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Abstract 
Life prediction for 9Cr steel welded components is an important issue facing power plant as it moves 
from steady-state, base-load operation to transient, flexible operation. Welding and heat-treatment 
of 9Cr components alters the steel microstructure to produce a heat-affected zone, which is 
susceptible to early failure under creep and high-temperature cyclic conditions. Optimal welding and 
heat treatment processes cannot feasibly be identified experimentally but finite element simulation 
is a practical solution to this problem. A review of modelling methodologies for welding, heat 
treatment and in-service operation in thermal power plant for 9Cr steel is presented here. The authors 
consider that macro-scale, physically-based models are the most promising models currently available 
since they account for changes in material microstructure while still being practical for simulations 
involving component-sized FE geometries.  
 
1. Introduction 
This work encompasses welding simulation, microstructure evolution modelling and constitutive 
modelling of welded 9Cr power plant components. To date, most models published in this field have 
focused on one or two of these modelling aspects, e.g. combining thermal and constitutive modelling 
[1, 2], microstructural and constitutive modelling [3], thermal and microstructural modelling [4]. The 
three modelling aspects used together in a single analysis will be referred to in this work as ‘through-
process’ modelling. The concept of through-process modelling is to capture the complete evolution of 
material structure and response from fabrication (e.g. welding) to in-service operation. Individual 
reviews for welding simulations [5], power plant steels  [6, 7], welding of 9Cr steel [8] and constitutive 
modelling [9] may be consulted separately. The aim of this review is to demonstrate the modelling 
methodologies available that could be assembled to create a through-process modelling methodology 
with which to predict the structural integrity of power plant components. 

There is a need for a modelling approach to life-prediction of power plant components. The 
life of components is typically inferred from the behaviour of test specimens. Many examples of 
design-for-life are shown in engineering textbooks, e.g. [10]. These methods are based on extensive 
libraries of test data. Plant components are designed to comply with various standards, such as R5 [11] 
or R6 [12], but these standards are generally somewhat conservative. For high-cycle fatigue 
applications, Zhu and Xuan [13] compared different design standards for pressure vessels and found 
that microstructure was not taken into account in several codes and that all were overly conservative. 
For example, the allowable stress amplitudes permitted by the standards ranged from 40% to 4.5% of 
the tested stress amplitudes for the same number of cycles to failure.  

Larrosa et al. [14] identified several challenges to accurate assessment of fitness-for-service 
of pipe components, e.g. development of methods to address load-history effects, definition of 
reference strain for strain-based methods, the treatment of complicated geometries and loadings, 
measuring creep-crack initiation times, etc. Such challenges lead to conservative design of 
components in order to account for design unknowns. A through-process model could address the 
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issue of over-conservatism by modelling directly the constitutive behaviour throughout a welded joint 
and by predicting directly the life of different regions in the joint.  

Threats to the structural integrity of power plant steel come from the new operating 
conditions necessary for efficient power generation. The first new operating condition is the move 
from steady-state, essentially constant power, base-load operation to transient, flexible-operation 
[15]. One reason for this change is that advances in real-time monitoring allow plant operators to 
adjust power output to suit demand. Another reason is the increased use of wind energy, e.g. a 20-
fold increase in 15 years for some countries [16]. When energy demand is constant but wind-energy 
output fluctuates due to the variability of wind conditions, thermal power plant must intervene to a 
greater or lesser extent in order to match the energy demand. 

Another challenge is the drive for cleaner power generation, often mandated by governments 
[17-20], through increased thermal efficiency of plant. This can be increased by operating plant at 
higher steam pressures and temperatures, as illustrated in Fig. 1. Flexible operation subjects power 
plant components to cyclic loading, while the drive for increased efficiency leads to more severe 
thermal and thermomechanical loading and early failure of plant components. 

In order to address the new challenges facing power plant, a through-process modelling 
methodology for power plant steel is needed. This review will deal specifically with 9Cr steels. Section 
2 describes 9Cr power plant steel and the weakening effect of the welding processes. Section 3 
describes the first aspect of through-process modelling, namely the thermal modelling for welding. In 
a through-process model, the temperature history is used to predict microstructure evolution. Section 
4 details various microstructure evolution models, with specific application to 9Cr steel. Section 5 
describes constitutive modelling of plant components; these models are shown to be microstructure-
dependent. Section 6 concludes the review with general commentary and future considerations for 
through-process modelling. 

 
2. 9Cr steel 
2.1: ‘As-received’ material 
9Cr steels are alloys of chrome, molybdenum and vanadium, e.g. P91 and P92, with additional 
elements. Typical sample compositions of P91 and P92 are displayed in Tables 1 and 2, respectively. It 
is clear from Tables 1 and 2 that ‘9Cr’ describes a range of steel alloys with varying compositions so 
that although two steel samples might nominally be the same steel, they may actually have significant 
differences in chemical composition. Such variance in composition is permitted by industrial standards, 
e.g. [21], but it may affect the formation of the 9Cr steel microstructure, e.g. the composition of 
carbide precipitates.  

The microstructure of 9Cr steels is hierarchical, meaning that it has different microstructural 
features at different length-scales, e.g. grains at the largest scale and martensitic laths at the lowest. 
A lath is a dislocation sub-structure with high dislocation-density. The martensitic lath microstructure 
provides 9Cr steel with high-dislocation-density in the as-received state, although under long-term 
exposure to high-temperature, laths can evolve into sub-grains [8, 22, 23], which are typically less than 

1 m in size. It is due to this hierarchical microstructure that 9Cr steels can maintain high strength at 
high temperatures. 

In the as-received state, 9Cr steel has excellent high-temperature strength due to the high 
dislocation-density lath microstructure. However, dislocation-density can reduce via different 
mechanisms such as annihilation, locking and dipole-forming [24], all of which are associated with 
dislocation motion. To maintain material strength by preventing such mechanisms, the microstructure 
of 9Cr steel places obstacles in the paths of dislocations. The main obstacle types are as follow: 

• High-angle grain boundaries (HAGBs): Dislocations travel along slip systems (crystallographic 
systems are described elsewhere [25-27]), which are controlled by the orientations of grains. 
When the mismatch angle between two systems is too steep, the dislocation is pinned at the 
boundary of the two systems. In 9Cr steel, laths have low-angle boundaries (LABs) [28] and 
provide significantly less pinning. A collection of laths form a block. A collection of blocks form 
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a packet and packets exist within the boundaries of prior-austenite grains (PAG) [28, 29]. The 
mismatch-angles between blocks, packets and grains are greater than 10 to 15o [30] and are 
defined as ‘high-angle’ boundaries. At high temperature, small grains are detrimental to 9Cr 
strength, even though they increase the number of HAGBs. Local high-dislocation-density at 
high-angle boundaries combined with cross-slip and dislocation-climb (made possible by 
thermal energy at high temperature) allow for more dislocation-annihilation at high-angle 
boundaries at high temperatures. 

• Solutes: Alloying elements, such as tungsten in P92 [31], form individual clusters of molecules 
that are relatively immobile and retard dislocation motion. Solutes tend to disperse randomly 
throughout the microstructure, thereby arresting the motion of dislocations before they can 
reach HAGBs. 

• Carbide precipitates: Similar to solutes, carbide precipitates, such as MX and M23C6 [23, 32], 
are also relatively immobile. The smaller MX precipitates tend to disperse throughout the 9Cr 
microstructure while the larger M23C6 precipitates tend to form along grain, packet, block and 
lath boundaries [23, 33, 34], thereby providing obstacles to dislocation-motion even at low-
angle boundaries. 
 

9Cr steel microstructure is optimised for high-temperature service via carefully-controlled heat-
treatment to provide optimum toughness and creep strength [35]. Heat treatment typically involves 
a normalising heat-treatment and a tempering heat-treatment, with some examples displayed in 
Table 3. It is clear from Table 3 that normalising is generally conducted between 1000oC and 1100oC 
and that tempering is conducted between 700oC and 800oC and is usually a longer heat treatment 
than normalising. 

Normalising heats the material into the austenite region, where recyrstallisation and grain 
growth can occur. The normalising process is intended to produce large austenite grains of 
approximately equal size throughout the steel. After normalising, the material is quenched back into 
the martensite phase. The newly-formed martensite has fine laths, high dislocation-density and few  
M23C6 precipitates [32], which typically dissolve at temperatures associated with normalising. 
Tempering allows M23C6 precipitates to form again and to grow, which increases precipitate-
strengthening, while also reducing dislocation density, increasing the lath widths and improving 
ductility. 
 
2.2: Effect of welding on 9Cr steel 
Welding processes subject the steel to locally high temperatures and form heat-affected zones (HAZ). 
A schematic representation of HAZ is shown in Fig. 2. The HAZ is subdivided as follows: 

• Coarse-grained HAZ (CGHAZ): The CGHAZ temperatures approximate those of normalising 
heat-treatment processes. The steel transforms fully to austenite and the M23C6 precipitates 
dissolve. The austenite grains recrystallize and then grow, leading to coarse grains.  

• Fine-grained HAZ (FGHAZ): The temperatures experienced in the FGHAZ are sufficient to fully 
transform the material to austenite and cause grain recrystallization but the material typically 
cools before grain growth can occur. M23C6 precipitates do not dissolve and may coarsen due 
to high temperatures. 

• Inter-critical HAZ (ICHAZ): This region partially transforms to austenite. Some regions 
recrystallise while the remaining martensite softens due to additional tempering. The 
additional tempering effects cause M23C6 precipitates to coarsen.  

• Over-tempered parent metal (OTPM): This region experiences tempering temperatures 
(700oC to 800oC), leading to tempering effects such as martensitic lath coarsening and 
precipitate coarsening. The temperatures are insufficient for phase transformation to occur. 

• Unaffected parent metal (PM): This region is too far from the fusion line to experience high 
temperatures such as those associated with phase transformation or even tempering. The 
microstructure is unaffected by the welding process. 
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Local regions in the welded joint renormalized by the welding process and thus require tempering to 
recover their microstructure and to relieve residual stresses. Post-weld heat treatment (PWHT) is 
usually applied to a weld to temper newly-formed martensite regions and to grow precipitates in 
regions lacking them. In power plant, 9Cr steels often fail by a mechanism known as Type IV cracking 
[36]. Type IV cracks occur in the fine-grained region of the HAZ, whether FGHAZ  [7] or ICHAZ [37] and 
is usually associated with creep but similar cracks have been observed under cyclic conditions [38]. 
The cracking occurs because material strengthening mechanisms are lost due to: 

• Fine grains, which present more grain boundaries and more opportunities for dislocation 
cross-slip and annihilation.  

• Regions lacking martensite because undissolved M23C6 precipitates leave a shortage of carbon 
in the austenite with which to form martensite. Then, during PWHT, the remaining carbon is 
lost to additional precipitates, leaving ferrite, which is a softer material phase than martensite 
[39], instead of martensite [31, 40].  

• Coarse carbides in the ICHAZ [37] with increased spacing that are less effective at pinning 
dislocations.  
 

Structural integrity of power plant components can be improved by minimising the detrimental effects 
of welding described above via an optimised welding and PWHT protocol. Industrial standards permit 
variability in the welding process, e.g. joint preparation [41], welding heat input (via torch arc current) 
[42], preheat temperature [43] and  PWHT temperature and hold-times [44]. Such variability leads to 
a number of combinations of welding process too prohibitive to investigate experimentally in order to 
find the ideal welding process for 9Cr steel that will best preserve its strengthening mechanisms. 
However, it is possible to simulate them with computational models.  
 
3. Thermal modelling 
In order to simulate the welding process in finite-element (FE) simulation, the interaction between 
the welding torch and the component to be welded must be represented accurately. This requires 
consideration of the local heat input from the weld torch, the formation of a weld bead and the heat 
transfer from the weld bead to the surrounding material. Accurate modelling of the welding process 
will produce more accurate predictions for microstructure (Section 5) and residual stress distributions. 

Common FE packages used to model welding of steels are Abaqus [45], SYSWELD [46] and 
ANSYS [47-49], with some institutions using alternative packages such as Code_Aster [50]. Plant 
components, e.g. welded pipes, can be modelled using 3D FE meshes but this is computationally 
expensive. Axisymmetric models are often used to reduce the size of the FE mesh. A comparison of 
different meshes and models is given in Table 4. It is assumed that the number of finite elements gives 
an indication of computational expense and simulation-time required to implement the welding 
simulation. 

3D FE models can be used to produce geometries that are the most representative of power 
plant components and can, in principle, best reproduce the welding process. However, 3D models of 
large piping components will be computationally-expensive to run and require significant computer 
resources. Axisymmetric models are more convenient to simulate but they do not capture the effects 
of a weld-torch moving around the circumference of the pipe or starting or finishing its run, as occurs 
in real welding processes and in 3D simulations. Instead, axisymmetric models represent an idealised 
process in which the weld bead is applied all around the circumference at the same time. 3D effects, 
such as pipe-distortion [49], are typically not captured by axisymmetric models but the average results 
between 3D and axisymmetric simulations tend to be comparable, at least in terms of residual stress 
[51, 52].  

The heat source, representing the welding torch, can be applied as a moving heat-source, e.g. 
the double-ellipsoid heat source model proposed by Goldak et al. [53]. This gives a 2D ellipsoidal or 
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3D double-ellipsoidal heating zone with its centre corresponding to the centre of the heat source. The 
model is described as follows in [51]: 

𝑄(𝑥′, 𝑦′, 𝑧′) =
6√3𝑓𝑓𝑄𝑤

𝑎1𝑏𝑐𝜋√𝜋
exp (−

3𝑥′2

𝑎1
2
−
3𝑦′2

𝑏2
−
3𝑧′2

𝑐2
) (1) 

𝑄(𝑥′, 𝑦′, 𝑧′) =
6√3𝑓𝑟𝑄𝑤

𝑎2𝑏𝑐𝜋√𝜋
exp(−

3𝑥′2

𝑎2
2
−
3𝑦′2

𝑏2
−
3𝑧′2

𝑐2
) (2) 

𝑄𝑤 = 𝑈𝐼𝜂 (3) 
where 𝑥′, 𝑦′ and 𝑧′ are the local coordinates of the double-ellipsoid. The material being welded may 
be a plate (Cartesian coordinates) or a pipe (polar coordinates), for example. 𝑄𝑤 is the welding power, 
𝑈  is the torch voltage, 𝐼  is the torch current and 𝜂  is the torch efficiency. The torch efficiency is 
typically from 50% to 100% [51, 54, 55]. 𝑎1, 𝑎2, 𝑏 and 𝑐 are welding parameters which can be adjusted 
to give the desired weld pool. 𝑓𝑓 and 𝑓𝑟 describe the fractions of the heat source in front of and behind 

the torch and these fraction sum to a value of 2 [51], e.g. if the fractions of the heat source in front of 
and behind the torch balance then 𝑓𝑓 = 𝑓𝑟 = 1, so  𝑓𝑓 + 𝑓𝑟 = 2. 

The moving heat source can be defined in general-purpose FE software, e.g. Abaqus, with a 
user-defined subroutine to control the path and speed of the torch. General-purpose FE software can 
be supplemented with additional software to increase the accuracy of the simulation, e.g. the weld-
modelling tool FEAM-WT can be used in conjunction with Abaqus to help fit welding parameters [50]. 
The criterion for whether to use 2D or 3D ellipsoidal heat distributions is the Peclet number, although 
the value of this number below which 2D distributions are acceptable is not well defined [50]. 
SYSWELD is a dedicated welding model with such features as 2D and 3D heat distributions built-in [56]. 
Such dedicated welding software has been found to give superior temperature predictions compared 
to general-purpose software [50].  

An alternative method for applying heat to geometry is a method known as ‘element-birth’, 
also called ‘block-dumping’. This involves initially modelling all weld-bead elements in the FE geometry 
and then selectively activating them and applying a heat flux to them in order to raise their 
temperature [57]. The heat flux is defined using the net line energy of the weld, defined here as [45, 
54]: 

𝑞 =
𝑄𝑤
𝑣

 (4) 

where 𝑣 is the weld torch traverse speed. The heat flux, sometimes called DFLUX, is then defined as 
follows [45]: 

𝐷𝐹𝐿𝑈𝑋 =
𝑞𝑣

𝑉
 (5) 

where 𝑉 is the volume over which the heat energy is applied.  
 As has been noted, 2D FE modelling of the welding process cannot capture 3D effects of 
welding, one of which is heat transfer along the welding travel direction. This can result in 
overestimation of the heat input in the 2D model when applying welding process parameters (Eqn. 4) 
from the real welding process to the FE geometry. Song et al. [58] proposed an analytical model to 
account for heat transfer in the weld travel direction in 2D models, which showed close agreement 
with the results of several separate  real welding experiments. 

It is also possible to specify temperature boundary conditions to elements to raise their 
temperature without reference to torch parameters [54]. In the case of block-dumping, it is possible 
to adjust the heat input to satisfy two criteria [45, 55]: 

• All elements in the weld bead should exceed the melt temperature of the WM. 

• The weld bead should produce a HAZ which is a reasonable distance from the fusion line. 
 
In order to satisfy these criteria, the heat transfer mechanisms of conduction, convection and 
radiation within the geometry must be accurately modelled. Convection and radiation can be 
addressed separately [59] or can be  combined into a single convection coefficient [45, 51, 55, 60, 61], 
ℎ, as follows: 
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ℎ = 0.0668𝑇 0 ≤ 𝑇 ≤ 500𝑜𝐶   (6) 
ℎ = 0.231𝑇 − 82.1 𝑇 > 500𝑜𝐶    (7) 

where 𝑇  is temperature, so the combined radiation-convection heat-transfer coefficient is 
temperature-dependent. It is also possible to use constant values [56, 57] rather than temperature-
dependent terms. Heat-transfer mechanisms, e.g. conduction coefficients [45], can be derived from 
empirical data but there are limitations to this approach, e.g. modelling of heat transfer in the weld 
pool, where data is unavailable or difficult to measure or obtain. 
  In solid-mechanics simulations, liquid flow in the weld pool can be modelled by increasing the 
conductive properties, e.g. by doubling them [55], to represent more rapid heat transfer in the molten 
region. Another method is to model a liquid weld pool using computational fluid-dynamics (CFD) and 
then extract effective heat-transfer properties for use in the solid-mechanics simulation [48, 62]. The 
cellular-automata (CA) method can be used to model the weld pool [63] too but it requires constant 
re-meshing of the FE geometry as well as coupling between the CA grid and the FE mesh. CA is 
computationally expensive so that large weld pools should be avoided although this may not be 
possible for multi-pass welds of thick pipes. 
 Murthy et al. [59] showed that the residual stress results for a multi-pass welded pipe could 
be approximated by simulating only the final pass or the final six passes all at once. In order to 
accurately predict microstructure distribution in the weld, however, modelling only the final passes in 
a multi-pass simulation would lead to inaccurate results.   

 
4. Microstructure evolution model 
4.1. General 
The temperature histories predicted by thermal models can be used to predict the material 
microstructure distribution, e.g. the location of different HAZ regions. In Section 2, several 
microstructure features were highlighted as important to the strength and performance of 9Cr steels. 
This section will explore some mathematical models used to predict the evolution of these different 
microstructure features, namely solid-state phases, austenite grain size, lath-width and precipitate 
size. The ability to accurately predict microstructure evolution, and thus the evolution of 
strengthening mechanisms, will enable more accurate prediction of in-service component 
performance and life. 
 
4.2. Phase transformation 
During welding, 9Cr steel transforms from martensite to austenite and back again. Martensite-
austenite transformation occurs rapidly and the transformed volume-fraction can be approximated as 
being directly proportional to the transformation temperature [64]: 

𝜉𝑒𝑞 = 1 −
𝐴𝑐3 − 𝑇

𝐴𝑐3 − 𝐴𝑐1
 (8) 

where 𝜉𝑒𝑞  is the volume fraction of austenite at equilibrium. Non-linear martensite-austenite 

transformed volume-fractions can also be used [46]: 
𝑑𝜉𝛾

𝑑𝑡
=
𝜉𝑒𝑞 − 𝜉𝛾

𝜏(𝑇)
𝑓(�̇�) (9) 

where 𝜉𝛾 is the volume fraction of austenite. Under non-equilibrium conditions, such as welding, the 

austenite transformation temperatures may increase [65]. Composition-based empirical models [66], 
as well as software such as ThermoCalc [67], can be used to calculate transformation temperatures. 

Observation of the 9Cr continuous-cooling-transformation (CCT) diagram shows that for all 
but the slowest cooling-rates (e.g. slower than 6oC/minute [66]), 9Cr austenite will only form 
martensite [68]. The austenite-martensite transformation is commonly described using the Koistinen-
Marburger function [69], although linear rules have been used under the assumption of rapid 
transformation [39, 70]. Other methods of calculating the martensite volume fraction are described 
by Yu [71] and Huyan et al. [72]. 
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Phase field modelling (PFM) [73, 74] is a physically-based approach to solid-state 
transformation. The general framework of PFM is that for any grain: 

• A phase-field parameter will have a value of 1 inside the grain and a value of 0 outside of the 
grain. 

• The interface between grains shall have interface mobilities, energies, thicknesses and 
driving pressures. 

• The domain will have a spatial distribution of nucleation sites for grains, a density of nuclei 
and a nucleation temperature range. 
 
Microstructure evolution occurs as the system attempts to minimize its free energy. A source 

of energy can include heat- and strain-energy. PFM can be coupled with thermodynamic simulation 
tools, such as ThermoCalc [75], to aid the identification of PFM parameters. Boettger et al. [76] 
assessed different methods of increasing the efficiency of such couplings. Despite the use of 
ThermoCalc or other software packages, a certain amount of parameter-fitting is still required for PFM, 
e.g. for the spacing of ferrite and bainite nuclei [75]. A drawback of PFM is the very small size-scale for 
which PFM is applicable, e.g. micro-scale (see Table 5). Comparing the PFM modelling domains in Table 
5 to the FE geometries in Table 4, it is clear that it would be prohibitively expensive computationally 
to use PFM for simulation of real power plant component geometries.  

 
4.3 Austenite grain size 
During welding, austenite grains recrystallize and then undergo further growth [77]. Further reading 
on recrystallization phenomena can be found in the review by Doherty et al. [78]. For 9Cr steel, packet-
size and block-size can be linearly related to grain size [77, 79]. Examples of grain size evolution models 
are described by numerous authors [39, 64, 80-83]. The recrystallization term, 𝑆 , can either be 
dependent on initial grain size, 𝑑0 [81]: 

𝑆 = 1 − exp [−
𝐾

𝑑0
𝑡𝑛] (10) 

or on a critical value of normalised dislocation-density, �̅�𝑐 [80]: 

�̇� = 𝐻[𝑥�̅� − �̅�𝑐(1 − 𝑆)](1 − 𝑆)𝜆1 (11) 
where 𝐾 , 𝑛 , 𝐻 , 𝑥  and 𝜆1  are all constants. �̅�𝑐  is a critical value of normalised dislocation-density. 
Dislocation-density, �̅�, evolves during plastic deformation (see Section 5 below). 

PAG-growth can be modelled using static (temperature and time dependent) and dynamic 
(temperature, time and plastic strain dependent) terms. Two examples are as follows: 

�̇� =
𝑀𝜎𝑠𝑢𝑟𝑓

𝑑𝛾0
+
𝛼𝜀�̇�
𝑑𝛾1

 [81]    (12) 

�̇� = 𝐺1 (
𝑑0
𝑑
)
𝜓1

− 𝐺2�̇� (
𝑑

𝑑0
)
𝜓2

 [80]    (13) 

where 𝑑 is the PAG size and 𝛾0, 𝛾1, 𝛼, 𝐺1, 𝐺2, 𝜓1 and 𝜓2 are constants, 𝜎𝑠𝑢𝑟𝑓 is the grain boundary 

energy per unit area and M is grain boundary mobility. Equation 12 includes recrystallization (the first 
term) and a dynamic, plasticity-driven grain-growth term (the second term) while Eqn. 13 has a static 
grain-growth term (the first term) and recrystallization is handled with a separate equation, e.g. Eqn. 
10 or 11. Results from a model using Eqn. 13 are shown in Fig. 3, with close correlation achieved 
between test data and model.  

Equations 12 and 13, as presented here, were applied in the context of hot-rolling and 
annealing of ferritic steel. These models would require modification before being applied to 9Cr steel. 
Hamelin et al. [39] applied a static  grain-growth model in the context of welding of a nuclear power 
plant steel as follows:  

𝑑4 − 𝑑0
4 = 2.969 × 1015∑Δ𝑡 ∙ exp (−

69300

𝑇
) (14) 

where 𝑑 and 𝑑0 represent the final and initial PAG sizes (mm) over time increment Δ𝑡 at temperature 
𝑇 (K), respectively. 
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The Monte-Carlo (MC) method has been used to simulated grain size evolution in HAZ [84, 85] 
with high precision and but the simulation results of MC modelling depend on the grid size and spacing 
and on how the simulation time is coupled to real time. This introduces extra complexities that would 
be unwelcome in a through-process model of steels as complex as 9Cr steels.  The geometries that 
can be simulated by MC methods are also small (0.24 mm × 6 mm × 2.4 mm [84]) or relatively small 
(33 mm × 8 mm × 3 mm [85]) compared to component-scale geometries. Some HAZ grain evolution 
predictions using MC are shown in Fig. 4. In Fig. 4, it is clear that the slowest torch speed, and therefore 
the longest exposure to high temperature, led to the most significant grain-growth, as expected. 
Despite the accuracy of MC, it, like PFM, is too computationally expensive to be practical for use on 
macro-scale models. 

 
4.4 Lath width 
Lath-width is an important consideration in 9Cr steel. The laths are the lowest level of the hierarchical 
microstructure they serve as an indicator of dislocation-density, which has already been identified as 
vital to 9Cr strength (see Section 2). During welding, laths disappear from the material during 
transformation into the austenite phase. After welding, newly-formed martensite regions in the HAZ 
have fine laths and high dislocation-density. One of the key microstructural changes that occur during 
PWHT is that laths coarsen. A through-process modelling approach should therefore include the 
evolution of lath-width. 

Galindo-Navo et al. [79] showed a microstructural model that can predict the size of 
martensitic laths, 𝑤, and their evolution during tempering: 

𝑤 = 𝑤0 + 𝜆0𝑥𝑐
𝛼′√𝐷𝑑𝑖𝑓𝑓𝑡 (15) 

where 𝐷𝑑𝑖𝑓𝑓  is carbon diffusion rate, 𝑤0  is initial lath width, 𝑥𝑐
𝛼′  is carbon atom content in the 

martensite, 𝜆0 represents a resistance to carbon diffusion and 𝑡 is tempering time. This lath-width 
model almost exclusively uses measurable, physical parameters and reduces the necessity for fitting 
parameters. Some results from this model work are shown in Fig. 5. In Fig. 5, it is clear that the 
relationship between the carbon content and lath-widths of a variety of steels is well-represented by 
the model. 

An alternative way to model lath widths and their evolution is to relate the widths to low-
angle boundary dislocation-density evolution [86]: 

𝑤 =
𝑤0𝜌𝑤,0
𝜌𝑤

 (16) 

where 𝜌𝑤,0  is initial dislocation-density at the low-angle boundary and 𝜌𝑤  is current low-angle-
boundary dislocation-density. 

Lath-width evolution can also be modelled directly from ageing test data (e.g. [87]) or creep 
data (e.g. [23]), which is pertinent to the long-term, in-service aspect of structural integrity prediction. 
Such an equation may take the form of an Otswald-ripening model: 

�̇� =
𝑎

𝑤𝑚
 (17) 

where 𝑎 is a constant coefficient and the exponent 𝑚 typically has a value greater than 2. 
 

4.5 Carbide precipitate size 
At high temperatures, carbides dissolve and disappear from the material microstructure. Tempering 
allows the carbides to precipitate out of solution and increases the precipitate-strengthening effect of 
the microstructure.  

Myhr and co-workers [88-91] suggested a precipitate evolution model for aluminium alloys. 
Despite the nano-scale nature of these models, they were applied to macro-scale geometries. Figure 
6 shows a comparison of predicted and measured mean particle radius and number density of 
precipitates in an Mg-Si alloy. It is clear from Fig. 6 that the quantitative and qualitative trends of the 
experimental data were captured by the model. 
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An alternative modelling method is described by Lin et al. [81] to represent how precipitates 
dissolve at high temperature: 

�̇� = 𝐷𝑦 (
𝐿 − 𝑦

𝐿
) (18) 

where �̇�  is the rate of decrease in population of precipitates, 𝐿  is the sustainable population of 
precipitates, 𝑦 is the population size factor (or the viable concentration of precipitates [92]) and 

𝐷 = 𝐷0exp(−
𝑄

𝑅𝑇
) (19) 

where 𝐷0 is the diffusion coefficient, 𝑄 is an activation energy and 𝑅 is the universal gas constant.  
Precipitate growth, e.g. during PWHT, can be described with an Otswald-ripening-type 

equation [93]: 
𝑑𝑝,𝑡

𝑛 − 𝑑𝑝,0
𝑛 = 𝑘𝑡 (20) 

where 𝑑𝑝,𝑡  is precipitate size at time 𝑡 at a certain temperature, 𝑑𝑝,0 is the initial precipitate size and 

𝑘 is a temperature-dependent growth coefficient. A similar equation can be used to describe the 
growth of MX precipitates and Laves phase [94]. 𝑘 can be described as follows [93]: 

𝑘 = 𝑘0exp (−
𝑄

𝑅𝑇
) (21) 

or another example of 𝑘 for a maraging steel [95] is as follows: 

𝑘 =
8𝛾𝑝𝑉𝑚𝐷𝑝𝑥𝑗,𝑝

9𝑅𝑇
 (22) 

where 𝑥𝑗,𝑝 is the volume of element 𝑗 as it goes from the matrix into precipitate, 𝐷𝑝 is the diffusion 

coefficient, 𝑉𝑚 is particle molar fraction and 𝛾𝑝 is the interfacial energy. Precipitate size can also be 

modelled with a strain-rate dependency in 9Cr steel using a modified Otswald ripening law [96].  
The strengthening mechanism of precipitates is not determined solely by their diameter. In 

fact, precipitate spacing and volume fraction are two additional considerations. The volume fraction 
determines the degree to which the material is saturated with precipitates. With increased volume 
fraction, there is increased dislocation-pinning due to the precipitates, although the material as a 
whole will be softer due to the additional tempering necessary to increase the volume fraction. As 
precipitates form during tempering, carbon is removed from the martensite matrix, leading to a softer 
material [97].  

For a given volume fraction of precipitates, the dislocation-pinning effect is determined by the 
precipitate spacing. Precipitate spacing can be determined from precipitate diameter for a constant 
volume fraction, 𝑉, as follows [98]: 

𝜆 = 𝑑 (
𝜋

6𝑉
)
1 3⁄

 (23) 

It is clear that microstructure models can be physically-based to a greater or lesser extent. The work 
of Galindo-Nava, for example, is highly physically-based whereas other authors have used more 
empirical approaches with fitting-parameters, e.g. [99]. The ability to predict microstructure evolution 
with precision is important in the context of physically-based constitutive modelling. 
 
5. Structural model 
5.1 General 
Damage modelling and life prediction for power plant components are strongly dependent on 
constitutive response of the material, whether by fatigue-life estimates [100], crack-growth dynamics 
[101, 102] or creep-life estimates [103]. The constitutive behaviour of welded components depends 
on (a) the thermal history of the material during welding, (b) the material microstructure and (c) the 
in-service loading conditions. As power plant moves from base-load to flexible operation, welded 
components are subjected to combined-loading (e.g. creep-fatigue rather than just creep) so it is 
important that constitutive models be capable of predicting material response for a range of loading 
conditions. 

Welding analysis typically utilises uncoupled thermal and mechanical analyses [45, 46, 49, 54, 
61]. The thermal analysis is performed on FE geometry without reference to mechanical properties 
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and is purely a heat-transfer analysis. A sequential mechanical FE model can be prepared with an 
identical geometry and mesh so that the temperature history extracted from the thermal analysis can 
be applied node-for-node as a thermal load. The thermal load generates strain in the mechanical 
model. The general set of strains is often described as follows [39]: 

𝜀 = 𝜀𝑒 + 𝜀𝑝 + 𝜀𝑡ℎ + 𝜀𝑡𝑟 + 𝜀𝑡𝑝 (24) 
where the strain components are elastic, plastic, thermal, metallurgical and transformation-induced 
plasticity (TRIP), respectively. Thermal strain occurs due to thermal expansion, metallurgical strain 
occurs when phase transformation causes volume change [6, 39] and TRIP occurs in 9Cr steel during 
martensitic transformation [6].  

TRIP is typically only modelled for martensitic transformation because it occurs at lower 
temperatures when the resulting stresses are larger in magnitude. Some authors have eliminated 
plastic strains and material hardening history at high temperatures in an ‘annealing’ process [54, 104, 
105], leaving only the effects of strains at lower temperatures. One modelling method to capture TRIP 
is to reduce the material yield stress during martensitic transformation to ensure yielding and 
plasticity [61]. For an elastic-perfectly plastic material, Leblond et al. [106] suggested the following 
model for calculating TRIP: 

�̇�𝑇𝑃 =
3

2

(𝜀𝛼
𝑡ℎ − 𝜀𝛾

𝑡ℎ)

𝜎𝛾
𝑦

ℎ (
𝜎𝑒𝑞
𝜎𝑚𝑖𝑥

𝑦
)𝝈(ln𝜉𝑚)𝜉𝑚  (25) 

ℎ (
𝜎𝑒𝑞
𝜎𝑚𝑖𝑥

𝑦
) = 1 

𝜎𝑒𝑞

𝜎𝑚𝑖𝑥
𝑦
≤
1

2
 (26) 

ℎ (
𝜎𝑒𝑞
𝜎𝑚𝑖𝑥

𝑦
) = 1 +

7

2
(
𝜎𝑒𝑞
𝜎𝑚𝑖𝑥

𝑦
−
1

2
) 

𝜎𝑒𝑞
𝜎𝑚𝑖𝑥

𝑦
>
1

2
 (27) 

𝜎𝑚𝑖𝑥
𝑦 = [1 − 𝑓(𝜉𝛼)]𝜎𝛾

𝑦 + 𝑓(𝜉𝛼)𝜎𝛼
𝑦  (28) 

𝜎𝛼
𝑦 = 𝜉𝐼𝜎𝐼

𝑦 + 𝜉𝑈𝜎𝑈
𝑦  (29) 

where 𝜎𝛾
𝑦 is the yield stress of austenite and 𝜎𝛼

𝑦 is the yield stress of martensite, using a rule-of-

mixtures between tempered and newly-formed martensite yield stresses 𝜎𝐼
𝑦 , 𝜎𝑈

𝑦 , with volume 
fractions 𝜉𝐼 , 𝜉𝑈 . This model considers the instantaneous volume fraction of phases while another 
model incorporates the rate of change of volume fraction [107], described by Hamelin et al. [39] as: 

�̇�𝑡𝑝 =
3

2
𝐾𝒔𝑓′(𝑧)�̇�  (30) 

where 𝐾 is a material constant, 𝒔 is the deviatoric stress tensor during transformation and 𝑧 is the 
phase volume fraction. This formulation is presented in multi-axial form. TRIP can also be modelled 
via a micromechanics approach [108] with extrapolation of the cumulative local material responses to 
predict the macroscale material behaviour.  
 An alternative method of accounting for TRIP directly is to consider the differential coefficients 
of expansion of the martensite and austenite phases [60]. During heating and cooling, differential 
expansion and contraction rates for adjacent regions of differing material phases will lead to strain 
incompatibilities with resultant elevated stress and plasticity. It is also possible to ensure plasticity by 
defining the material yield stress to be reduced during the transformation process [61]. 
 
5.2 Phenomenological continuum mechanics modelling 
Phenomenological models are typically constructed using parameters and coefficients identified from 
material test data rather than relying on physical material parameters, e.g. microstructure features. 
For the purposes of the welding simulation, material behaviour can be determined from tensile 
monotonic data as opposed to long-term creep data, for example. The accuracy of such fitting is 
sensitive to the test data. For example, the maximum strain from a tensile test [104] affects what 
stress-strain data is available for parameter identification. When cyclic data is used to fit the kinematic 
hardening parameters, the saturated cyclic response is typically used [104], so that models calibrated 
against tensile or cyclic data for the same material will not predict the same stress-strain responses.  

9Cr steels harden kinematically and cyclically soften isotropically [28, 29, 109, 110]. Although 
it may be sufficient to model the material as perfectly-plastic for the purposes of welding [46], this 
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would predict unrepresentative stress-strain responses during in-service loading. Chaboche reviewed 
a number of plasticity theories [9], including the Armstrong-Frederick model for non-linear kinematic 
hardening: 

�̇� =
2

3
𝐶�̇�𝑝 − 𝛾𝑿�̇�  (31) 

where parameters in bold indicate tensors. The parameter 𝐶, called hardening modulus, represents 
the initial hardening slope, and the rate-of-decay constant, 𝛾 controls the rate of reduction of the 
kinematic hardening slope; 𝑝 is equivalent plastic strain [25]. This model describes hardening which 
saturates at a maximum value 𝐶 𝛾⁄ . Multiple back-stress terms can be used to achieve a more accurate 
fit to short- and long-strain-range test data. Additional terms can also be included to take account of 
dynamic and static recovery, as well as threshold values (values of the magnitude of 𝑿, below which 
only the first term in Eqn. 31 is used) can be defined too. For this non-linear model, each back-stress 
requires two fitted parameters.  

Non-linear isotropic cyclic softening (or hardening), referred to as the Chaboche model, is 
commonly described as follows: 

�̇� = 𝑏(𝑄 − 𝑅)�̇�  (32) 
where 𝑅 is the isotropic variable, 𝑄 defines the asymptotic value of hardening (or softening, with a 
negative Q-value) towards which 𝑅 saturates. 𝑏 controls the rate at which 𝑅 reaches a value of 𝑄. As 
with kinematic hardening, multiple isotropic terms can be used to achieve increased accuracy of fitting 
to test data. 

Chaboche compared several viscoplastic models [9] and all were found to give similar results 
between plastic strain-rates of 1 × 10-8s-1 and 1 × 10-4s-1. All except one (the Bodner model, which had 
directional hardening without using kinematic backstress, 𝑿) of the models gave similar results up to 
about 0.03s-1. 9Cr steels are visco-plastic at high temperature, such as at power plant operating 
temperatures, so that the stress-strain response is strain-rate dependent [111].  

Visco-plastic behaviour can be represented with a power-law function [80] or a hyperbolic 
sine function [29, 109]. The hyperbolic sine function is a non-linear term when plotted on log-log 
graphs, so it can better capture the visco-plasticity behaviour of 9Cr steel than a single power-law 
equation (see Fig. 7). Multiple power law functions can be used but they increase the number of 
modelling parameters required and have less fidelity to the visco-plastic deformation mechanisms, 
e.g. diffusion or dislocation mechanisms [112, 113]. 

Constitutive models, whether incorporating kinematic hardening, isotropic softening or elastic 
perfectly plastic, are used to predict welding residual stress in the welded joint. PWHT is used to 
relieve residual stresses as well as to recover material microstructure. Section 4 described various 
methods by which to model the evolution of microstructure. Stress relaxation during PWHT can be 
modelled by introducing time-dependent modifications, which soften the material, to the kinematic 
and isotropic hardening terms [114]. Benaarbia et al. [115] accounted for relaxation effects using 
visco-elastic terms in their material model. Stress-relaxation, assuming no applied strain (𝜀�̇�𝑜𝑡𝑎𝑙 = 0), 
can also be modelled by inverting creep models [116]. 

For in-service operation, all three models (kinematic hardening, cyclic softening and creep) 
can be used, e.g.  [117]. With sufficient test data from a variety of tests and test conditions, a complete 
constitutive model can be assembled for welding, PWHT and in-service operation of 9Cr steel 
components.  

As discussed in Section 2 and shown in Fig. 2, welding modifies the local microstructure to 
form a HAZ. From one region in the HAZ to the next, there are gradients in microstructure and 
consequently in constitutive behaviour, e.g. harder and softer regions due to gradients in dislocation-
density. The HAZ presents a challenge to through-process modelling using phenomenological methods. 
The HAZ can be taken as a single material region [118, 119] (Fig. 8a), or as multiple sub-regions [111] 
(Fig. 8b). Hall et al. [120] modelled welded connections using a four-material model while Hayhurst et 
al. [121, 122] used a five-material model. Increased HAZ subdivision requires increased numbers of 
modelling parameters and associated testing for identification.  
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HAZ material parameters can be identified by testing cross-weld, parent metal and weld metal 
specimens and by applying PM and WM parameters to a 3-material FE geometry and fitting the HAZ 
parameters [119]. It is also possible to heat-treat parent metal to achieve a microstructure 
representative of a particular HAZ region, e.g. the ICHAZ, and identify material parameters from test 
data pertaining to that material [123]. Alternatively, cross-weld specimens may be tested using digital 
imaging correlation (DIC), to observe the local constitutive behaviour of HAZ regions for parameter 
identification [111]. A key challenge with these methods is the assumption of a discrete HAZ sub-
region with its own particular constitutive behaviour when in fact there is a continuous gradient of 
material microstructure and behaviour. Such an assumption is unavoidable because it is impractical 
to keep sub-dividing the HAZ into smaller and smaller regions and identify parameters for them but 
the assumption results in a reduction in the accuracy of the model.  

PWHT also changes mechanical behaviour [34, 77, 93, 124-127], in effect producing a new 
material needing even more modelling parameters. An alternative to the phenomenological model is 
the physically-based model. 
 
5.3 Physically-based continuum mechanics modelling 
In principle, physically-based models require fewer tests for calibration but instead require 
measurement or knowledge of physical parameters such as the microstructural features mentioned 
in Section 4. Measurement of microstructural parameters constantly becomes more practical with 
improvements in instrumentation and methodologies for microscopy such as scanning electron 
microscopy [128], transmission electron microscopy [129], energy-dispersive X-ray spectroscopy [67], 
electron backscatter diffusion [130], etc. Knowledge of how microstructure affects constitutive 
behaviour can avoid the phenomenological model challenge of requiring large quantities of data to 
fully characterise a welded connection.  

Different microstructural features influence the yield stress, from the alloying elements [131], 
the precipitates [90], solutes [95], martensitic block size [95, 132] and dislocation density [132]. 
Barrett et al. [3] recently proposed a physically-based yield stress model for 9Cr steels that 
incorporated solid solution-, precipitate- and PAG boundary-strengthening. Figure 9 shows a variety 
of yield stresses predicted from a dislocation-density model [132] compared to a variety of yield 
stresses from test data. The utility of a physically-based yield stress model is clearly demonstrated by 
achieving close correlation with test data despite the diversity of steels considered. 

Kinematic back-stress can have different physically-based components, such as lath-boundary 
strengthening [28] as well as precipitate-, HAGB- and dislocation-substructure-strengthening [86]. 
Sauzay et al. [28] developed a lath-boundary back-stress model as follows: 

𝑥 = 𝑥0 +
𝜇

1 − 𝜐
√
0.45𝜃

2𝜋

1

√𝑤 𝑏⁄
  (33) 

where 𝑥  is the kinematic back-stress, 𝑥0  is a stress parameter without considering lath-boundary 
effects, 𝜇 is shear modulus, 𝜐 is Poisson’s ratio, 𝜃 is angle of mis-orientation between laths, 𝑤 is the 
lath-width and 𝑏  is the magnitude of the Burgers vector. This particular model, based only on 
measurable material parameters, was successfully applied to model the cyclic softening via reduction 
in back-stress of P91 at 550oC.  

Isotropic hardening can similarly be physically-based [133], e.g. using Taylor hardening:  

𝑅 = 𝛼𝜇𝑏√𝜌  (34) 

where 𝛼 is a constant and 𝜌 is the dislocation-density. Again, these parameters are measurable rather 
than fitted. 

Dislocation-density, which can be treated as a dimensionless, normalised parameter [80, 82], 
or as a true value, evolves according to temperature and plastic strain [133]. Test data suggests a 
strong correlation between lath width and dislocation-density (R2 > 0.99) under creep conditions [23] 
and a variety of physically-based dislocation-density evolution models have been adopted [24, 132, 
134].  
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Some results from dislocation-density based models are shown in Fig. 10. In Fig. 10a, the 
dislocation-density model shows close correspondence with the 9Cr steel test data at a room 
temperature and high-temperature, with and without prior cold-working. Fig. 10b shows close 
correspondence between the model and aluminium test data for repeated groove pressing processes. 

It is clear that there are physically-based alternatives to the kinematic hardening and isotropic 
softening models of Section 5.2. Physically-based creep models, which could be used for PWHT stress-
relaxation, have also been proposed, e.g. [135] and [136], based on the Hayhurst model [121]: 

𝜀�̇�𝑟 = 𝜀0̇exp (−
Δ𝐹

𝑘𝐵𝑇
) sinh(

𝜎(1 − 𝐻)

𝜎0(1 − 𝐷𝑝)(1 − 𝐷𝑐𝑟)
)  (35) 

where Δ𝐹  is Helmholtz free energy,  𝑘𝐵  is Stefan-Boltzman constant,  𝐻  is continuum damage 
mechanics (CDM) primary hardening parameter and 𝐷𝑐𝑟 is CDM intergranular cavitation parameter. 
𝜎0 and 𝐷𝑝 are described as: 

𝜎𝑜 =
𝑀𝑘𝐵𝑇

𝑏2𝜆𝑜𝑏
  (36) 

𝐷𝑝 = 1 −
𝜆0
𝜆

  (37) 

where 𝑀 is the Taylor factor, 𝜆𝑜𝑏 is obstacle (M23C6 and MX precipitates, dislocations and high- and 
low-angle boundaries) spacing, 𝜆0 is initial mean obstacle spacing and 𝜆 is current obstacle spacing. 
This model included some fitting parameters (e.g. pertaining to 𝐷𝑐𝑟) but its physical basis allowed 
prediction of the detrimental effect of aluminium content on creep life in Bar 257 compared to P91 at 
two different temperatures (Fig. 11).  

Comparing the phenomenological and physically-based constitutive models, it is clear that 
since physically-based models use microstructural parameters as inputs, the need for separate 
material parameters for each region in the HAZ, for each welding and PWHT process, is reduced. 

 
 

5.4 Microstructural crystal plasticity modelling 
The modelling approaches described so far operate at the macro-scale. Macro-scale models assume 
that the material is isotropic and that its response is homogeneous. Of course, individual grains and 
laths behave anisotropically depending on orientation and geometry, leading to microscale 
inhomogeneous local stress-strain responses that may significantly affect macro-scale constitutive 
behaviour. Crystal plasticity (CP) models, e.g. [30, 137-139] can capture the interactions between, for 
example, grains of different sizes and of different orientations [138] and for 9Cr steel in particular, CP 
modelling has demonstrated the detrimental effect of precipitate-coarsening on fatigue life at 600oC 
[140], as well as the detrimental effect of small amounts of ferrite in the ICHAZ [141]. Despite such 
benefits, CP modelling has mainly been applied to FE geometries of limited size, e.g. a representative 

domain size of 176 x 111 m2 [140, 142], micro-scale cardiovascular stent struts [26] or micro-scale 
sub-models of compact-tension specimens [30].  

Due to the micro-scale aspect of CP modelling, it may be possible to capture the material 
response in regions of steep microstructure-gradient such as the HAZ or to physically model the 
formation of cracks. This is highly attractive in terms of predicting component life but the small scale 
at which CP modelling operates makes it difficult to incorporate effects such as heat input from remote 
(e.g. several mm away) weld beads or stress redistribution from remote material locations to the area 
of interest during PWHT, for example. In the context of through-process modelling on component-
scale geometries, e.g. pipe girth-welds [61, 143] or pipe saddle joints [119], CP modelling is currently 
too high-resolution and too computationally expensive to be practical. Similarly, coupled PFM-CP 

models are limited by small FE domains, e.g. 50 x 50 x 50 m3 [144]. 
Multi-scale methods [145-147] have been attempted in order to apply micro-scale models to 

macro-scale geometries but these require homogenisation techniques (e.g. varying the dimensions of 
laths but assuming that all laths are identical [140]) in order to reduce the complexity of the analyses, 
even though the macro-scale geometries are still relatively small compared to power plant 
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components. Some homogenisation techniques have also been shown to affect the predicted material 
response, e.g. monotonic stress increasing at higher strains without homogenisation compared to 
maintaining a consistent flow stress with homogenisation [148]. 

 
5.5. Structural integrity prediction 
A key factor in the structural integrity of welded components is residual stress. Residual stresses will 
contribute to the applied loading state of welded components and may result in premature failure 
even for nominally light loading applications. Tensile residual stress, in particular, is a concern since it 
is associated with accelerated crack growth [102]. Accurate prediction of residual stress states is 
therefore a necessary step in the through-process methodology. Such predictions can be used to 
determine if and how much PWHT is necessary following welding.  
 Figures 12 to 14 show a variety of residual stress comparisons between FE modelling and test 
data from different authors [58, 149, 150]. In each case, a continuum mechanics phenomenological 
model was implemented to predict the welding residual stresses. Young’s moduli, yield stresses and 
hardening moduli were identified at a range of temperatures from test data and applied as 
temperature-dependent modelling parameters. 
 It is clear that reasonably accurate predictions of residual stress are possible using through-
process modelling. This, combined with the microstructure evolution models discussed previously, 
should enable (future) more accurate predictions of the weld-region microstructure, which together 
with physically-based continuum structural models, should, in turn, facilitate more accurate 
predictions of in-service performance of welded components, e.g. along the lines of recent work by 
Mac Ardghail et al. [99]. 

 
5.6 Component life prediction 
Ultimately, the purpose of the constitutive modelling in the context of a through-process model is to 
predict effects of manufacturing processes on in-service component life but it is computationally 
expensive to simulate years of in-service loading in power plant. To predict long-term component-
failure, approximate methods have been used, e.g. a strain-based fatigue indicator parameter [142], 
the Ostregren method [117, 151], a ratchetting-strain based damage indicator parameter [119]. For 
base-load operation, the Monkman-Grant correlation [152] can be used. Rouse et al. [103] noted that 
the failure time of components under creep could be predicted by integrating damage evolution 
models with respect to time. Barrett et al. [153] compared Coffin-Manson, Ostregren and Zamrik 
models to isothermal and thermos-mechanical fatigue (TMF) cyclic test data for P91 and found that 
the Zamrik model best predict TMF life. 

Efficient alternatives to FE analysis, e.g. neural networks and Green’s functions [154] or 
welding process parameter optimisation frameworks [155], could potentially also be adopted to 
increase the efficiency of computation. Therefore, structural integrity prediction using through-
process modelling concepts is possible without the need for very long, computationally expensive 
simulations. 

 
6. Conclusions: 
Prediction of component performance is only as reliable as the information available about the 
material, e.g. its microstructure and its residual stress state. To comprehensively measure these 
parameters in a welded component, if even possible, e.g. for ICHAZ regions due to their small size-
scale, would typically be prohibitively expensive and, in the case of destructive testing, requires the 
fabrication of new components for actual use in power plant. If the microstructure and residual stress 
state could be accurately predicted based on knowledge of the as-received material and the welding 
and PWHT processes applied to it, then significantly more cost-effective life prediction would be 
possible. A through-process model represents the most complete way of accounting for changes to 
the as-received material due to welding and PWHT. There is, therefore, a need for a through-process 
modelling methodology for welded plant components in order to (a) make realistic and accurate life 
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predictions for next generation power plant components and (b) to identify the welding and PWHT 
processes that provide optimal in-service life, particularly in the drive to maximise plant efficiency and 
flexibility.  

The current work focused on 9Cr steel components but the aspects of through-process 
modelling reviewed here could be extended to other power plant steels and indeed to other steel 
pipeline applications, e.g. oil and gas pipelines. Key conclusions from the present work are: 

• Appropriate welding, microstructure evolution and constitutive models exist to construct a 
through-process modelling framework for 9Cr steel power plant components. 

• Micro-scale models, such as phase field modelling, cellular automata, Monte Carlo methods 
and crystal plasticity modelling are highly accurate but are currently only practical for small 
geometries, not yet at the size-scales required for representing key power plant components. 
Macro-scale modelling is the most practical approach at present. 

• Macro-scale, phenomenological constitutive models are sensitive to the test data from which 
their parameters are derived and the multi-material nature of the HAZ can quickly lead to a 
large number of modelling parameters. 

• Macro-scale, physically-based constitutive models reduce the need for fitting parameters and 
material testing, thereby increasing precision and reducing cost. Modern instrumentation 
techniques make it feasible to measure microstructure parameters for use in physically-based 
models. 
 

Despite the range of thermal welding, microstructure evolution and constitutive models available to 
researchers and designers, the authors are not aware of any attempts to combine and apply them as 
full through-process models, either to simple geometries or to power plant components. Further 
development of through-process modelling is therefore needed such as: 

• Wider application of through-process methodologies optimisation of such approaches. 

• Validation against test data for simple cases, e.g. high temperature low-cycle fatigue [64]. 

• Validation against operational data for power plant components. 
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Figure caption list 

Fig. 1 A comparison between power plant operating conditions (in black and white – Sub-
critical is on the left and ultra-super-critical ‘B’ is on the right) and the net plant 
efficiency, reproduced from Potirniche et al. [152]. 

Fig. 2 A representation of the different metallurgical zones present in a welded joint with the 
corresponding phase diagram for 9Cr steels. Figure reproduced from Cerjak et al. 
[156]. 

Fig. 3 A comparison between annealing time at 700oC and grain size (model: solid line, test 
data: points). Figure reproduced from Li et al. [80]. 

Fig. 4 3D predictions of fusion-zone and HAZ grain evolution during welding of aluminium 
1050A at different weld-torch speeds using the Monte-Carlo method. Note the 
different grain morphologies. Figure reprinted from Wei et al. [85], with permission 
from Elsevier. 

Fig. 5 A comparison between the lath-width and carbon content of 2.3% Si martensitic steel 
(Kim et al. [157]), 0.2-1.3%Cr steel (Hutchinson et al. [158]), 0.2%C steel (Swarr & 
Krauss [159]) and 9-12%Cr steel (Ghassemi-Armaki et al. [87]) and a lath-width and 
carbon content microstructure model. Figure reprinted from Galindo-Nava et al. [79], 
with permission from Elsevier. 

Fig. 6 A comparison between measured and predicted values for precipitate radius (r) and 
number density (N). Figure reprinted from Myhr et al. [88], with permission from 
Elsevier. 

Fig. 7 An illustration of the advantage of a hyperbolic sine (sinh) law over power-law 
functions. A single sinh law fits the test data (points, [160]) whereas two power-law 
functions are required. This figure (data and sinh fit) is reproduced from Barrett et al. 
[109] and supplemented with power-law fits. 

Fig. 8 Modelling of the HAZ as (a) a single material region or (b) as three material regions 
(ICHAZ, FGHAZ and CGHAZ).  Reprinted from (a) Li et al. [119], with permission from 
Elsevier, and (b) Touboul et al. [111], with permission from Society for Experimental 
Mechanics. 

Fig. 9 A comparison of modelled and tested yield stresses for a variety of steels: (a) 301LN 
steel and (b) 304SS [161], (c) 204SS [162], (d) Fe16Cr6Mn9Ni [163, 164], (e) Fe-(12-
30)Mn-(0-1.4)Al-(0-1.2)C [165-167], (f) FeCrNiMn-(0.24-0.56)N [168] and (g) Fe-20Mn-
3Al-3Si [169-171], using a single physically-based model, from Galindo et al. [132]. The 
solid line represents a perfect match and the dotted lines represent deviations of 15%. 

Fig. 10 Comparison of model and experimental results for strain and dislocation-density. 
Figures reprinted from (a) Li et al. [133] (note that N&T: Normalised and tempered, 
CW: Cold-worked) and (b) Hosseini and Kazeminezhad [24] (note that CGP stands for 
Constrained Groove Pressing) with permission from Elsevier. 

Fig. 11 Comparison of a physically-based creep model against test data (a)600oC [172] and 
(b)625oC [173]. Figures reprinted from Ó Murchú et al. [136], with permission from 
Elsevier. 
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Fig. 12 Comparison of measured (DHD) and predicted residual (a) axial and (b) hoop stresses 
along the WCL of a welded 316H stainless steel , from the inner pipe wall to the outer 
wall. Figure after Song et al. [58]. 

Fig. 13 Comparison of measured (DHD) and predicted residual (a) axial and (b) hoop stresses 
along the WCL of welded P91, from the inner pipe wall to the outer wall. Figure after 
Yaghi et al. [149]. 

Fig. 14 Comparison of measured (DHD) and predicted residual hoop stresses along the WCL of 
welded P91 (a) before and (b) after PWHT, from the outside pipe wall to the inner wall. 
Figure after Dong et al. [150]. 
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Table 1. Some examples of reported P91 composition (wt. %). 

Element 

Reference source  

Potirniche 
et al. 
[152] 

Hurtado-
Norena et 

al. [32] 

Fournier 
et al. [29] 

Guguloth 
et al. 
[174] 

Zhang et 
al. [175] 

Shankar 
et al. 
[176] 

Shankar 
et al. [38] 

Cr 8.55 8.21 8.776 9.4 8.36 8.2 9.3 
Mo 0.88 0.9 0.915 1 0.93 0.92 0.99 
V 0.21 0.213 0.191 0.25  0.13 0.25 

Nb 0.08 0.085 0.078 0.09  0.09 0.1 
C 0.1 0.11 0.088 0.08 0.1 0.11 0.11 

Mn 0.51 0.36 0.354 0.39  0.48  
Cu 0.18 0.15    0.05  
Si 0.32 0.26 0.329 0.5 0.49 0.3  
N 0.035 0.061 0.043 0.03  0.051 0.068 
Ni 0.15 0.15  0.13  0.12 0.14 
P 0.012   0.02 0.008 0.018 0.02 
S 0.005   0.01 0.002 0.005 0.008 
Ti 0.002       
Al 0.007 0.011  0.23    
Zr 0.001       
Sn  0.009      
Co      0.015  
Fe Balance 

 

Table 2. Some examples of reported P92 composition (wt. %). 

Element 

Reference source 
Yaghi et al., 

Khayatzadeh 
et al. [61, 

116] 

Barbadikar et 
al. [93] 

Fournier et al. 
[177] 

Xue et al. [31] 
Abe et al.  

[40] 

Cr 8.62 9.38 8.68 8.84 8.72 
Mo 0.33 0.506 0.37 0.5 0.45 
V 0.21 0.215 0.19 0.21 0.21 

Nb 0.076 0.075 0.06 0.067 0.06 
C 0.1 0.114 0.12 0.12 0.09 

Mn 0.45 0.388 0.54 0.43 0.47 
Cu  0.0162    
Si 0.45 0.0239 0.23 0.21 0.16 
N 0.047 0.0417 0.046 0.042 0.05 
Ni 0.27   0.16  
P 0.015 0.012    
S 0.002 0.0035    
Ti      
Al 0.019 0.0076    
W 1.86 1.94 1.59 1.67 1.87 
B 0.003 0.0018  0.0033 0.002 
Fe Balance 
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Table 3. Some examples of reported P91 heat treatments. 

 Reference source 

 
Divya 
et al. 
[33] 

Barbadikar 
et al. [93] 

Lee and 
Maruyama  

[37] 

Ennis and 
Czyrska-

Filemonowisc  
[23] 

Hurtado-
Norena 

et al. 
[32] 

Shankar 
et al. 
[38] 

Steel grade P91 P92 P91 P91 P91 P91 
Normalising (oC) 1050 1040, 1080 1050 1070 1060 1040 

Normalising (minutes) 30 30 60 120 30 60 

Tempering (oC) 760 
740, 760, 

780 
780 775 780 760 

Tempering (minutes) 60 60 60 120 60 60 

 

Table 4. Some examples of FE element numbers from samples in the literature. 

Reference source 
Number of elements Material 

form 
Width/Di Thickness Length 

3D Axisymmetric 

Li et al. [46] 75,900  Plate 200 6 200 
Abburi Venkata et al. [57] 134,000  Plate 75 18 97 
Deng and Murakawa [51] 9,600 300 Pipe 51.15 6 800 

Yaghi et al. [60]  13,736 Pipe 45 50 350 
Yaghi et al.[61]  2,919 Pipe 147.5 30 700 

Note: Di = inner diameter 
 

Table 5. Examples of PFM modelling domains from literature sources. 

Reference Model type Domain size 

Toloui and Militzer [75] 2D 36.6 m × 36.6 m 
 2D 52.2 m × 52.2 m 
 2D 79.6 m × 79.6 m 

Boettger et al. [76] 1D 50 m 
 2D 1000 m × 520 m 

Zhu et al. [178] 2D 400 m × 400 m 
Mai and Soghrati [179] 2D c. 200 m × 300 m 

 2D 540 m × 500 m 
 2D c. 300 m × 250 m 

Shi et al. [180] 2D 250 m × 250 m 

Fromm et al. [181] 3D 

96 m × 36 m × 47 m (PFM only) 

5 m × 5 m × 5 m (PFM and FE) 

10 m × 10 m × 10 m (PFM and FE) 

15 m × 15 m × 15 m (PFM and FE) 
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Fig. 1. A comparison between power plant operating conditions (in black and white – Sub-critical is on 
the left and ultra-super-critical ‘B’ is on the right) and the net plant efficiency, after Potirniche et al. 
[152]. 
 

 
Fig. 2. A representation of the different metallurgical zones present in a welded joint with the 
corresponding phase diagram for 9Cr steels. Figure reproduced  from Cerjak et al. [156]. 
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Fig. 3. A comparison between annealing time at 700oC and grain size (model: solid line, test data: 
points). Figure reproduced from Li et al. [80]. 
 

 
Fig. 4. 3D predictions of fusion-zone and HAZ grain evolution during welding of aluminium 1050A at 
different weld-torch speeds using the Monte-Carlo method. Note the different grain morphologies. 
Figure reprinted from Wei et al. [85], with permission from Elsevier. 
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Fig. 5. A comparison between the lath-width and carbon content of 2.3% Si martensitic steel (Kim et 
al. [157]), 0.2-1.3%Cr steel (Hutchinson et al. [158]), 0.2%C steel (Swarr & Krauss [159]) and 9-12%Cr 
steel (Ghassemi-Armaki et al. [87]) and a lath-width and carbon content microstructure model. 
Figure reprinted from Galindo-Nava et al. [79], with permission from Elsevier. 
 

 
Fig. 6. A comparison between measured and predicted values for precipitate radius (r) and number 
density (N). Figure reprinted from Myhr et al. [88], with permission from Elsevier. 
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Fig. 7. An illustration of the advantage of a hyperbolic sine (sinh) law over power-law functions. A 
single sinh law fits the test data (points, [160]) whereas two power-law functions are required. This 
figure (data and sinh fit) is reproduced from Barrett et al. [109] and supplemented with power-law 
fits. 
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(a) 

 
(b) 

Fig. 8. Modelling of the HAZ as (a) a single material region or (b) as three material regions (ICHAZ, 
FGHAZ and CGHAZ).  Reprinted from (a) Li et al. [119], with permission from Elsevier, and (b) 
Touboul et al. [111], with permission from Society for Experimental Mechanics. 
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Fig. 9. A comparison of modelled and tested yield stresses for a variety of steels: (a) 301LN steel and 
(b) 304SS [161], (c) 204SS [162], (d) Fe16Cr6Mn9Ni [163, 164], (e) Fe-(12-30)Mn-(0-1.4)Al-(0-1.2)C 
[165-167], (f) FeCrNiMn-(0.24-0.56)N [168] and (g) Fe-20Mn-3Al-3Si [169-171], using a single 
physically-based model, after Galindo et al. [132]. The solid line represents a perfect match and the 
dotted lines represent deviations of 15%. 
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(a) 

 
(b) 

Fig. 10. Comparison of model and experimental results for strain and dislocation-density. Figures 
reprinted from (a) Li et al. [133] (note that N&T: Normalised and tempered, CW: Cold-worked) and 
(b) Hosseini and Kazeminezhad [24] (note that CGP: Constrained Groove Pressing) with permission 
from Elsevier. 
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(a) 

 
(b) 

Fig. 11. Comparison of a physically-based creep model against test data (a)600oC [172] and (b)625oC 
[173]. Figures reprinted from Ó Murchú et al. [136], with permission from Elsevier.  
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(a) 

 
(b) 

Fig. 12. Comparison of measured (DHD) and predicted residual (a) axial and (b) hoop stresses along 
the WCL of a welded 316H stainless steel , from the inner pipe wall to the outer wall. Figure after 
Song et al. [58].  
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(a) 

 
(b) 

Fig. 13. Comparison of measured (DHD) and predicted residual (a) axial and (b) hoop stresses along 
the WCL of welded P91, from the outer pipe wall to the inner wall. Figure after Yaghi et al. [149]. 
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(a) 

 
(b) 

 
Fig. 14. Comparison of measured (DHD) and predicted residual hoop stresses along the WCL of 
welded P91 (a) before and (b) after PWHT, from the outside pipe wall to the inner wall. Figure after 
Dong et al. [150]. 

 


