermo-mechanically affected zone. This 

shows some material strengthening during FHPP. Three main strengthening mechanisms 

proposed were: strain hardening, decreasing grain size and microstructural transformation. 

Meinhardt et al. [106] produced a weld without discontinuities or cracks in FHPP of the 

duplex stainless steel UNS S31803. Microstructural refinement increased the weld hardness 

relative to the base material. The FHPP weld maintained the proportion of microstructural 

phases required by the specification for equipment used in oil and natural gas production (EN 

ISO 15156-3). Similar to the results of Chludzinski et al. [10], FHPP did not have any 

negative effect on corrosion resistance or fracture toughness. 

From Thomas et al. [107] and Thomas and Nicholas [108], FHPP has not been detrimental to 

the mechanical properties of the weld zone, due to homogenising and refining of the 

microstructure, as shown for a nickel Al-bronze in Figure 2.18  [107]. This behaviour is 

attributed to the extensive working of the softened material during the processing operation.  

 

 

 

Figure 2.22: Nickel aluminium : a) as-cast and b) same material after FHPP processing [107]. 

 

 

2.7 Rational of the project 

The application of P92 steel in ultra super critical power plants will play a large role in 

preserving coal resource as this utilises less coal for equivalent power output. Therefore, 

being able to fix the cracked P92 pipes in situ with FHPP process will not only save money 

for pipe replacement but also the time lost on shutdowns. 
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With no work found on the FHPP of P92 steel and little work done on analysis of FHPP 

welds microstructure, this research contributed to the body of knowledge in this regard. 

Having more information available on the process application on P92 steel will assist in 

improving its applications and making it the material of preference. 
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Chapter 3 :Experimental procedure 

The experimental and characterisation techniques used in this research project are discussed 

in this chapter. Standard procedures were followed unless otherwise stated, and where 

necessary, modifications to the standard procedures were made to suit the required 

application.   

 

3.1 Materials  

An ASTM grade P92 steel pipe sample and a cross-section of a FHPP weld sample were 

received from eNTSA at Nelson Mandela University (NMU). The as-received samples were 

sent for chemical analysis to Scroobyôs Laboratory Services, which is approved by the South 

African National Accreditation System (SANAS). The major elements were analysed by 

optical emission spectrographic analysis (OES). Inductively coupled plasma atomic emission 

spectroscopy (ICP) was done to analyse nitrogen. Nitrogen analysis of the FHPP weld region 

was not done as it was not clear how deep the weld penetrated the thickness of the machined 

sample. 

 

3.2 Thermodynamic calculations 

Thermo-Calc uses the CALPHAD (Computer Coupling of Phase Diagrams and 

Thermochemistry) method [109]. The thermodynamic calculations were done using the 

Thermo-Calc software with the TCFE5 steels database to determine the likely phases, phase 

transformation temperatures, precipitate dissolution temperatures and the phase proportions 

for the samples (base metal, rod, and P92 pipe). The chemical compositions were input to 

calculate the changes in equilibrium phase proportions with temperature. 

 

3.3 Thermomechanical testing (Uniaxial compression) 

A computer controlled thermomechanical Gleeble 3500 system was used to perform the hot 

compression tests. Figure 3.1 shows the Gleeble chamber in which uniaxial tests were done 

under a vacuum environment with conditions stipulated in Table 3.1. A ólubricantô was 

placed between the test specimen and the anvils to minimise friction during the test. For the 
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current work test temperatures, tantalum foil was used because at such high operating 

temperatures, graphite foil was expected to react with the tested steel. Type R thermocouples 

were used instead of Type K for this temperature range (1100 ï 1200 °C). The tests were 

done in accordance with the Gleeble user guide [110]. 

 

 

 

Figure 3.1: Gleeble chamber. 

 

 

 

The available information on FHPP processing was used as a guideline to determine the test 

parameters for the compression tests [111, 112]. The FHPP parameters were stud force, 

25kN; rotational speed, 500 rpm; and burn-off length, 9 mm.  

The temperature estimation during FHPP was acquired by placing the thermocouples closer 

to the weld zone as shown in Figure 3.2. The thermocouples were placed at three positions 

with the closest one placed at about 3 mm from the edge of the weld. 

The temperature profile in Figure 3.3 was measured during an FHPP run on ASTM X20 steel 

by eNTSA at NMU [113]. Data on P92 FHPP material was not yet available due to technical 

challenges in the data acquisition software of the FHPP equipment. 

From Figure 3.3, the highest temperature measured during the FHPP was 1075 °C. The 

thermocouples were placed closer to the weld and the recorded temperatures were taken as 

Sample on loader 

Thermocouples 

Anvils 
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the benchmark to estimate the temperature at the weld region. The average heating rate from 

300 °C to the maximum temperature of 1075 °C was estimated to be 25 °C.s
-1

 and the air 

cooling rate to be 15 °C.s
-1

 using Figure 3.3. The sample was given 60 s soak time at the 

deformation temperature to allow for temperature uniformity prior to compression. 

 

 

 

Figure 3.2: Photograph of X20 steel showing thermocouple positioning during FHPP 

processing. 

Using Wolk [111] and Athanasios [112], since both FHPP and friction stir welding apply 

similar principles, strain rates of 10 and 50 s
-1

 were used. The specimens with a diameter of 8 

mm and height of 12 mm were mounted on the Gleeble sample holder. The anvils were 

lubricated with tantalum foil. The deformation temperatures were 1100 and 1200 °C. The 

strain rates were 10 and 50 s
-1 

with strains of 0.693, 0.9702 and 1.247. The testing matrix is 

shown in Table 3.1. The test matrix was used for the three total strains: 0.69, 0.97 and 1.24, 

thus the total number of tests = (4 * 3) = 12. 

 
Table 3.1: Uniaxial compression testing matrix. 

 Temperature (°C) 

Strain rate (s
-1
) 1100 1200 

10 #1 #2 

50 #3 #4 
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Figure 3.3: Temperature profile of X20 steel processed with FHPP (thermocouple was 

placed 3mm from the weld). 

 

3.4 Heat treatment 

As the FHPP weld sample had been post weld heat treated (PWHT), the same heat treatment 

parameters were used for the samples which were hot compressed with the Gleeble. A 

Carbolite tube furnace was used for the heat treatment with the following parameters: 

¶ Heating and cooling rate: 120 °C/ h 

¶ Soak temperature: 760 °C 

¶ Soak times: 3 h 45 minutes or 5 h. 

To compare the effect of heat treatment, including soak time, the same characterisation 

techniques were used for the heat treated samples as for the deformed samples: scanning 

electrons microscopy (SEM), optical microscopy and microhardness testing. 
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3.5 Material characterisation 

3.5.1 Metallographic preparation 

 

P92 pipe steel sample preparation 

 

The provided pipe segment from Nelson Mandela University was cut using electrical 

discharge machining (EDM) to produce rod specimens (8 mm Ø, length 12 mm) for 

thermomechanical testing. After thermomechanical testing, the compressed specimens were 

sectioned using a diamond cut-off wheel at 3500 rpm and 0.050 mm/s feed. The cross 

sections of the specimens were hot mounted in PolyFast resin as it is conductive and allows 

for further analysis such as scanning electron microscopy (SEM).  

To reveal the microstructure, the specimens were ground, polished and etched by the 

procedures listed in Tables 3.2 ï 3.4. The different etching techniques as well as etching 

reagents were used to find the best method to reveal a detailed microstructure. Furthermore, 

these etchants were used to assess if different microstructural features could be revealed by 

different etchants.  Figure 3.4 summarises the metallographic preparation of the pipe steel 

sample.  

 

FHPP weld cross-section sample 

The FHPP weld cross-section sample was sectioned using a 66A30 abrasive cut-off wheel. 

The sectioned segment was then hot mounted using PolyFast resin. The mounted specimen 

was ground and polished according to Table 3.2. Figure 3.5 shows the sectioning of the 

provided weld cross section. Vilellaôs reagent with 4 g picric acid was used to etch the 

specimen to reveal the distinct weld regions. 

Analysis of the compressed specimens was done at the centre of the deformed surface as 

shown in Figure 3.4 (marked area on the mounted sample).  This was done because during 

hot compression testing, the maximum deformation is experienced at the centre [57]. 
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Table 3.2: Grinding and polishing steps. 

 

Step 
Polishing particle 

sizes 
Load (N) Speed (rpm) Duration (min)  

1 320 grit 30 300 Until plane 

2 1200 grit 30 300 5-10 

3 6 µm 25 150 4-7 

4 3 µm 25 150 5 

5 1 µm 20 150 4 

 

 

Table 3.3: Electrolytic etching and the applied voltage.  

Etchant Duration (s) Voltage (V) 

Oxalic acid 40 7 

Nitric acid 55 5 

Potassium hydroxide 35 3 

Ammonium persulfate 40 6 

 

Table 3.4: Immersion etchants and times. 

Etchant / reagent Duration (s) 

Vilellaôs (4g picric) 7 

Murakamiôs 110 

Kallingôs  5 

Marbleôs  4 

Ferric chloride 3 

 

 

 

3.5.2 Optical microscopy 

Optical microscopy on a LEICA DM6000 M, with a LEICA DFC490 camera was done at 

low magnifications (×50, ×100, ×200, ×500) and ×1000 to study the microstructures of both 

hot compressed specimens and the weld cross section. All samples were etched before 

analysing. 

 



44 

 

 

 

Figure 3.4: Metallographic preparation of the P92 steel samples. 

 

 

Figure 3.5: FHPP sample sectioning and mounting. 

 

3.5.3 Scanning electron microscopy (SEM)  

A Carl Zeiss Sigma field emission scanning electron microscope (FEG-SEM) coupled to an 

Oxford energy dispersive X-ray spectroscope (EDS) was used to characterise the 

microstructure of the weld regions and hot compressed specimens. The samples were not 

carbon coated. Graphite tape was used to stick the samples on the sample holder and as such, 
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carbon analysis was not accurate. Although the areas with the graphite tape were avoided 

(which would have led to higher C results), the SEM-EDX is not the best technique for 

accurate analyses of the light elements. Moreover, the aim of the current study was to 

distinguish between different phases rather than their accurate analyses. Secondary and back-

scattered electron detectors were used. The working distance of 8.5 mm and voltage of 15 kV 

were used. 

Energy dispersive X-ray analysis (EDX) of the compositions of the precipitates was also 

done. Each type of feature was analysed at least five times to obtain an average. The EDX 

was done as per SEM user guide [113]. The samples were scanned to find the best areas, and 

the largest areas identified were analysed. 

 

3.5.4 X-ray diffraction (XRD)  

 

A Bruker D2 Phaser X-ray diffractometer was used. Copper (ɚ = 1.79 Å) was used as the 

target source of X-rays produced at 30 kV and 15 mA ratings. The diffracted rays were 

detected by a Lynx Eye PSD detector with a detector angle range of 5°. A scanning speed of 

1.4Á 2ɗ/min and a 0.02Á step size were engaged for 10 minutes in scanning across 20-90° of 

2ɗ values. DIFFRAC plus-EVAÈ software was used to analyse the phases using the ópeak-

matchô tool. 

 

3.5.5 Hardness 

 

A Future Tech FM-700 Vickers microhardness tester was used with a 300 gf load and 10 sec 

dwell time. A total of five indentations were done on each hot compression specimen. On the 

weld sample five indentations were done per weld region/zone. All the indentations were 

done according to ASTM C1327 [115] which requires that each indentation is spaced apart 

by at least four times the diagonal of the previous indent to avoid strain hardening. 
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3.5.6 Grain size estimation 

 

ImageJ software was used to measure grain sizes using the line intercept method on the SEM-

BSE images. The measurements were done as per the recommendation of ASTM E112 [116].  

 !ÖÅÒÁÇÅ ÇÒÁÉÎ ÓÉÚÅ
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Chapter 4 :Results 

This chapter presents all the results obtained from the characterization techniques and 

softwareôs used in this study.   

 

4.1 Thermodynamic calculations 

Predicted phases in P92 steel 

Figure 4.1 shows Thermo-Calc phase proportion diagrams for the pipe sample, rod and base 

metals. The phase proportion diagrams had similar trends and same phases due to a slight 

difference in their compositions. The delta ferrite formed and described as BCC phase at the 

temperatures above 1175 °C. The phase proportions of precipitates at 700 °C were: 0.002 

MX, 0.02 M23C6, 0.0001 MnS, 0.0004 M2B and 0.0087 Laves phase. Laves phase and M23C6 

carbides were not visible above 900 °C. Tables 4.1 and 4.2 show the equilibrium 

transformation temperatures and minor phase percentages. Table 4.3 shows the phase 

fractions of the as-received steel at 700 °C. 
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b) 

Figure 4.1: Thermo-Calc phase proportion diagrams for pipe steel: a) all phases, b) minor 

phases. 

 

 

 

 

 

 

 

 

 

 

 

 

c) 
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d) 

Figure 4.1: Thermo-Calc phase proportion diagrams for the rod metal, continued: c) All 

phases, d) minor phases. 
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f) 

Figure 4.1: Thermo-Calc phase proportion diagrams for the base metal, continued: e) all 

phases, f) minor phases. 

 

Table 4.1: Equilibrium transformation temperatures from Thermo -Calc. 

 
Temperature (°C) 

 
Pipe steel Base metal Rod metal 

Alpha ferrite formation  884 907 913 

Lower limit for delt a ferrite  1175 1140 1129 

Laves formation  728 735 723 

M 23C6 formation 897 896 891 

MX formation  1050 1060 1175 

                       

 

Table 4.2: Phase fractions of minor phases at deformation from Thermo-Calc. 

Deformation 

Temperature (°C) 

Material  MnS M 2B MX   Delta 

ferrite  

1100 

Pipe  0.013 0.022 - - 

Base metal 0.016 0.040 - - 

Rod  0.013 0.042 0.044 - 

1200 

Pipe  0.013 0.020 - 6.99 

Base metal 0.015 0.039 - 15.39 

Rod  0.012 0.039 - 19.4 
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Table 4.3: Phase fractions of the as-received sample at 700 °C from Thermo-Calc. 

Phases Fraction 

M 23C6 0.021882 

MnS 0.000136 

M 2B 0.00022 

MX  0.002141 

Laves 0.007312 

Ferrite  0.9674 

 

 

 

 

4.2 Hot compression of P92 steel 

 

Stress-strain curves 

Figures 4.2 and 4.3 show the stress-strain curves of the P92 pipe steel specimens deformed at 

1100 and 1200 °C, having strain rates of 10 and 50 s
-1

, for total strains of 50 % (0.6), 70 % 

(0.9) and 90 % (1.2). Overall, the graphs show that with the increase in strain from 0.6 to 0.9 

and 1.2, the flow stress continued to increase due to the bulging of the sample. The flow 

stress increased with decreased temperature at a given strain rate. Similarly, at a given 

temperature, the flow stress increased with increasing strain rate. The curves at 50 s
-1

 strain 

rate showed oscillation due to the Gleeble erratic movements at high strain rates. 

The flow stress increased with decreasing deformation temperature, and the average 

maximum flow stress were higher at 1100 °C. Figures 4.4 and 4.5 show that the average 

maximum and proof stresses (taken at 0.2 %) decreased with increasing temperature and 

decreasing strain rates. 
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c) 

 
 

Figure 4.2: True stress-strain curves from the uniaxial Gleeble hot compression tests on the 

P92 pipe steel for different total strains: a) 50 %, b) 70 %, c) 90 %. 

 

 
Figure 4.3: All true stress-true strain curves from the uniaxial Gleeble hot compression tests 

on the P92 pipe steel up to a total strain of 0.6. 
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Figure 4.4: Average maximum stresses attained at different strain rates and deformation 

temperatures for compressed P92 pipe steel samples. 

 

 

Figure 4.5: Average proof stresses at different strain rates and deformation temperatures for 

compressed P92 pipe steel samples. 
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4.3 Characterization 

  4.3.1 Chemical analysis 

Table 4.4 shows the composition results from optical emission spectrographic analysis (OES) 

and inductively coupled plasma atomic emission spectroscopy (ICP). Figures 4.6 and 4.7 

together with Table 4.5 show EDX analyses of similar areas of the as-received P92 pipe steel 

and FHPP weld. Boron was only found in OES results (Table 4.4) and absent in EDX results 

(Table 4.5), which was expected since it is a light element. The overall compositions of the 

materials were similar which confirmed that the FHPP weld was also made from P92 steel. 

However, nitrogen and cobalt contents were higher in EDX.  

 

 

Table 4.4: OES results of the P92 pipe sample and the P92 FHPP weld (base and rod metals). 

     Composition in wt (%) 

Element 
P92 pipe  

steel sample 

FHPP sample 

Base metal Rod ófillerô metal 

C 0.12 0.11 0.11 

Mn 0.43 0.26 0.36 

S Ò0.005 0.006 Ò0.005 

P 0.011 0.016 0.016 

Si 0.16 0.13 0.15 

Cr 9.61 9.85 9.47 

Mo 0.49 0.50 0.52 

Ni 0.20 0.19 0.18 

Cu 0.11 0.11 0.10 

Al  Ò0.005 Ò0.005 Ò0.005 

V 0.19 0.18 0.20 

Nb 0.096 0.092 0.093 

Ti Ò0.005 Ò0.005 Ò0.005 

W 1.97 1.98 1.78 

Co 0.027 0.027 0.016 

B 0.0020 0.0369 0.0038 

N* 0.0430 0.0513      - 

Cd 0.055 Ò0.0005 Ò0.0005 

Fe balance balance        balance 

                       *    ICP analysis 
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Figure 4.6: EDX spectrum of the as-received P92 pipe steel showing elements present. 

 

 

Table 4.5: EDX analyses of the P92 pipe sample and the P92 FHPP weld (base and rod 

metals) showing the average compositions with standard deviations. 

  
Average weight% 

  FHPP sample 

Element 
P92 pipe 

steel sample  
Base metal 

Rod ófillerô 

metal 

Mn 0.5±0.1 0.5±0.0 0.5±0.1 

S Ò0.04 Ò0.04 0.1±0.0 

P 0.1±0.0 0.1±0.0 Ò0.04 

Si 0.1±0.0 0.1±0.0 0.1±0.0 

Cr 9.2±0.1 9.3±0.1 9.3±0.1 

Mo 0.5±0.2 0.5±0.1 0.5±0.2 

Ni 0.2±0.1 0.2±0.1 0.3±0.2 

Cu 0.1±0.0 0.1±0.0 0.1±0.0 

Al  Ò0.04 0.1±0.0 Ò0.04 

V 0.2±0.0 0.2±0.1 0.2±0.0 

Nb 0.2±0.1 0.2±0.0 0.1±0.1 

Ti 0.1±0.0 Ò0.04 Ò0.04 

W 2.0±0.1 2.1±0.1 1.9±0.1 

Co 0.3±0.0 0.4±0.1 0.3±0.1 

N 1.3±0.5 1.0±0.4 1.0±0.6 

Cd 0.1±0.1 0.1±0.0 0.1±0.0 

Fe balance balance balance 
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a) 

 

b) 

Figure 4.7: EDX spectra of P92 FHPP weld sections: a) base metal and b) rod (filler) showing 

elements present. 

 

EDX area analyses of the FHPP weld, rod metal and base metal are compared in Table 4.5. 

The chromium and tungsten contents for the rod and base metals were similar, and the overall 

EDX analysis agreed with the OES analysis (Table 4.4). This confirmed that the rod metal 

was made from P92 steel. 
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4.3.2 Microstructural analysis  

  

Figures 4.8- 4.10 show the optical images of the as-received, deformed and heat treated P92 

samples. The as-received and heat treated samples showed tempered martensite indicated by 

coarse laths. The as-deformed samples showed untempered martensite with fine, needle-like 

structures. Prior austinite grain boundaries (PAGBs) were also visible as shown in Figures 

4.8 and 4.10. The samples deformed at 1100 °C had finer grains than those deformed at 1200 

°C.   

 

 

 

 

 

 

 

 

 

 

Figure 4.8: Optical image of the as-received P92 steel showing martensite and PAGBs (scale 

bar = 5 µm).   
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                      As deformed After heat treatment 

a) b) 

10 s
-1 

Strain 

rate 

c) d) 

50 s
-1 

Strain 

rate 

  

Figure 4.9: Optical images for the P92 steel sampled deformed at 1100 °C and 50% total 

strain: a) as-deformed, b) deformed and heat treated for 5 hours, c) as 

deformed, d) deformed and heat treated for 3 hours 45 minutes, showing 

martensite (scale bar = 5 µm). 
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                    As deformed After heat treatment 

a) b) 

10 s
-1 

Strain 

rate 
 

c) d) 

50 s
-1 

Strain 

rate 

Figure 4.10: Optical images for the P92 steel sampled deformed at 1200 °C and 50% total 

strain: a) as-deformed, b) deformed and heat treated for 5 hours, c) as 

deformed, d) deformed and heat treated for 3 hours 45 minutes, showing 

martensite and PAGBs (scale bar = 5 µm). 

 

 

SEM backscattered electron (SEM-BSE) images of electro-etched samples in the following 

solutions: nitric acid, potassium hydroxide, ammonium persulfate and oxalic acid, are shown 

in Figure 4.11. All the electro-etchants only revealed the prior austenite grain boundaries 

(PAGBs) by attacking the precipitates on the grain boundaries. The darker areas inside prior 

austenite grains were coring from the as-cast dendritic structure. 
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All the samples etched by immersion revealed tempered martensite, lath boundaries and 

PAGBs (Figure 4.12) except for Murakamiôs etch (Figure 4.12 d), which only revealed 

PAGBs. The tempered martensite structure was recognised by the lath structure with 

precipitates on the lathsô boundaries. Hydrochloric acid was a common constituent in all the 

reagents that revealed tempered martensite: Marbleôs reagent, ferric chloride reagent, 

Kallingôs reagent and Villellaôs reagent. 

 

 

 
a) 

 
b) 

 
c) 

 
d)  

Figure 4.11: SEM-BSE images for as-received P92 steel after etching: a) nitric acid, b) 

potassium hydroxide, c) ammonium persulfate, d) oxalic acid, showing coring and 

PAGBs (scale bar = 10 µm).  

 

 

The microstructure of the as-received P92 pipe steel is shown in Figure 4.13. The samples 

exhibited a typical tempered martensite structures with martensite laths within the prior 

austenite grains. There were submicron-sized precipitates on the grain boundaries. The 
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average grain size of the prior austenite grains was 7.6 ± 2.0 µm. Small regions of ferrite 

were revealed as indicated in Figure 4.13.  

 

a) 

 

b) 

 

c) 

 

d) 

e) 

 

 

 

 

Figure 4.12: SEM-BSE images for as-received P92 steel after etching: a) Marbleôs reagent, 

b) Ferric chloride, c) Kallingôs reagent, d) Murakamiôs reagent, e) Villellaôs 

reagent, showing tempered martensite, martensite laths and PAGBs (scale bar = 

10 µm). 
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Figure 4.13: SEM-BSE image of the etched as-received P92 steel (scale bar = 20 µm), with 

inset of high magnification image of the circled area (scale bar = 2 ɛm) showing 

precipitates on PAGBs. 

 

The precipitates (Figures 4.14 and 4.15) and inclusions (Figure 4.16) were analysed, and their 

analyses are summarised in Table 4.6. The precipitates were identified as M2X, M23C6 (even 

taking into account the limitations of using EDX for measuring carbon), MX, MnS, and the 

inclusions were oxide and nitride. Table 4.6 shows that the precipitate in Figure 4.14 

(precipitate #3) and inclusions in Figures 4.15 and 4.16 contained no tungsten, while 

precipitates # 1 and 2 (Figure 4.14) contained less than 10 wt% of the heavier elements such 

as Nb and W. This explains the darker contrasts of precipitates # 1 and 2 because 

backscattered electrons are sensitive to the atomic mass of the nuclei from which they scatter. 

Heavier elements emits higher energy backscattered electrons, hence they appear brighter 

[117].  
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Precipitate #1 

 

Precipitate #2 

 

Precipitate #3 

Element Weight% 

 

Element Weight% 

 

Element Weight% 

N 4.6 

 

V  1.2  

 

S 15.5 

V 2.4 

 

Cr  12.2  

 

V 1.2 

Cr 5.3 

 

Fe  65.7  

 

Cr 5.6 

Mn 0.8 

 

Mo  4.4  

 

Mn 25.6 

Fe 39.7 

 

W  16.5  

 

Fe 32.2 

Nb 46.2 

 

Total 100.0 

 

Cu 0.5 

W 1.0 

    

Nb 14.8 

Total 100.0 

    

100.0  

 

Figure 4.14: SEM-BSE image and EDX analysis of selected grain boundary precipitates in as-

received P92 steel showing different precipitates. 

 

The chromium content of the precipitates was higher than 1 wt%, which made it possible to 

form the precipitates listed in Table 4.6 [34]. The higher Nb and N contents in precipitate #1 

made it M2X.  The precipitate #2 with Cr content higher than 7 wt% and presence of Mo was 

identified as Cr23C6 rather than Cr7C3 [34]. Moreover, W in precipitate #2, promoted the 

formation of Cr23C6. The precipitate #3 was identified as (Mn,Cu)S due to high Mn and S 

contents with the presence of Cu. [34] .  

3 

1 

2 
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Figure 4.15: SEM-BSE image and EDX analysis of a nitrogen-containing precipitate in as-

received P92 steel. 

 

 

 

 

Figure 4.16: SEM-BSE image and EDX analysis of an oxide inclusion in as-received P92 steel. 

 

 

 

 

Element Weight % 

N 43.4 

Cr 6.6 

Fe 50.0 

Totals 100.0 

Elements weight % 

O 49.7 

Mg 1.4 

Al 45.3 

Cr 0.9 

Mn 0.4 

Fe 2.2 

Total 100.0 
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Table 4.6: Summary of EDX analysed precipitates and inclusions in as-received P92. 

Figure: 

analysis # 
Particle composition (atomic%) Identification  

9: precipitate 

1 

V+ Nb = 31.9%, N = 19.1%, Fe = 41.9%, 

Cr + Mn + W = 7.1%  

M2X: (V,Nb)2N 

9: precipitate 

2 

Cr + Fe + Mo + W = 79%, C   M23C6: (Cr,Fe,Mo,W)23C6 

9: precipitate 

3 

Mn = 19.7%, Cu = 0.3%, S = 20.5% 

C, Cr +V + Nb + Fe + Cu = 48.6%  

 

(Mn,Cu)S 

 

10 N = 75.2%, Fe = 21.7%, Cr = 3.1% Possible M2X (Cr2N) 

11 O = 60.3%, Al = 32.6%, Mg = 1.1%,  

Cr + Mn + Fe + C = 6% 

Oxide inclusions: Al2O3 and MgO 

 

 

Figures 4.17 and 4.18 show the SEM images of the specimens compressed at 1100 °C and 

1200 °C, respectively. At 1100 °C, there was less martensite, especially at low deformation 

strains (Figure 4.17a-c). The microstructures of specimens deformed at 1200 °C (Figure 4.18) 

showed full martensite. The microstructures at both 1100 °C and 1200 °C did not show any 

precipitates which suggests complete dissolution of the precipitates, including M23C6 and 

MX, unless they were too small to be seen.  
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Figure 4.17: SEM-SE micrographs of the P92 samples deformed at 1100 °C with arrows 

showing martensite lath (scale bar = 10 µm). 
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