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Abstract

Stainless steel components in the UK advanced gas-cooled reactors (AGR’s) are

known to undergo microstructural changes near the surface due to the reactor car-

bon dioxide environment. Carburisation tends to increase the material’s elastic

modulus, yield strength and creep resistance and decrease creep ductility. Over the

years of operation, small microcracks have been discovered in bifurcation welds that

been carburised. R5, the current assessment procedure used for structural integrity

assessments, does not consider the effects of carburisation, hence fails to predict

creep/creep-fatigue crack initiation. This has led to a simplified approach for as-

sessing such structures. The simplified approach suggests treating the structure as

globally homogeneous but with reduced ductility. However, an alternative approach

would be to treat the carburised component as a bi-metallic structure consisting of

two homogeneous materials with different material properties. This work presents

a detailed insight of the effects of carburisation on creep strain and creep damage

accumulation, and assesses the validity of the proposed approaches by analytical

and finite element modelling. Analytical models have shown that carburisation will

lead to increased stress in more creep resistant regions resulting in reduced stress in

the bulk section. An analytical solution for a pressurised cylindrical pressure vessel

is presented where graded material properties can be implemented for creep lifetime

assessment. At the steady state carburisation provide the benefit of reduced creep

strain rate and reduced stress triaxiality for internally pressurised carburised cylin-

ders. However, results show that for a small area fraction carburised carburisation

cannot extend the time for damage initiation. Finite element models have been used

to assess the effects of material being carburised before and after the load applica-

tion and the impact of bi-metallic assumption. The graded material properties of

the carburised layer were found using artificial neural networks that were trained

by feeding results from a large-scale Abaqus parametric study. Research has shown

material carburisation before the load application can result in either a conservative

or non-conservative assessment. Carburisation after the load application shows that

the proposed homogeneous assumption will result in a conservative assessment.
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Nomenclature

The next list describes all of the abbreviations and symbols that will be later used

within the body of the document.

Abbreviations

AGR Advanced Gas-cooled Reactor

ANN Artificial neural network

BP Back propagation

C Carburising

DCNN Deep convolution neural network

ENVISINC Environmental Impact on the Structural Integrity of Nuclear Compo-

nents

FE Finite element

FEA Finite element analysis

FEM Finite element method

FG Functionally graded

IS Inner surface

LM Levenberg-Marquardt

MDF Multiaxial ductility factor

ML Machine learning

NN Neural network, same as ANN

OS Outer surface

PC Pre-carburised
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RPROP Resilient propagation

SH Strain hardening

SVM Support vector machine

TH Time hardening

UTS Ultimate tensile strength

Greek symbols

¯̇ε
c

Equivalent creep strain rate

σ̄ Equivalent stress or von Mises stress; in machine learning can indicate

mean value

β Constant

χ Activation function

ρ̇ Radial steady state creep displacement rate

ε̇
c
, ε̇
c
min Minimum creep strain rate

ε̇
c
b Creep rate of the bulk

ε̇
c
c Creep rate of the carburised layer

ε̇
c
i Principal creep strain rates (i = 1, 2, 3 or i = t, r, z in cylindrical coor-

dinates denoting hoop, radial and axial directions respectively)

ε̇
c
ij Creep strain rate tensor

ε̇
in

Inelastic strain rate

λ(x) Scalar function of position x

ω
c

Creep damage

ω
t

Total damage due to the environment and creep

ω
env

Damage due to the environment

φ Some convex function of degree one in σij/σ0

σ Stress

σ1 Stress in material 1
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σ
∗
2 Averaged stress in material 2 with distributed material properties

σc Stress in the carburised layer

σh Hydrostatic stress

σi Principal creep strain rates (i = 1, 2, 3 or i = t, r, z in cylindrical coor-

dinates denoting hoop, radial and axial directions respectively)

σ0 Reference stress

σij Stress tensor

θ Temperature

θm Melting temperature

ε
∗
f Multiaxial strain to failure

ε
c

Creep strain

ε
c
ij Creep strain tensor

ε
e

Elastic strain

ε
p

Plastic strain

ε
t

Total strain

εc Total strain in the carburised layer

εf Creep failure strain

εL Lower shelf ductility

εU Upper shelf ductility

εf ′ Intrinsic ductility or the Monkman-Grant constant

ai Neural network output of each hidden node

wi, wij Neural network weight factors

Latin symbols

∆G
o

Gibbs energy

Ḋ
c

Creep energy dissipation rate

u̇ Steady state displacement rate
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H Hessian matrix

J Jacobian matrix

A Material constant – creep law multiplier

A
′

Material constant

A1, A2 Creep law multiplier of material 1 or 2 respectively

A
∗
2 Averaged creep law multiplier in material 2 with distributed material

properties

Ab Creep law multiplier of the bulk material

Ac Creep law multiplier of the carburised layer

Ao Reference creep law multiplier

b Neural network bias term

B
′

Material constant

C Constant

c Concentration

CMG Intrinsic ductility or the Monkman-Grant constant

CMMG Modified Monkman-Grant constant

Dc Carbon diffusivity in steel

Dc Diffusivity of carbon

E Young’s modulus

Eb Young’s modulus of the bulk material

Ec Young’s modulus of the carburised layer

ECE Cross entropy error function

EMSE Mean squared error function

J Diffusion flux

K(xi,xj) Kernel function

L Loss function or performance function
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loc Location variable

m Material constant – exponent; or the number of data points (matrices,

vectors)

n Material constant – creep stress exponent; or the number of data points

(matrices, vectors)

P Applied load

p Pressure

pi, pe Internal radius and external pressure

Q Creep activation energy

R Boltzman’s constant

r Radius

ri, re Internal radius and external radius

rint Radius at the interface

S Surface

Si Intermediate output in neural network

S1, S2 Area of material 1 or 2 respectively

T Stress triaxiality, σh/σ̄

t Time

T0 Reference stress triaxiality

tf Time for creep damage initiation

t
c
f Time for creep damage initiation in carburised material at the surface

t
N
f Normalised time for damage initiation with respect to the homogeneous

model using uniaxial ductility

t
N∗
f Normalised time for damage initiation with respect to the homogeneous

model using multiaxial ductility

tc Time for carburisation to occur

tend Time at the end of simulation
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tred Redistribution time

V Volume

z Neural network output value
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Chapter 1

Introduction

1.1 Nuclear power in the UK

The United Kingdom opened its first nuclear power station in the 1950s, and until

the present day, the UK’s energy market relies on nuclear power as one of the primary

power sources. Today nuclear energy supplies about one-fifth of the UK’s electricity

demand. Nuclear energy is a carbon-free energy source which does not require a

daily supply of new fuel compared to conventional fossil fuel energy sources, e.g.

gas turbines [1].

The UK in 2008 signed the Climate Change Act [2] which is an ambitious plan

to reduce its greenhouse gas emissions by 80% from 1990 levels by 2050 [3]. Con-

sidering that the power generation industry contributes a quarter to the total UK’s

greenhouse gas emissions [3], to achieve this target the UK must make a transition to

carbon-neutral energy generation. Additionally, the energy demand is predicted to

be increased due to social factors (population growth) and economic factors (GDP

growth). Therefore, nuclear energy will play a significant role in supplying the UK’s

energy market with secure, affordable and carbon-neutral energy to meet the UK’s

ambition for low-carbon power, economic growth, and account for the ever-growing

population.

Currently in the UK there are seven stations operating pairs of advanced gas-

cooled reactors (AGRs) and one pressurised water reactor, all operated by EDF

Energy. The first AGR started operating in 1976 and the last in 1988 [4]. These

reactors have been in service for 30-40 years and now they are approaching the end

of their design lifetimes.

To meet the UK’s forecasted energy demand and environmental targets it is

important to utilise the existing resources efficiently. Hence there is ongoing research

to extend the lifetime of the existing reactors as long as the operation remains safe

and cost effective [5].
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1.2 Advanced Gas-Cooled Reactors

A schematic diagram of the AGR power production process is illustrated in Figure

1.1. The power generation process in AGRs is the same as in any other nuclear

power plant where energy is generated by nuclear fission. The reactor core is cooled

using gas or water as a coolant, which is then sent to boilers where the heat is

transferred to water, which is turned into super-heated steam and is then sent to

turbines for power generation [6].

Figure 1.1: A schematic diagram of AGR [6].

The main components of the AGR are the graphite core and the boiler units that

are enclosed in a concrete pressure vessel. AGRs use enriched uranium oxide as a

fuel source for the nuclear fission process and graphite bricks as a neutron moderator

[7]. AGRs are unique to the UK because they use a carbon dioxide rich gas as the

primary coolant. Using CO2 gas, instead of water in light-water reactors, allows

operation at higher temperatures. Carbon dioxide leaving the core is at 650
o
C and

the high temperature gives the power plant an excellent electrical efficiency of ∼ 42%
1

[8].

The graphite core is a critical component of the AGR power-plant because, within

this component, the nuclear reaction occurs, hence the integrity of the reactor is of

paramount importance. The boiler unit is another important component because

it removes heat from the cooling agent and produces superheated steam which is

sent to the electric turbine for electricity production. Advanced gas-cooled reactors

in the UK have two basic boiler arrangements. One is a single cavity arrangement

which uses platen boilers (Figure 1.2a) that are positioned around the core. The

1
In perspective, AGR predecessor MAGNOX reactors operated at 360

o
C, with an overall effi-

ciency of < 34%.
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(a) Platen boiler unit; (b) Pod boiler unit.

Figure 1.2: Design of boilers for AGRs, taken directly from [9].

second arrangement uses pod boilers (Figure 1.2b) which are enclosed within the

walls of the concrete pressure vessel. AGR boilers operate in counter-flow where the

CO2 coolant gas is cooled by flowing downwards outside the tubes and steam flowing

upwards within the tubes [9]. Boilers operate at a temperature up to ∼ 650
o
C and

pressure of ∼ 160 bar.

The main materials used in boiler construction are the 300 series austenitic

stainless steels (mainly type 316H), Esshete 1250 austenitic stainless steel, and

9%Cr − 1%Mo ferritic alloy steels. These steels are capable of maintaining de-

sirable mechanical properties at high temperatures. Type 316 stainless steels are

used mainly in reheater and secondary superheater, and 9%Cr steels used mainly

in the evaporator and primary superheater [9, 10].

In all of the AGRs, the boilers are enclosed in the concrete pressure vessel; hence,

boiler inspections can only occur during shutdown periods. Additionally, being

located within the concrete pressure vessel makes it difficult or even impossible to

replace some of the boiler parts [11]. Considering that the boilers have been in
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service for more than 250,000 hours, and operating at high temperatures, certain

material problems have arisen during boiler operation.

1.3 Material degradation mechanisms in AGR

boilers

Figure 1.3: Creep-fatigue damage in bifurcation welds, taken directly from [11].

As discussed, boilers operate in a high temperature CO2 environment over pro-

longed periods of time. Under such conditions components are prone to several

degradation mechanisms:

• Creep and creep-fatigue. Creep is a time dependent deformation mechanism

where a material forms voids and microcracks due to prolonged exposure to

high-temperature and load. Creep-fatigue is a synergetic degradation of a

material due to creep and fatigue (damage due to cyclic load) [11, 12];

• Oxidation. AGR coolant gas is corrosive mixture of carbon dioxide, water

vapour, methane, carbon monoxide and hydrogen. Austenitic stainless steels

under certain conditions are susceptible to corrosion which results in metal

loss [13, 14];

• Carburisation. Exposure to a high temperature corrosive CO2 environment

can give a rise to a hardened carburised layer, which forms due to carbon

diffusion into the metal [15];

• Fretting. Fretting is wear of a component (e.g. by contact between compo-

nents) [16];

• Thermal ageing. Irreversible changes in material, structure of a material ex-

posed to high temperatures [17, 18];
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• High cycle fatigue [11].

The impact of carburisation in the AGRs has only been recognised in recent

years. Due to advances in defect inspection technologies, there is a capability of de-

tecting microcracks in structures. In 2006, inspections revealed existing microcracks

in the bifurcation welds (Figure 1.3) within AGR boilers and tailpipe-pintle welds

[19]. A detailed metallographic examination revealed creep dominated crack growth

on the carburised surface [11]. A detailed creep and creep-fatigue crack initiation

was carried out; however, the results could not predict crack initiation. Therefore,

this raised concerns regarding the capability of predicting crack initiation uaing the

existing structural integrity assessment procedures [11, 19].

1.4 Assessment procedure for nuclear

components and current challenges

There are different assessment methodologies available for evaluating the structural

integrity of a component operating at high temperature. The ASME-NH code is

used mainly in the USA for design. The RCC-MR design code is used in France.

However, in the UK power industry uses the ’R5 Procedures’ for structural integrity

assessments of the AGRs [20].

The R5 procedure is not a design code but is a best practice guide for performing

in-service structural integrity assessment. The procedure contains simplified meth-

ods for stress analysis which are a compromise between the pessimism in elastic

analysis and the cost and complexity involved in cyclic inelastic computation [21].

R5 is split into a number of volumes which each contain step-by-step instructions

to perform an assessment of a component for which the lifetime might be limited by

[20–22]:

1. excessive plastic deformation

2. creep rupture;

3. ratcheting or incremental plastic collapse due to a loading sequence;

4. creep deformation enhanced by cyclic load;

5. initiation of cracks in initially defect free material by creep and creep-fatigue

mechanisms;

6. the growth of cracks by creep, creep-fatigue mechanisms.
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R5 volume 2/3 deals with creep-fatigue crack initiation for defect free structures;

volume 4/5 assesses creep-fatigue crack growth; volume 6 consider the performance

of dissimilar welds; and volume 7 presents a procedure for the assessment of safe

operating life of welded ferritic pipework or vessels [21].

Considering the problem regarding the creep/creep-fatigue crack initiation in

tailpipe-pintle welds, it is evident that R5 is not always capable of predicting crack

initiation where it occurs. This has caused a concern regarding R5 applicability

for austenitic stainless steel component assessment because R5 does not currently

consider the potential synergistic effects of the creep-carburisation interaction.

An extensive 3-year research project called: Environmental Impact on the Struc-

tural Integrity of Nuclear Components (ENVISINC) had been carried out to inves-

tigate the impact of carburisation on stainless steel components. The ENVISINC

project aimed to provide an understanding of carburisation and provide an updated

R5 Volume 2/3 assessment methodology for carburised components which were not

addressed in the previous versions of the assessment procedure [23, 24]. The outcome

of the ENVISINC project has been simplified to provide an advice for carburised

material treatment within R5 Volume 2/3 assessments. Most of the material testing

performed within the scope of the ENVISINC project has been done on already

carburised specimens. However, in AGRs, metal is being carburised while the struc-

ture is under load. Hence this raises important questions regarding the validity and

use of the results obtained in a laboratory setting. Furthermore, from the limited

amount of data, it is now proposed to treat carburised structures as homogeneous

but with locally reduced creep ductility. Additionally, there is high uncertainty re-

garding the material properties of the carburised layer and how the mismatch in

material properties could influence the structural integrity assessment. Therefore,

in order to improve the current understanding of the synergistic effects of creep

and carburisation and provide advice for the treatment of components containing

carburised material, there is a need for more detailed research.

1.5 Research Aims and Objectives

The research aims and objectives of this project are summarised below.

1.5.1 Aims

• Investigate the mechanical response of components and specimens with a car-

burised layer during both steady-state creep and the stress redistribution phase

in terms of stress, stress state and global and local creep deformation.

• Investigate the impact of material pre-treatment and property distribution on
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ductility measurements and creep damage calculation.

• Provide bounds for the conditions under which a carburised layer could ex-

tend/reduce the time to creep damage initiation, and when an analysis using

homogeneous properties is a reasonable assumption.

• Provide advice for structural integrity assessments dealing with carburised

structures.

1.5.2 Objectives

• Develop analytical solutions for predicting the effect of distributed creep prop-

erties on the local and global creep response for uniaxial conditions and for a

pressurised cylinder.

• Produce finite element (FE) models to investigate the response of a function-

ally graded specimen with predefined material properties, and the response of

a specimen where the material properties are changing over time to account

for carburisation while being subjected to load.

• Gather data from parametric studies of pre-carburised specimens during the

initial (time independent) loading to numerically predict the distributed tensile

properties of a carburised layer.

• Perform a FE parametric study considering the creep response of a carburised

specimen assuming variability in material properties and from the gathered

data develop a model capable of identifying the range of applicability for the

treatment of carburisation.

• Perform a creep analysis of a bifurcation weld structure considering the effects

of carburisation assuming various distribution profiles. Compare the results to

reference model assuming an homogeneous structure but with locally reduced

creep ductility.

1.6 Thesis outline

Chapter 2 presents a literature review of the materials creep, carburisation and ma-

chine learning methods used in the following chapters. Creep phenomena are consid-

ered for creep deformation and failure under uniaxial and multiaxial states of stress.

Some creep constitutive equations are presented together with lifetime estimation
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laws together with the theory of creep ductility of materials. The environmental-

assisted degradation section outlines oxidation and carburisation degradation mech-

anisms in Type 316H stainless steels. In addition, this outlines the current advice

regarding the treatment of a carburised layer in structural integrity assessments.

Finally, machine learning concepts such as artificial neural networks and support

vector machines are introduced so that the reader is familiar with the research

methodology used in Chapter 4.

Chapter 3 presents analytical solutions of creeping carburised structures in the

steady state. An energy method solution, based on a proposal by Prof. Ainsworth,

derives an inequality which shows that a hardened layer with reduced creep rates

leads to globally reduced creep deformation. A steady state solution of a 2-bar

model is modified to account for a material property distribution. Finally, an ana-

lytical solution of concentric pressurised cylinders is presented where the effects of

carburisation on multiaxiality are investigated.

Chapter 4 consists of three studies. The first study considers the effects of

carburisation of a 3-D uniaxial specimen based on an actual creep test. The study

investigates the effects of material pre-treatment and constructs an argument of how

pre-carburisation could lead to over-conservative creep ductility estimates. The sec-

ond study shows how artificial neural networks can be used to determine carburised

layer material properties when sufficient data have been gathered from paramet-

ric studies. The third study uses the predicted material properties to perform a

parametric study on a uniaxial creep specimen assuming a range of creep material

properties. The results from creep analysis are analysed, and machine learning tech-

niques are used to construct a support vector machine classifier capable of identifying

the safety bounds of carburised material.

Chapter 5 considers an AGR plant bifurcation weld geometry under internal

and external pressure. The bifurcation weld models the effects of carburisation

(pre-carburised material and carburising material). The carburising models consider

different timescales of carburisation. Additionally, the effects of different carburised

layer material property distributions are considered. The carburised model data are

compared with the reference (homogeneous) model. Based on the results, conditions

under which the creep damage assessment using homogeneous analysis becomes non-

conservative are identified.

Chapter 6 provides advice for carburised material testing and carburised struc-

tural assessment based on the findings from Chapters 3 – 5.
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Chapter 2

Literature review

2.1 Creep phenomena

2.1.1 General remarks

Creep has been observed for centuries in rock and ice sliding. However, it has become

more relevant since the industrial revolution, when humans learned how to harness

heat and transform it into mechanical energy. For over 100 years scientists and

engineers have known that creep phenomena can occur when a material is subjected

to constant stress or load over an extended period of time. One of the first scientists

who investigated creep phenomena was Percy Phillips [25]. Phillips could not explain

why steel wire response did not follow a similar response to rubber. Five years later

Andrade [26] set the scene for describing creep phenomena by looking at the viscous

flow of various metal wires that were loaded beyond yield. Andrade noticed that

the extension becomes viscous and proportional to time and depends on the applied

load. A concise historical overview of creep phenomena focused mainly on grain

boundary sliding has been provided by Langdon [27].

In most undergraduate courses it is taught that creep is a stress, temperature

and time-dependent phenomenon that becomes relevant at elevated temperatures,

usually above 0.5θm where θm is the melting temperature. A major concern of creep

is that it can cause catastrophic failure, if sufficient creep strain is accumulated in

a structure. In most practical applications above 0.5θm creep has to be accounted

for, while below 0.5θm creep can be neglected. However, in the power industry

components can be subjected to complex loading conditions over a prolonged period

of time (> 10
5

hr), and creep at lower temperatures can not be neglected.

Creep deformation can be addressed at either the microscale — intragranular and

intergranular creep deformation; or the macro scale — continuum models for creep

deformation. In this report, creep phenomena are addressed at the continuum scale
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and an overview of creep deformation under uniaxial as well as multiaxial states of

stress is presented.

2.1.2 Creep under uniaxial state of stress

Creep deformation

Figure 2.1: A typical creep curve obtained from a standard forward creep test under
constant load. Figure adapted from [12]

A typical creep curve is presented in Figure 2.1; such a curve is obtained from

a standard creep test when a material specimen is subjected to constant load at

a constant temperature over prolonged time. In the laboratory, in order to obtain

creep data within a reasonable time, creep is usually accelerated from service con-

ditions by performing tests at either higher temperature or at higher load. From a

microstructural viewpoint in a polycrystalline material, such as Type 316H stainless

steel, creep occurs due to the motion of dislocations, diffusion of vacancies within

grains or at grain boundaries, or due to grain boundary sliding. The dominant

mechanism depends on the load and temperature.

The typical creep curve can be split into 3 regions. (1), primary or transient

creep (AB), is a work hardening dominated process. The initial point A represents

the start of the creep test, when there is no creep strain in the material, but the total

strain, ε
t
, is the sum of elastic (ε

e
) and plastic strain (ε

p
), where ε

t(t = 0) = εe+ εp.
During this stage the creep rate is reducing due to the accumulation of dislocations

(work hardening). The reduction of creep rate continues until a balance between

work hardening and thermally activated recovery is achieved.
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Then follows region (2), secondary or steady creep (BC) during which annealing

is in equilibrium with work hardening, and the material starts to develop inter-

granular damage. Region (3) tertiary or accelerating creep (CD), is a stage during

which microstructural damage starts to outweigh work hardening. Microstructural

damage leads to necking, voiding, cracking and eventually to failure (D).

Region (3) may also be associated with the reduction of specimen cross-sectional

area leading to increased stress in a load-controlled test. If the applied load or stress

is released during the test, some creep strain can be recovered (C’D’), this is known

as creep recovery, anelasticity or elastic after effect [28]. This occurs because elastic

strain is still present in the material from the initial loading [12, 29].

The most common expression used to describe primary and secondary creep is

the Bailey-Norton law:

ε
c
= Aσ

n
t
m

(2.1)

where A,m, n are temperature dependent material constants, σ is the applied stress

and t is time. The derivative of Eq. 2.1 with respect of time is called the time-

hardening (TH) law (Eq. 2.2). This can be used to predict the creep strain of a

structure under the variable load of Figure 2.2a (Figure 2.2b). By expressing time

as a function of creep rate and creep strain and substituting back into Eq. 2.1 a

strain-hardening (SH) law is obtained (Eq. 2.3) [30], leading to the response under

variable load in Figure 2.2.

ε̇
c
TH = Amσ

n
t
m−1

(2.2)

ε̇
c
SH = mA

1/m
σ
n/m (εc)(m−1)/m

(2.3)

In practice both TH and SH laws are used, but the SH law has been observed to

predict better creep behaviour of metals and polymers compared to the TH law [30,

31].

Other common phenomenological creep laws are the omega model, which is a

modified version of the Bailey-Norton law with an added exponential term that can

be used to model secondary and tertiary creep [32]; the hyperbolic sine law, used to

characterise the creep response over high and low stresses [33]; the theta projection

model which has been used to capture all three stages of creep [34, 35]. Nevertheless,

the Bailey-Norton creep law is the most widely used phenomenological creep law due

to its simplicity. As primary creep for many applications occurs early in the total

lifetime, it does not contribute significantly to total strain and can be excluded.

Alternatively, the primary creep contribution, ε
c
p in Figure 2.1, can be included in

a modified secondary creep law describing the average strain rate. Hence Eq. 2.1 is
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(a) Stress at different time; (b) An example of time-
hardening law;

(c) An example of strain-
hardening law.

Figure 2.2: SH and TH laws for creep strain accumulation.

often simplified to ε
c
= Aσ

n
t by assuming m = 1, whic simplifies the TH (Eq. 2.2)

and SH (Eq. 2.3) expressions and makes them both equal to ε̇
c
= Aσ

n
[36].

Microstructural mechanisms

At different temperatures and stress levels, different microstructural mechanisms

dominate creep deformation. Figure 2.3a shows a generic creep deformation map

with most dominant creep deformation mechanisms: grain boundary diffusion (Coble

creep); lattice diffusion (Nabarro-Herring creep); dislocation creep and dislocation

glide. At high stresses (σ >> σ0.2) dislocation glide is the dominant deformation

mechanism. Dislocations move on their active slip planes while other parts of the

crystal remain unaltered. Glide is not particularly temperature dependent, hence it

is difficult to separate plastic deformation from creep deformation at high stresses.

Usually, creep at high stresses occurs due to a combination of dislocation climb

and glide, this is referred to as dislocation creep and is the most relevant mechanism

in engineering applications. During dislocation creep (10
−5
G < σ < 10

−3
and T >

0.5Tm ) at high stress, dislocations are capable of gliding along their respective slip

planes. Dislocation motion is hindered by precipitates and second phase particles, for

example, 316H stainless steel contains higher carbon content. Carbon forms carbides

that act as obstacles to dislocation movement. However, at higher temperatures

due to high thermal energy present in the system, dislocations can move to different

slip planes and continue their motion. Dislocation climb is governed by atomic

diffusion, and it occurs at a slower rate compared to dislocation motion due to

glide. Therefore dislocation climb is the rate-limiting step that controls the creep

rate. However, almost all of the accumulated creep strain will be due to dislocation

glide [37]. Dislocation creep can be expressed by modifying 2.1 by including an
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activation energy for creep:

ε
c
= A

′
σ
n

exp (−Q
Rθ

)tm (2.4)

where A
′
is the creep law multiplier,n is creep stress exponent, Q is creep activation

energy, R is Boltzman’s constant, and T is temperature.

At high temperatures and low stress, there is not sufficient driving force for dis-

locations to move around by glide and vacancy (or atom) diffusion becomes the

dominant mechanism. At high temperatures when tensile stress is applied to a

polycrystalline material, atoms diffuse towards the direction of applied stress. Con-

sequently, vacancies diffuse in the opposite direction (towards compressive stress)

towards the grain boundaries [37]. This is called Nabarro-Herring creep [38, 39],

and total strain to failure for this type of creep mechanism is lower compared to the

dislocation dominated creep mechanism.

(a) A generic creep deformation map; (b) Creep deformation map of Type 316
stainless steel [40].

Figure 2.3: Dominant creep mechanisms at various temperatures and stresses.

Coble creep [41] is also a diffusional creep mechanism but compared to Nabarro-

Herring creep it is driven by grain boundary diffusion. During Coble creep, diffusion

occurs not within the grain, but at the grain boundaries. Grain boundaries are less

tightly packed, and vacancies can travel more easily along the grain boundaries

than elsewhere when the load is applied. Hence this is preferred deformation mech-

anism for many materials, such as metals and ceramics at lower stress and lower

temperatures.

Grain boundary sliding (GBS) is another mechanism that occurs in polycrys-

talline materials [27, 42]; it can be regarded as a consequence of other mechanisms
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(e.g. Coble or Nabarro-Herring creep) usually due to the vicinity of diffusion. As

material deforms due to either stress directed diffusion or dislocation glide and climb,

individual grains deform. In order to prevent the deformed grains from leaving voids

between them, grain boundary sliding may take place in response to external stress.

Grain boundary sliding occurs when two grains slide over each other to remain in

contact [39].

Although from a continuum mechanics standpoint creep occurs in any material

at any temperature when subjected to load, in practice at low load levels and low

temperatures the effects of creep can be neglected. In Figure 2.3a the elasticity

region indicates that in that region the response of the material will mainly be

elastic and for most applications effects of creep can be ignored. Frost and Ashby

[40] constructed creep deformation maps for various metals including nickel, lead

and 316 stainless steel. The creep deformation map of 316 is presented in Figure

2.3b.

Creep stress dependence

(a) Ductility dependency on strain rate; (b) Viscoplastic cavity growth;

(c) Diffusion controlled cavity growth; (d) Constrained diffusion cavity growth.

Figure 2.4: Ductility dependency on strain rate, directly taken from [43]

It is widely accepted that creep fracture is caused by growth and coalescence of

voids at grain boundary triple points or by nucleation of cavities. Depending on

applied stresses voids can either grow by viscoplastic deformation at higher stresses,
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or vacancy diffusion to grain boundaries at lower stresses. Hales [44] provided a

schematic representation of three distinct regions which consider strain rate effects

on ductility in uniaxial creep specimens. A schematic representation of the three

regimes is shown in Figure 2.4a; this shows that at higher creep strain rates (higher

stresses) creep ductility has an upper bound value. Creep cavity growth at the

upper bound (Regime-I, Figure 2.4b) is controlled by viscoplastic deformation of

the surrounding matrix which results in a constant strain to failure. At lower strain

rates there is a transition region (Regime-II, 2.4c) where creep ductility drops. In

this region, the surrounding matrix is assumed to be rigid, and cavity growth is

controlled by vacancy diffusion from the surrounding matrix on the grain boundaries.

As the creep strain rate drops the lower bound is reached where the creep strain to

failure is independent of applied stress (Regime-III, Figure 2.4d). In this region, the

cavitation distribution is assumed to be uniform and non-cavitated area deformation

is assumed to be slow enough to constrain the diffusion cavity growth. [43].

Holdsworth [45] proposed a fourth region after investigating creep strains to

rupture for ferritic steels. The fourth region is where the strain to rupture starts

to increase due to over-aging – changes in the microstructure reduces the rate of

cavity nucleation and growth leading to increased ductility [46]. However, any mi-

crostructural changes in the metal can influence creep deformation rate. Research

on thermal ageing on 316H stainless steel [17] indicate that thermal-aging increase

creep deformation rate due to precipitation of second phase particles (carbides),

which dissolved in the metal matrix provide resistance to dislocation motion.

Ductility and rupture prediction

Creep failure can be estimated either by time or strain to failure. A common ap-

proach is by characterising strain to failure and constructing ductility models that

account for various temperatures, stresses and strain rates. There are several em-

pirical ductility models available to describe stress-level effects- the Evans-Wilshire

model [47], Trunin-Golobova-Loginov model [43, 48], the Soviet model, Spindler

stress modified ductility exhaustion model [49, 50]. The R5 procedure currently

uses Spindler’s stress modified ductility exhaustion approach:

εf = min (εU ,max (εL, β0 exp (β1

T
)(̇εin)β2σβ3)) (2.5)

where εU and εL are the upper and lower shelf ductility values (Figure 2.4), σ is the

stress, ε̇
in

is the inelastic strain rate, βi (i = 1, 2, 3) are material constants and T

is the temperature. Although the description is empirical by nature, it states that

damage is a function of strain rate, stress, and temperature and is hence related to
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the mechanistic models outlined in 2.1.2 [51].

The three regimes of 316H stainless steels have been identified from a range

of datasets of uniaxial creep tests. Mehmanparast [52, 53] investigated the creep

ductility of 316H subjected to various temperatures (550
o
C-700

o
C). The data for

550
o
C was only available at higher stresses. Hence the lower bound ductility was

estimated by assuming a similar three regime tendency and extrapolating the data

(Figure 2.5a). A simplified ductility model can be fitted to describe the stress level

(a) Estimated ductility values at various tem-
peratures [53];

(b) Fitted ductility model at 550
o
C;

Figure 2.5: Upper and lower shelf creep ductility of 316H and fitted model.

dependency of 316H stainless steel at the temperature of interest – 550
o
C. From

the data of Mehmanparast [53], the upper shelf and lower shelf values have been

estimated to be 13.6% and 0.9%, respectively; hence the ductility model is presented

in Figure 2.5b and is as follows

εf = min (0.136,max (0.009, ( σ
σ0.2

)
4.7808

× 10
−1.7083)) (2.6)

However it has to be mentioned, that the lower bound value of type 316H steel at

550
o
C is highly uncertain due to lack of data points and acquisition of such data

would require unreasonably long testing times.

Intrinsic ductility or the Monkman-Grant constant, εf ′ , (Figure 2.1) can be used

as a practical indicator of creep ductility [46]. By extrapolating the secondary regime

of the creep curve in Figure 2.1,the strain difference from the y-axis intercept and

intrinsic ductility is called the Monkman-Grant ductility. The Monkman-Grant

relationship is an empirical equation (Eq. 2.7) which states that the product of
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rupture time and minimum creep strain is constant:

CMG = ε̇
c
mintf = εf ′ (2.7)

CMMG =
ε̇cmintf
εf

(2.8)

This relationship (Eq. 2.7) assumes that secondary creep dominates the creep life

and that the creep ductility is independent of applied stress and temperature and

can be used to extrapolate the rupture life at different stresses [12, 54]. Modified

Monkman-Grant relationship has been proposed by Dobes and Milicka [55] where

creep strain rate dependency is included in the relationship (2.8), and this relation-

ship is used for metals where tertiary creep can not be ignored.

Nevertheless, the R5 [21] procedure calculates the damage due to creep using

ductility exhaustion:

ω
c
= ∫ dε

c

εf(ε̇c, T )
, (2.9)

where εf(ε̇c, T ) is the corresponding ductility at the appropriate temperature and

creep strain rate; ω
c

is the creep damage over component’s lifetime. The component

is assumed to fail due to creep when the damage term, ω
c
, reach unity.

2.1.3 Creep under multiaxial state of stress

Creep deformation

Creep under multiaxial stress conditions can be described using the classical theory

of plasticity. As in plasticity, creep deformation can be regarded as incompressible,

hence applying the same analogy, the multiaxial creep deformation becomes:

ε̇
c
1

σ1 − 0.5 (σ2 + σ3)
=

ε̇
c
2

σ2 − 0.5 (σ3 + σ1)
=

ε̇
c
3

σ3 − 0.5 (σ1 + σ2)
=

¯̇ε
c

σ̄ (2.10)

where ε̇
c
i – principal creep strain rates (i = 1, 2, 3), σi – principal stresses (i = 1, 2, 3),

σ̄ – von Mises or equivalent stress, and ¯̇ε
c

is equivalent creep strain rate.

Before individual principal creep strain rate components can be calculated a

creep law from uniaxial creep tests can be applied to multiaxial deformation by

assuming an arbitrary creep rate expression of a form of Eq. 2.1:

¯̇ε
c
= Aσ̄

n
f(t) (2.11)

where f(t) is some time function.
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Multiaxial ductility

As the creep damage is often associated with void growth, creep damage accumula-

tion is often analogous to plastic damage accumulation in metals. In the previous

section, 2.1.2, the void growth and creep ductility were discussed regarding applied

stress. However, it is known that the void growth is influenced by the state of

stress. Bridgman [56] noticed that under high hydrostatic compressive stress mate-

rials are more ductile during plastic deformation. Later Rice and Tracey [57] based

on McClintock’s work [58] proposed a physically based multiaxial ductility model

considering spherical void growth due to rigid plastic deformation:

(MDF )R&T = (
ε
∗
f

εf
)
R&T

= exp (1

2
−

3

2

σh
σ̄ ) (2.12)

where MDF stands for multiaxial ductility factor, ε
∗
f , εf is the multiaxial and

uniaxial strain to failure, σh is the hydrostatic stress and σ̄ is the equivalent stress.

A different model has been proposed by Cocks and Ashby [59] where the growth

of grain boundary cavities by power-law creep of surrounding material can be ex-

pressed as

(
ε
∗
f

εf
)
C&A

= sinh (2

3

n − 0.5

n + 0.5
)/ sinh (2σh

σ̄
n − 0.5

n + 0.5
) (2.13)

where n is the creep exponent from Eq. 2.1. For most engineering materials the

value of n lies between 5-10, hence Yatomi and Nikbin [60] have modified the Cocks

and Ashby model by approximating (n−0.5)/(n+0.5) as between 0.818 and 0.905.

Assuming the value of (n− 0.5)/(n+ 0.5) to be constant, Eq. 2.13 can be rewritten

approximately as follows

(
ε
∗
f

εf
)
Y&N

=
0.61

sinh (
√

3σh/σ̄)
(2.14)

The current version of the R5 procedure uses the Spindler fraction (Eq. 2.15) [50].

Spindler considered various data of multiaxial creep strains to failure for Type 304

and 316 steels. Spindler looked at various plastic hole growth and mixed mechanism

models and compared them to creep test data of 304 and 316 stainless steel. He

concluded that diffusion-controlled and constrained cavity growth models would give

a conservative prediction for creep damage when in a biaxial stress state where the

ratio of σ2/σ1 approaches unity. Conversely the Cocks and Ashby model would give

a non-conservative prediction as σ2/σ1 < 0. As the Rice and Tracey model was

consistent with the experimental data for −1 < σ2/σ1 < 1, it was used by Spindler
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to develop a semi-empirical model which is implemented in the current version of

the R5 procedure [21]:

(
ε
∗
f

εf
)
Spindler

= exp [p (1 −
σ1

σ̄ ) + q (1

2
−

3

2

σh
σ̄ )] (2.15)

where σ1 is the maximum principal stress, p and q are the Spindler constants. For 316

stainless steel (Spindler-I): p=0.15 and q=1.25, and for 304 stainless steel (Spindler-

II): p=2.38 and q=1.04. The ratio of hydrostatic stress, σh =
σ1+σ2+σ3

3
, over devia-

toric stress, σ̄, is called the stress triaxiality. Different ductility models are shown

Figure 2.6: Comparison of different multiaxial ductility models.

in Figure 2.6, and they all show similar behaviour – increasing stress triaxiality, re-

duces the multiaxial ductility. All of the models have the same point of intersection

at σh/σ̄ = 1

3
. The point of intersection represents the uniaxial creep test, to which is

the value of multiaxial strain at failure is normalised, hence the MDF at σh/σ̄ = 1

3

is unity.

Eq. 2.9 can be modified to account for stress state by

ω
c∗
= ∫ dε

c

ε∗f (ε̇c, T )
, (2.16)

where ε
∗
f (ε̇c, T ) is the multiaxial ductility at the corresponding creep strain rate and

temperature. This can easily be obtained by multiplying the uniaxial ductility (Eq.

2.5) by the multiaxial ductility factor (Eq. 2.15).

Figure 2.6 indicates that the multiaxial ductility increases with a reduction in

stress triaxiality – material increase in ductility. Most of the attention in research

has been focused on studying metal failure under high stress triaxialities [57, 58,

61]. However, in recent years, it has been observed that reduced ductility to fail-
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ure can also occur in metals subjected to low stress triaxialities (σh/σ̄ <
1

3
) [62–

69]. Tvergaard [63] showed numerically that voids in the presence of a shear stress

can collapse and form microcracks that can rotate and elongate under continued

shearing. Wierzibicki and Bao [64] identified that ductility will reduce in the region

0 < σh/σ̄ < 1

3
due to combined tension and shear deformation. At stress triaxiali-

ties σh/σ̄ < 0 ductility will increase due to increasing compressive stress state until

σh/σ̄ = −1

3
. This is believed to be a cutoff point where no damage is expected due

to high compressive stresses.

Creep in pressure vessels

An analytical solution for a pressurised thick-walled cylinder is presented to provide

a better appreciation of the analytical solution presented in chapter 3. There are

plenty of resources available that deal with component lifetime assessment under

creep conditions. Notable resources on creep stress analysis for practical applications

have been written by the following authors [12, 29, 70] . The analytical solution

presented is an expanded version of the axisymmetric creep stress analysis from

Webster and Ainsworth [12].

Consider a cylinder with inner and outer radii of ri, re under internal and external

pressure (pi, pe) and under plane strain conditions. Initially, when such a cylinder is

loaded, based on applied load, it will deform either elastically or plastically. If there

is no plastic deformation within the structure, the stress state in the cylinder will

follow Lame’s equations [71]. However, when elastic stresses in the cylinder exceeds

yield, stress redistribution will start to occur prior to creep. The fully redistributed

stress state in the axisymmetric structure under plane strain conditions for a material

obeying an arbitrary creep law in the form of Eq. 2.11 can be calculated using the

following formulae:

σt =
(pi − pe) ((ri/r)2/n(2/n − 1) + 1)

1 − (ri/re)2/n − pi (2.17)

σr =
(pi − pe) (1 − (ri/r)2/n)

1 − (ri/re)2/n − pi (2.18)

σz =
1

2
(σt + σr) (2.19)

where σt,r,z are hoop, radial and axial stresses.

Stress redistribution is a critical phenomenon, because, for structures where

stresses are distributed non-uniformly, regions with high stress can relax and shed

more load to regions of lower stress. Stress redistribution is particularly significant

when considering complex geometries. Stress redistribution occurs in pressurised
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Figure 2.7: Stress state in a pressurised thick-walled cylinder (re ∶ ri = 1 ∶ 1.5)
after initial elastic loading (blue) and during fully redistributed steady-state creep.
(a) Hoop stress; (b) radial stress; (c) axial stress; (d) von Mises stress across the
thickness.

cylinders due to either creep or plastic response. The fully redistributed stress re-

sponse the internally pressurised cylinder (pe = 0) is shown in Figure 2.7. The stress

in the cylinder is not uniform. If the pipe is loaded elastically, the stress state under

plane strain conditions subjected to internal pressure is shown with the dashed line

in Figure 2.7. As the highest equivalent stress state is at r = ri, there creep strain

will accumulate the fastest according to Eq. 2.11. Over time stress will relax near

the inner radius and more load will be shed towards the outer radius. After stress

redistribution, the stress state through the thickness is determined by the creep law

exponent, n. In order to calculate the time for stress to redistribute, a numerical

approach is needed.

Due to the multiaxial state of stress present in the cylinder, failure is not only

governed by accumulated creep strain but is also influenced by multiaxial ductil-

ity factor. Figure 2.8 shows the stress triaxiality (σh/σ̄), and Spindler’s multiaxial

ductility factor (ε
∗
f/εf ) of the same internally pressurised cylinder as Figure 2.7.

Although the highest creep strain is expected at the inner radius, it does not nec-

essarily mean that damage will initiate at that location because ductility may be

enhanced there due to reduced stress triaxiality.
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Figure 2.8: Stress triaxiality (a) and Spindler’s multiaxial ductility (b) across the
thickness of internally pressurised cylinder (ri ∶ re = 1 ∶ 1.5).

2.2 Environment-assisted degradation

2.2.1 General remarks

As AGR’s operate in a high temperature CO2 environment the material needs to

offer good mechanical properties and an appropriate resistance to any environmental

damage. Type 316H stainless steels in an oxidising environment can form a passive

oxide layer (Cr2O3) at the surface that will protect the metal from further oxidation.

This is achieved due to increased chromium content (16% – 18%), hence stainless

steels are a good material of choice for designing structures that will be operating

at corrosive AGR environment. However the increased chromium content restricts

the face-centred cubic (fcc) austenite (γ) phase formation. The fcc structure of γ-

phase offers higher ductility compared to α-phase due to its closed-packed planes

that enable dislocation movement. Hence in order to retain the desired mechanical

behaviour of the γ-phase nickel (Ni) and manganese (Mn) are added to steels to

remain austenitic even at room temperatures [72].

C Si Mn S P Ni Cr Mo Co B
0.05 0.49 1.56 0.009 0.021 11.35 16.9 2.26 0.009 0.003

Table 2.1: Chemical composition (wt.%) of Type 316H stainless steel taken from
ex-service superheater header material [13].

As discussed in chapter 2.1, Type 316H SS has an improved creep resistance

due to the increased carbon content that impedes dislocation motion and provides

protection against creep and creep-fatigue crack initiation and growth. However in

recent years, due to improvements in defect inspection technology, the plant opera-

tors have noticed small crack like defects on the surface. More detailed metallurgical

investigation has revealed that 316H components have undergone microstructural
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changes due to interaction with the environment that has caused an increased hard-

ness at the surface due to oxidation and carburisation [19]. The current R5 Volume

2/3 assessment procedure [21] does not consider defect initiation in a case hardened

materials, hence this has raised an important questions about how environmental

degradation mechanisms can influence creep and creep-fatigue crack formation and

growth.

An extensive 3-year research project called: Environmental Impact on the Struc-

tural Integrity of Nuclear Components (ENVISINC) investigated CO2 environment

impact on stainless steel. The ENVISINC project aimed to provide an understand-

ing of carburisation and provide an updated R5 Volume 2/3 assessment method-

ology which could be applied to carburised components, which were not included

in the previous versions of this assessment procedure [23]. The following section

presents current understanding of factors influencing oxidation and carburisation

of austenitic stainless steels and critically analyses the current advice on structural

integrity assessment.

2.2.2 Oxidation

All steels exposed to an oxygen rich environment will oxidise given enough time. The

kinetics of oxidation will mainly depend on diffusion and interfacial processes. In

practice, predicting damage due to oxidation is often a complex task because metal

alloys can react with more than one reactive component, (e.g. oxygen, water vapour,

carbon monoxide), metals can react to gasses, solids and liquids, and any changes in

the reactant concentration or partial pressures will influence the rate of corrosion.

Additionally the rate of oxide formation can be influenced by the state of stress of

the material and surface finish, hence increasing the complexity in predicting the

oxidation behaviour. However the basic principles of corrosion are based on the

second law of thermodynamics that can be found in most introductory textbooks

covering metal corrosion [73–75]. The general equation of metal (M) oxidation is

2a

b
M +O2 →

2

b
MaOb, (2.20)

where a, b are reaction coefficients. Eq. 2.20 involves 2 redox reactions – reduction

of oxygen: 1

2
O2 + 2e

−
→ O

−2
; oxidation of the metal: M →M

+ 2b
a + 2b

a
e
−
).

The equilibrium state in Eq. 2.20 will be determined from the standard free

energy formation of the metal oxide. The standard free energy or Gibbs energy

(∆G
o
) of a metal oxide oxidising in the gas environment can be expressed as

∆G
o
= RT lnPO2

(2.21)
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where R is the ideal gas constant, T is the temperature (K), and PO2
is the partial

pressure of oxygen. By knowing the Gibbs free energy of oxide formation it is

possible to predict what type of oxides are most likely to form using the Ellingham

diagram (Figure 2.9).

Figure 2.9: Standard free energy of formation of oxides at different temperatures
[74].

Iron is a transition metal, hence it can have more than one oxidation state,

however it mainly has two: +2 and +3. The oxidation state will depend on the

available Gibbs free energy which will determine the thermodynamic stability of

the oxide formation. As a metal oxidises, it is more difficult for oxidising agents

to penetrate through the oxide layer, hence reducing the available oxidising agents

(O2, CO). Such changes can give rise to different oxide formations, hence iron surface

can form layers of different oxides. Haematite (Fe2O3) usually forms at the surface

due to higher oxygen availability and it has an oxidation state of +3. Deeper in the

material as oxygen concentration is reduced haematite reduces to magnetite (Fe3O4)

which is a spinel oxide consisting of one Fe
+2

and two Fe
+3

ions. At temperatures

> 570
o
C iron can reduce to +2 oxidation state and form Wüstite (FeO).
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As the Gibbs free energy of an oxide formation becomes more negative, the

more stable is the oxide. From Figure 2.9 it can be seen that Cr2O3 is more stable

than Fe2O3 oxide (more stable < ∆G
o
Cr2O3

< ∆G
o
FeO < ∆G

o
Fe3O4

< ∆G
o
Fe2O3

< less

stable), therefore steels containing >16 wt%Cr should be protected by formation

of the passive Cr2O3 layer. However the evidence suggests [76, 77] that in an

AGR high temperature CO2/CO environment the protective chromium layer gets

depleted. The depletion of this protective oxide causes duplex oxide to grow (Figure

2.10). The duplex oxide formation in a high temperature CO2 environment has

been widely studied for 9Cr − 1Mo steel [78–84]. 9Cr − 1Mo is a ferritic steel

and the exact mechanism of the oxide growth in the AGR environment are still not

completely understood.

Duplex oxide consists of outer magnetite and Cr-rich inner spinel ((Fe, Cr)3O4)

layers. Magnetite forms by outward diffusion of Fe ions (Eq. 2.22). Magnetite is

a porous layer that allows for inward diffusion of oxidising species (CO2/CO and

H2O/H2). The cavities that are formed by outward diffusion of Fe ions are filled by

the growth of the inner Cr-rich spinel (Eq. 2.23) [85]. As the Cr-rich spinel oxide

formation involves CO2/CO, carbon can be injected in the base material. However

the composition of this oxide will depend on the oxidising agent potential of the

environment [75].

3Fe + 2O2 ⇄ Fe3O4 (2.22)

3(Fe, Cr) + 4O + xC ⇄ (Fe, Cr)3O4 + xC (2.23)

It is known that duplex oxide formation is influenced by several factors includ-

ing chromium and silicon contents, microstructure [86], surface finish [13, 17, 78,

87], gas composition and pressure [78], dislocation and vacancy concentration [88],

temperature [78, 79, 87] and applied load [13]. Although austenitic stainless steels

do not initiate a breakaway reaction [79], unless the temperature exceeds 900
o
C

[77], it has been known that the duplex oxide formation plays an important role in

316H carburisation process [76]. Magnetite can form in the CO2 environment by

several mechanisms but mainly it forms by iron reacting with the carbon dioxide gas

(Eq. 2.24). This reaction within the porous oxide scale produce carbon monoxide

which can deposit carbon molecules into the base metal according to the Boudouard

reaction (Eq. 2.25) [84].

3Fe + 4CO2 → Fe3O4 + 4CO (2.24)
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(a) Depletion of Cr2O3 and the growth of the duplex oxide;

(b) Formed duplex oxide with an internal oxidation zone (healing
layer).

Figure 2.10: Schematic diagram of duplex oxide formation with Cr rich healing layer
[89].

2.2.3 Carburisation

Carburisation of steels is a well-known industrial process that has been used to en-

hance fatigue and wear properties of steel components. Usually carburisation of

steel is accomplished around 950
o
C or above. Higher temperatures enhance carbon

diffusion into the metal lattice. Non-austenitic stainless steels at higher tempera-

tures change from bcc to fcc structure which enables higher diffusivity and solubility

of interstitial carbon atoms [90].

In the AGR environment (CO2/CO/CH4/H2/H2O) carburisation can occur in sev-

eral ways (2.25–2.27). Carburisation is an endothermic reaction and the most dom-

inant mechanism of carburisation is believed to be the Boudouard reaction 2.25 [73,
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85, 91].

2CO → C + CO2 (2.25)

CO +H2 → C +H2O (2.26)

CH4 → C + 2H2 (2.27)

From chemical reactions (2.25 –2.27), it can be seen that carburising agents are

CO and CH4 gases and decarburising agents are CO2 and H2O. For a commercial

carburisation process (e.g. gear carburisation), the gas composition together with

temperature and pressure is carefully controlled to maximise active carbon potential.

The active carbon potential is defined as the carbon that is available at the metal

surface for chemical reaction to take place and it is calculated by considering reaction

kinetics of carburisation under particular conditions [91].

To estimate carbon concentration in the metal, mass transfer of carbon from gas

to metal has to be considered. Figure 2.11 shows a basic schematic of 3 stages of

carburisation. The first stage is carbon transport from the carburising atmosphere

to the steel surface. The concentration of carbon at the steel surface (Cs) is not the

same as in the bulk gas (Cp) because there is a boundary layer with a mass transfer

coefficient (β) that limits carbon atom flux (J) to the surface.

Figure 2.11: A schematic diagram of carbon mass transfer, directly taken from [91].

The second stage of carburisation is chemical reactions between gas and metal

surface with main carburising reactions described in Eqs. 2.25-2.27. The third and

final stage is carbon diffusion into the metal surface [91], and as carburisation is a

diffusion driven process in an idealised scenario, it can be modelled using Fick’s laws
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of diffusion (Fick’s first law – Eq. 2.28; Fick’s second law – Eq. 2.28 in 1-D):

J = −Dc ⋅
dc

dx
(2.28)

δc(x, t)
δt

= Dc ⋅
δ

2
c(x, t)
δx2

(2.29)

where J is the diffusion flux, c is the carbon concentration, Dc is the carbon diffu-

sivity in steel, and x is location. In Figure 2.11, the first Fick’s law of diffusion is

presented, where carbon molar flux is a function of carbon diffusivity in steel (Dc),

and rate of change of concentration through the thickness (for the 1-dimensional

problem). It has to be noted that Fick’s first law of diffusion can only be applied

for steady-state diffusion. Hence it has little significance for practical applications

[92].

In the AGR’s, the carburisation mechanism is significantly more complex because

carburisation is induced by oxidation as explained in section 2.2.2. Carburising

agents (e.g. CO) are produced during iron oxidation (Eq. 2.24) that are then

introduced into the metal matrix. However, a chromium rich healing layer (Figure

2.10b) may form between the metal-oxide interface [93]. This healing prevents parent

metal from further oxidation and carburisation. However it has been observed that

at certain temperatures (480
o
C−600

o
C) the healing layer may never form and result

in continuous oxidation/carburisation of a component throughout its life [76].

Figure 2.12: Carburised Type 316H stainless steel, directly taken from [15].

Figure 2.12 show an etched carburised 316H steel, it shows the approximate

duplex oxide size of 50µm. Under the duplex oxide the first layer of grains are
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heavily carburised. Below the first grain layer, carburisation occurs heavily at the

grain boundaries. Similar to 9Cr−1Mo steel, carburisation on the grain boundaries

forms chromium rich carbides (M23C6, M7C3) [15, 94] which cause further chromium

depletion and makes this region more susceptible to corrosion [95].

Due to the carbide formation, the carburised material has an increased hardness

at the surface below the duplex oxide. According to Chevalier [15] the hardness

of carburised material (with 250µm thickness that have been measured by micro-

hardness indentation) ranges from 180 Hv (at the base material or bulk) to 450

Hv (near the duplex oxide). Palko [13] also measured hardness of a carburised

316H material and found 450 Hv hardness near the oxide interface. Ex-service

bifurcations and tailpipes that have been in service for > 100 kh [24], and pre-

conditioned material [96] show elevated hardness up to 600 Hv.

From a structural integrity point of view, elevated hardness due to carburisation

indicates changes in material properties. It is known [76] that carburisation increases

Young’s modulus, yield strength, tangent modulus (slope of the stress-strain curve in

the plastic region), creep resistance and reduces creep ductility. Previous attempts

have been made to study how microstructural changes due to carburisation will

influence creep damage accumulation in 316H stainless steel.

Using Fick’s second law of diffusion Biglari and Nikbin [97–99] proposed a novel

numerical approach to investigate coupled diffusion-creep damage evolution in the

microstructure. It was assumed by these authors that coupled damage could be

modelled by linearly separating creep and environmental-induced damage:

ω
t
= ω

c
+ ω

env
(2.30)

where ω
t

is total damage, ω
c

is creep damage, and ω
env

is environmental damage

due to carburisation. The environmental damage term is calculated assuming a

critical carbon concentration. In their research, material properties were related to

carbon concentration assuming that corresponding material property (e.g. E) scale

according to increasing carbon concentration. However their research focused on

developing a crack growth model at grain level using the finite element model. For

practical applications it is desirable to develop a simplified approach to account for

damage initiation for carburised components.

2.2.4 Accounting for carburisation in R5: current

understanding

Currently R5, the high temperature assessment procedure [21], can not predict dam-

age initiation due to the synergistic effects of the environmental and creep/creep-
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fatigue mechanisms. Instead oxidation is treated as metal loss due to the oxide

having low load bearing capacity [15, 76]. This is a conservative assumption be-

cause at low stresses the oxide will have some load bearing capability. Nevertheless,

as the duplex oxide is usually 50−100µm thick [14, 24, 79, 96], such an assumption

is reasonable. Contrarily, the carburised layer thickness can vary up to 500µm,

hence treating carburised layer as metal loss would be overly pessimistic. The re-

sults from the ENVISINC project have been analysed and summarised to provide

the carburised material property inputs for a simplified assessment methodology

[24].

Hardness

The severity and depth of carburisation in ex-service material have been measured

indirectly by micro-hardness testing [23, 76]. The term ”severity” means the eleva-

tion of hardness compared to bulk and ”depth” is the depth of the material with

increased hardness. The carburised surface shows a significant increase in hard-

ness compared to bulk material (≈180 Hv) [13, 14, 23, 76, 96, 100]. Typically the

measured hardness of uncracked sections of bifurcations and tailpipes is 300 Hv.

However regions which have cracked have shown increase in hardness up to 600 Hv.

In practice, defining the depth of carburised layer is based on hardness measure-

ments as evaluated by the increased hardness relative to bulk material. Chevalier

[76] defined the carburised layer depth as the region over which the Vickers hardness

is 10% greater than the bulk value. Although such a definition does not measure

carburisation directly, it provides a useful indication of the depth and severity of

carburisation. Younes [14] demonstrated that the elevated hardness profile is di-

rectly associated with elevated carbon concentration and is defined by diffusion of

carbon from the surface.

Monotonic tensile properties

It is known that carburisation increases Young’s modulus, yield stress and ultimate

tensile strength (UTS) of a material [23, 24, 90, 101]. Hardness measurements have

been used to determine local mechanical properties of the carburised layer [14, 102].

Zhao [102] developed an indentation method to measure the elastic modulus of the

surface modified layer of 18CrNiMo7-6 steel alloys. Younes used [14] load controlled

nanohardness tests to measure the increase in elastic modulus of carburised 316H

steel. Younes found an increase in elastic modulus by 25% relative to the bulk at

room temperature at a distance of 50 microns from the carburised material surface.

The measure of hardness have been shown to correlate to yield stress and carbon

concentration [103, 104]. Work by Kimmins [104] focused on the effects of thermal
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ageing on 316/316H stainless steel and fitted a linear model (Eq. 2.31) to 0.2%

proof stress data of an ex-service material (at 525
o
C) and room temperature Vickers

hardness measurements.

σ0.2 = 1.73(Hv) − 106(±42MPa) (2.31)

In Eq. 2.31 σ0.2 is the 0.2% proof stress, Hv is the measured Vickers hardness,

and (±42MPa) represents the upper and lower bound 95% confidence interval to

the data.

The reported hardness data through the depth of the carburised layer can be

used to estimate carburised layer proof stress from 2.31. The reported hardness

values through the depth of carburised layer are 180Hv - 450 Hv [76], 240 Hv - 430

Hv [13], 200 Hv - 600 Hv [14], 170 Hv - 600 Hv [100] 240 - 600 Hv [96]. Eq. 2.31

suggests that with peak hardness of 300 Hv - 600 Hv the estimated 0.2% proof stress

is 371 - 974 MPa. According to R66 [105] the 0.2% proof stress for the bulk is 131

MPa, hence Eq. 2.31 predicts proof stress elevation by a factor of 2.8 - 7.4. It has

to be noted that Eq. 2.31 was obtained by analysing thermally aged material data

and the work does not consider the effects of carburisation. Therefore, Eq. 2.31 can

only provide a qualitative indication of the possible range and variability in yield

stress.

Chevalier [24] and Wisbey [23] have estimated the monotonic tensile properties

of the carburised layer by analysing the global response of carburised specimens.

The effect of the increase in yield stress and UTS on the global response will depend

on the area fraction carburised. Wisbey [23] assuming carburised layer consists of a

homogeneous material calculated 0.2% proof stress σ0.2 = 516 MPa (193% increase

from the bulk value). Chevalier [24] analysed monotonic tensile data of carburised

316H and fitted a Ramberg-Osgood model (Eq. 2.32) for a homogeneous carburised

surface layer for stress values: 140MPa < σ < 270MPa. From the data it was

estimated that the average 0.2% proof stress is 400 MPa and that the Young’s

modulus (Ec) is 205 GPa, with total strain in the carburised layer described by

εc =
σc

205000
+ ( σc

1304
)

1
0.19

(2.32)

Creep deformation and ductility

Carbide precipitation leads to composition changes and deterioration of creep prop-

erties [17, 90, 106–108]. It is known that 316H forms M23C6 carbide precipitates

at the grain boundaries which lead to a decreased concentration of solute elements
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for the austenitic matrix. Formation of M23C6 leads to reduced fracture toughness

and reduces corrosion resistance [108]. Formation of M23C6 carbides and other sec-

ond phase particles increase the resistance to dislocation motion and leads to loss

of ductility [14, 17, 108]. Heterogeneous microstructure that arise from formation

of these second phase particles creates strain misfits in the matrix which provide

suitable places for crack initiation [109].

Data from one creep test is available on a Type 316H carburised specimen with

a characteristic carburisation depth of 250µm, regarding the minimum creep de-

formation [24]. A hollow 316H carburised specimen with 6 mm internal and 7 mm

external diameter was tested at 260 MPa. The observed minimum creep rate was a

factor of 6.4 slower compared to virgin material. By comparing the creep response

of uncarburised material at various stresses and assuming a Norton creep law, the

creep law exponent (n) and creep law multiplier (Ao) of the bulk material were

found to be n = 10.18 and Ao = 8.876 × 10
−35

. In analysis of the hollow specimen,

the carburised layer was treated as homogeneous material with no material prop-

erty gradation through the thickness. Assuming that the creep law exponent in the

carburised layer remains unchanged and the creep rate is reduced by some factor,

the creep law for a homogeneous carburised layer under uniaxial loading was then

deduced

ε̇
c
c = Acσ

n
c =

Ao
22
σ
n
c (2.33)

where Ac is the creep law multiplier of the carburised layer and σc is the stress in

carburised layer.

Although evenly distributed carbon atoms can improve resistance to dislocation

movement [90], carbide precipitation on the grain boundaries has been shown to have

a detrimental effect on creep ductility and corrosion resistance [96, 110]. Chevalier

[24] reports that the creep ductility of the carburised layer is 1%, but in creep

life analysis a conservative estimate of 0.75% should be used. However it has to

be emphasised that this has been estimated by considering interrupted creep tests

of pre-carburised specimens. Pre-carburised refers to being was preconditioned to

achieve the characteristic carburisation depth of 200− 250µm prior to any mechan-

ical testing. This ductility was obtained by observing the crack depth at various

creep strains, and the conservative estimate of the ductility was made when the

average crack length was 80% of the carburised layer thickness. In the analysis of

Chevalier [24] it is also reported that although the cracking in the carburised layer

occurred early in the creep test, the ductility of the bulk was not significantly af-

fected. The current advice on the carburised 316H material is that the lower bound

ductility is reduced by a factor of 3.5 from that of bulk material at all temperatures.
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As only one data point has been taken, there is a high uncertainty regarding the

actual carburised layer ductility value. It has to be noted that creep response [23,

24, 96] and creep ductility [24] measurements have been measured by looking at the

global response of the carburised specimens.

Summary of the key assumptions in the carburised structure assessment

methodology

The key assumptions in the current simplified methodology for R5 carburised com-

ponent assessment are

• Perform creep damage analysis treating the carburised structure as globally

homogeneous with locally reduced creep ductility. The ductility of the car-

burised layer should be reduced by factor of 3.5 (from [105] the lower bound

creep ductility of Type 316H is εf = 2.6%, hence ε
c
f = 0.75%).

• Alternatively, assume a bi-metallic structure where the carburised layer is

treated as homogeneous having tensile properties according to Eq. 2.32, creep

deformation properties according to Eq. 2.33, and creep ductility of 0.75%.

Treating a carburised structure as globally homogeneous is preferable for struc-

tural integrity assessments because it allows use of the established assessment pro-

cedures. However, as the carburised material is inhomogeneous near the surface,

clearly the homogeneous assumption could lead to erroneous analysis. Treating the

carburised layer as homogeneous but with different material properties from the

bulk could improve the quality of structural integrity assessments. However, to

evaluate when simplified assumptions are appropriate, a detailed analysis is needed

to understand where over-conservativism or under-conservativism may arise. Given

the uncertainty in the available materials data and the assumptions in determina-

tion of the carburised layer material properties, the existing assumptions should be

critically re-evaluated.

2.3 A brief introduction to supervised learning

algorithms

2.3.1 General remarks

Machine learning (ML) is a subset within Artificial Intelligence (AI) which focuses on

teaching computers to find patterns in data without being specifically programmed

to do so [111]. The two major subsets of the ML field are supervised and unsuper-

vised learning. Supervised machine learning is a construction of algorithms where
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Figure 2.13: Supervised vs unsupervised ML algorithms.

two sets of data are provided – training data and target data [112]. Training data

are used to train the model to make some sort of prediction and target data are the

values which the model is trying to predict by minimising the error function. Super-

vised learning can be divided into two major subsets – classification and regression.

Classification algorithms would try to predict in which category would a given N-

dimensional data point fall, e.g. a simple binary classification problem would be

predicting whether or not a structure will fail due to creep-fatigue when exposed

to given service conditions (load cycles, temperature, etc.) over its design lifetime.

In classification the output variables are discrete values (-1 – will fail; 1 – will not

fail). On the other hand, regression would output a continuous value based on the

input. A simple example of a regression would be a stress-strain curve prediction of

a material under different parameters (temperatures, chemical composition, grain

size, etc.). The important factor, besides choosing the right algorithm, would be

providing sufficient good quality input data (e.g. stress-strain curves).

Unsupervised learning is a construction of algorithms where algorithms are ca-

pable of finding patterns in data where the target values are not provided. A simple

diagram of ML subcategories is shown in Figure 2.13 together with the most common

algorithms. The purpose of this chapter is to introduce the reader to two super-

vised learning algorithms: Support Vector Machines (SVM’s) and Artificial Neural

Networks (ANN’s). The material presented here is a summary of the following

references: SVM’s [112–117] and ANN’s [111, 118–120].
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(a) Linearly separable classes can have
infinite boundaries;

(b) Finding the optimum hyperplane to
classify unknown data (�);

(c) Finding the largest separation mar-
gin between support vectors

(d) The optimum hyperplane with the
highest margin.

Figure 2.14: A schematic representation of SVM decision boundary for binomial
classification assuming 2-dimensional parameter space.

2.3.2 Support vector machines

Support vector machines (SVM’s) are one of the most popular algorithms that were

introduced in the 1990s and they are used for classification and regression problems

[115, 116]. Consider a classification problem where an engineer wants to predict

failure of a material based on certain parameters. For this theoretical example

only 2 parameters will be considered – applied stress (x1) and temperature (x2).

Figure 2.14a is a schematic representation of the problem, where x1 and x2 are

applied stress and temperature respectively and red triangles ( ) indicate material

did not fail and blue circles ( ) – material failed. Theoretically there is an infinite

number of hyperplanes (a, b, c) that could be drawn to linearly separate the two
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classes. However the objective is to find the optimal hyperplane that would have

the maximal margin from the closest data points that separate these two groups

(Figure 2.14b) [117].

Consider two parallel planes, H1 and H2, that are drawn so that they just touch

the nearest data point(s), these are called support hyperplanes (Figure 2.14b). There

can be drawn another plane at median distance between both (H0), which will be the

decision boundary that will classify data points either +1 for the positive samples

(did not fail) or −1 for the negative samples (did fail). Consider this as a road where

there is some unknown data point (�), and the objective is to find on which side of

the ”road” this point lies. Let’s say there is some vector w perpendicular to these

planes and vector, u, pointing at (�) from the same origin as w. The projection of

u on w can give information on which side of the ”road” the point will be

w ⋅ u + b < 0 (2.34)

where b is the threshold or the bias term which is the shortest distance to the median

plane. Eq. 2.34 is the decision rule which will determine whether point (�) will be

classed as +1 or −1. However as the objective is to also find the maximum margin

between support hyperplanes, more constraints are needed to calculate b and w

[113]. The support hyperplanes, H1 and H2, are defined by the support vectors, x−

and x+, with points denoted as and (Figure 2.14c) which of course are known

from the provided data. Eq. 2.34 can be rewritten for the support vectors, x− and

x+, such that

w ⋅ x+ + b ≥ +1 (2.35)

w ⋅ x− + b ≤ −1 (2.36)

where x− and x+ are the negative and positive sample support vectors. The Eqs.

2.35-2.36 can be rewritten as

yi(w ⋅ xi + b) − 1 = 0 (2.37)

by introducing the term yi that will be either ±1 and xi are the parameters (e.g.

x1, x2). The support vectors x− and x+, contain the information about the width of

the ”street” and this can be found by taking a dot product between the difference

of these vectors and the unit normal vector of w. The dot product of x− and x+

can be expressed from Eq. 2.37 such that

(x+ − x−) ⋅
w

∥w∥ =
2

∥w∥ . (2.38)
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Eq. 2.38 represents the function that needs to be maximised subjected to con-

straints in Eq. 2.37 to obtain the hyperplane with the maximum margin between

the two support hyperplanes (Figure 2.14d). The maximisation of Eq. 2.38 is the

same as min 1

2
∥w∥2

. The function is squared so that the problem can be solved

using quadratic programming where efficient algorithms exist for solving quadratic

classification and/or regression problems [113, 114, 121]. This is a quadratic con-

strained optimisation problem with inequality constraints where the saddle point

can be found using the Langragian (L):

L(w, b, αi) =
1

2
∥w∥2

Í ÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÑÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÏ
Objective function

−
m

∑
i=1

αi (yi[w ⋅ xi + b])
ÍÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÑÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÏ

Inequality constraint

(2.39)

where αi are Lagrange multipliers. This is a dual function which implied that

L(w, b, αi) is either minimised with respect to primal variables (w, b), or max-

imised with respect to dual variables, αi, [113]. Taking the partial derivatives

(▽L(w, b, αi)) with respect to primal variables and equating to 0, and substitut-

ing the resulting equalities back into Eq. 2.39 eliminates w and b. The maximum

margin hyperplane (Figure 2.14d) is found by maximising the new function W (αi):

W (αi) =
m

∑
i=1

αi −
1

2

m

∑
i=1

m

∑
j=1

yiyj (xi ⋅ xj) . (2.40)

As it can be seen from 2.40 the maximisation only depends on the dot products of

xi ⋅ xj and as L(w, b, αi) is a convex function, the maximum of W (αi) will always

result in finding the global maximum.

In practical applications it might be difficult to find a linear boundary to separate

data (Figure 2.15a). This can be overcome by mapping the input to a new function

χ(xi) which has a higher number of variables than the input vector [116]. This is

done using a Kernel function K(xi,xj):

K(xi,xj) = χ(xi) ⋅ χ(xj). (2.41)

The remarkable feature of this function is that, as maximisation only depends on

dot products, it is only necessary to know the kernel function. The inner product

of Eq. 2.41 is computed in lower dimensional input space, hence there is no need to

construct the χ vectors or even know the transformation function itself [114]. An

example of a polynomial kernel is

KP (xi,xj) = (xi ⋅ xj + 1)d (2.42)
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(a) Linearly inseparable data points; (b) Feature transformation to another space
using a kernel function;

(c) Decision boundary of linearly insep-
arable data points.

Figure 2.15: A schematic representation of how linearly inseparable data points are
transformed to another space where they become linearly separable.

where d is the degree of the polynomial. Other popular kernels are: Gaussian radial

basis function (RBF), and sigmoidal kernel [117]. However the choice of kernel

function will depend on the given data set. A major advantage of SVM’s over other

machine learning techniques (e.g. ANN’s) is that the global minimum will always

be found because of the convexity of L(w, b, αi) (Eq. 2.39), whereas ANN’s can get

stuck in local minimum points.

2.3.3 Artificial neural networks

The motivation for artificial neural networks (ANN’s) is based on the principle of bi-

ological neural networks in our brains that are capable of analysing, and recognising
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Figure 2.16: A simple mathematical model of neural networks with n inputs, one
output using linear activation function.

patterns based on the path path the electric signals have taken to reach our brain

[120]. Neural networks can be trained to approximate any function (continuous [122]

or discrete) given sufficient training data together with appropriate architecture.

ANN’s were introduced in 1943 by McCulloch and Pitts [123], who showed that

binary neurons could compute any arithmetic or logical function. In 1958 the first

neural network model was created by Rosenblatt [124] who discovered how to up-

date weights of neural networks [119]. Since the 1960s many discoveries were made

within neurocomputing research, however practical applications were limited by the

available computing power [120]. The neural network method gained popularity

after Krizhevsky, Sutskever, and Hinton won the ImageNet classification challenge

in 2012 [125]. They built a deep convolution neural network (DCNN) able to clas-

sify images of 1000 different objects and animals using 60 million parameters and

achieving an error rate of 37.5% (62.5% chance the DCNN will correctly classify the

image).

Research regarding metallic creep using ANN is limited. One of the major ob-

stacles in using ANN’s is obtaining relevant data sets that can be used to train the

model [119]. However ANN’s have been used to predict creep rupture life of steels

based on chemical composition, stress and temperature [126, 127]; low cycle fatigue

and creep-fatigue life prediction [128–130]; and creep curves from accelerated creep

tests [131].

A simple neural network (NN) model is shown in Figure 2.16, where xj are the

input vectors (n in total) and they are multiplied by some weight factor, wij. All of

the inputs multiplied by their respective weight factors are summed together with

some additional bias term, b, where they produce some intermediate output, Si, that
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Figure 2.17: A neural network consisting of multiple hidden layers and multiple
outputs.

goes into an activation function:

Si = b +
n

∑
j=1

wijxj. (2.43)

In the activation function the input is compared to some threshold value, τ .

If the input exceeds the threshold value then the neuron will be ”activated” and

it will output an appropriate output value. The activation functions will either

produce a discrete output (1 or 0) for classification problems, or a continuous output

for regression problems. In general, the output of a NN is a function of inputs,

weight factors and thresholds – zi = f(xj, wij, τ). The objective of a neural network

is to approximate some function with inputs and their respective outputs (yi) by

minimising the error between the predicted values and the actual values. As the

inputs of the neural network are known, the weight factors and threshold must be

somehow calculated. This can be done by constructing some sort of performance

function that compares the predicted values with actual values. An example of a

simple performance function or loss function, L, is

L = −∥yi − zi∥2
, (2.44)

where the square term is to make L a quadratic function for computational efficiency

and minus sign for convenience purposes. The maximisation of this function will be a

procedure of finding the partial derivatives with respect to their input variables. The

process starts with randomly assigning some weight values to wij and calculating

the resulting output. The next step is to update the weight factors so that with the

next iteration the computed output value will be closer to the actual output. This
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involves using the chain rule, to find partial derivatives of the loss function with

respect to weights. The process of gradient computation is usually performed using

backpropagation (BP), resilient propagation (RPROP) or the Levenberg-Marquardt

learning (LM) algorithms. These algorithms calculate every partial derivatives with

respect to network inputs and network parameters. Then the values of the weights

can be updated accordingly to minimise the loss function [116, 118].

A more complex feed forward neural network model is shown in Figure 2.17. In

this model each layer receives an input from the previous layer and the process of

updating each neuron weight factor is the same as outlined above. To find the best

network for approximating the given function, an appropriate architecture must

be chosen. This includes choosing the appropriate activation functions, learning

algorithms and the number of input and hidden layers [120].
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Chapter 3

Analytical solutions of creeping

non-homogeneous bodies

3.1 Introduction

Creep lifetime assessment is a complex task which often requires detailed finite ele-

ment calculations. However, for steady state problems, some closed-form solutions

exist which can assist in high-temperature assessments. The current advice for as-

sessing carburised components is to treat them as homogeneous structures but with

reduced creep ductility. As carburisation locally reduces the creep rate for a given

stress, this advice should be conservative for assessing the global deformation; hence

it should be critically re-evaluated to reduce unnecessary conservatism in the assess-

ment procedure. Additionally, there is high uncertainty regarding the carburised

layer creep properties. From a limited number of tests, average properties have

been estimated. The average property assumption is based on material uniformity.

As carburisation is a diffusion-driven process, such an assumption is not accurate.

However, the uniform layer assumption could be a reasonable simplification if there

was evidence that the shape of the function describing the carburised layer mate-

rial property distribution does not significantly influence the creep assessment. As

many components in the AGRs undergo microstructural changes which result in the

formation of a carburised layer, there is a need for simplified analytical solutions

that can predict the local and global creep response and provide an insight into

how carburisation alters the local stress state. The following chapter first provides

a proof that a local increase of creep resistance leads to a non-homogeneous struc-

ture globally creeping slower than the corresponding homogeneous structure. Then

closed-form analyses of a functionally graded uniaxial bar and a functionally graded

cylinder are presented.
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3.2 Mathematical description of creeping

non-homogeneous structures

Consider a structure of volume, V , surface, S, with negligible body forces. This is

subject to an applied load, Pi, over part, Sp, of S and to zero surface velocities over

the remainder , Su of S. All deformations are assumed small so that changes in

geometry may be neglected. For simplicity of presentation, the structure is assumed

to be at uniform temperature but a non-uniform temperature can be treated by

taking creep strain rates as an increasing function of temperature.

The stress-strain relationship (ε̇
c
= Aσ

n
) of a specimen under constant uniaxial

stress at elevated temperature can be written in a dimensionless form normalised to

any normalising stress, σ0, and corresponding creep rate, ε̇
c
0,

ε̇
c

ε̇c0
= ( σσ0

)
n

. (3.1)

Considering only the homogeneous part of the structure at any state of stress, σij,

and at steady state creep conditions, the total strain rate, ε̇ij is equal to ε̇
c
ij. Elastic

and plastic strain rates are zero as the stress, σij is constant. Eq. 3.1 can be written

in more general form as

ε̇
c
ij (

σij
σ0

) = ε̇c0φn (
σij
σ0

)
∂φ(σij/σ0)
∂(σij/σ0)

(3.2)

where ε̇
c
0, σ0, n are constants and φ is a convex function which is homogeneous of

degree one in σij/σ0 and has a value of unity for uniaxial stress σ0 [132]. The creep

energy dissipation rate per unit volume, Ḋ
c
, is defined from Eq. 3.2 as

Ḋ
c (
σij
σ0

) = σij ε̇cij = σ0ε̇
c
0φ

n+1 (
σij
σ0

) . (3.3)

As φ is convex and homogeneous of degree one in σij/σ0, it follows [133] that any

two states of stress, σ
(1)
ij , σ

(2)
ij and associated creep strain rates, ε̇

c(1)
ij , ε̇

c(2)
ij satisfy

Ḋ
c ⎛⎜
⎝
σ
(2)
ij

σ0

⎞
⎟
⎠
− Ḋ

c ⎛⎜
⎝
σ
(1)
ij

σ0

⎞
⎟
⎠
≥ (n + 1)[σ(2)

ij − σ
(1)
ij ]ε̇c(1)ij . (3.4)

Consider that σ
(1)
ij is the equilibrium stress field in steady state creep in the structure

which is entirely of the homogeneous material defined above. Then, the virtual work
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equations lead to

∫
Sp

Piu̇
(1)
i dS = ∫

V

σ
(1)
ij ε̇

c(1)
ij dV = ∫

V

Ḋ
c ⎛⎜
⎝
σ
(1)
ij

σ0

⎞
⎟
⎠
dV = ∫

V

σ
(2)
ij ε̇

c(1)
ij dV (3.5)

where ε̇
c(1)
ij is a strain field compatible with u̇

(1)
i , the steady state displacement rate

conjugate to the load, Pi. In Eq. 3.4, σ
(2)
ij is any stress field in equilibrium with the

load Pi. Combining Eq. 3.5 with inequality Eq. 3.4 leads to

∫
V

Ḋ
c ⎛⎜
⎝
σ
(2)
ij

σ0

⎞
⎟
⎠
dV ≥ ∫

V

Ḋ
c ⎛⎜
⎝
σ
(1)
ij

σ0

⎞
⎟
⎠
dV (3.6)

which is the well known result that the steady state stress field σ
(1)
ij leads to less

creep energy dissipation rate integrated over the volume than any other equilibrium

stress field; i.e. σ
(1)
ij is the stress field which minimises the creep energy dissipation

rate integrated over the volume.

Now consider the same structure subjected to the same load but in which the

material properties in a part of the structure differ from the homogeneous properties

above and in this part the creep strain rate is described by

ε̇
c
∗

ij = λ(x)ε̇c0φn (
σij
σ0

)
∂φ(σij/σ0)
∂(σij/σ0)

(3.7)

where λ(x) a scalar function of position x and the superscript “
∗
” is used to denote

the non homogeneous material properties which differ from Eq. 3.2. Specifically, it

is assumed that the material is stronger in this part of the structure so that

0 ≤ λ(x) ≤ 1 (3.8)

where unity holds in that part of the structure made of the homogeneous material.

In this structure, the equilibrium stress field in steady state creep will differ from

σ
(1)
ij and is here denoted as σ

(2)
ij . Then the work equations lead to

∫
Sp

Piu̇
(2)
i dS = ∫

V

σ
(2)
ij ε̇

c
∗(2)
ij dV = ∫

V

Ḋ
c
∗ ⎛
⎜
⎝
σ
(2)
ij

σ0

⎞
⎟
⎠
dV (3.9)

where ε̇
c
∗(2)
ij is a strain rate field compatible with u̇

(2)
i , the steady state displacement

rate conjugate to the load, Pi, in this structure consisting of non-homogeneous

material and Ḋ
c
∗

(σij/σ0) is the creep energy dissipation rate per unit volume for

the material described by the creep law of Eq. 3.7. Inequality 3.4 still holds when
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multiplied by scalar, λ(x), and can be written

Ḋ
c
∗ ⎛
⎜
⎝
σ
(1)
ij

σ0

⎞
⎟
⎠
− Ḋ

c
∗ ⎛
⎜
⎝
σ
(2)
ij

σ0

⎞
⎟
⎠
≥ (n + 1)[σ(1)

ij − σ
(2)
ij ]ε̇c

∗(2)
ij . (3.10)

Integrating this inequality over the volume noting that [σ(1)
ij − σ

(2)
ij ] is a stress field

in equilibrium with zero load and ε̇
c
∗(2)
ij is compatible strain rate field then leads to

∫
V

Ḋ
c
∗ ⎛
⎜
⎝
σ
(1)
ij

σ0

⎞
⎟
⎠
dV ≥ ∫

V

Ḋ
c
∗ ⎛
⎜
⎝
σ
(2)
ij

σ0

⎞
⎟
⎠
dV (3.11)

which shows, in accord with inequality 3.4, that the steady state stress field, now

σ
(2)
ij , leads to less creep energy dissipation rate, now defined in terms of the creep law

of Eq. 3.7, integrated over the volume than any other equilibrium stress field. Thus,

that result applies irrespective of whether or not the creep properties are independent

of position. This could be due to variations in temperature, for example, or as a

result of changes in material properties due to carburisation, which is the topic of

interest here.

Combining Eq. 3.9 and Eq. 3.11 leads to

∫
Sp

Piu̇
(2)
i dS ≤ ∫

V

Ḋ
c
∗ ⎛
⎜
⎝
σ
(1)
ij

σ0

⎞
⎟
⎠
dV (3.12)

In view of inequality Eq. 3.8

Ḋ
c
∗

(
σij
σ0

) ≤ Ḋc (
σij
σ0

) (3.13)

and hence, using Eq. 3.5, inequality 3.12 can be written

∫
Sp

Piu̇
(2)
i dS ≤ ∫

V

Ḋ
c
∗ ⎛
⎜
⎝
σ
(1)
ij

σ0

⎞
⎟
⎠
dV ≤ ∫

V

Ḋ
c ⎛⎜
⎝
σ
(1)
ij

σ0

⎞
⎟
⎠
dV = ∫

Sp

Piu̇
(1)
i dS (3.14)

Therefore, the creep law of Eq. 3.7 with inequality Eq. 3.8 leads to reduced creep

deformation relative to the creep law of Eq. 3.2. This confirms that a hardened

layer with reduced creep rates at the outside of a component leads to reduced creep

deformation, as expected. However, this result has several limitations. First, it

applies only to steady state creep and not to the transient period before the steady

state is reached. Secondly, it applies only to the volume averaged creep deformation

and not to the local deformation. Finally, it covers only equivalent stresses and does

not address any influence of locally constrained deformation on stress triaxiality.
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3.3 Steady state creep response

To address the issues regarding the local creep deformation and locally constrained

deformation on stress triaxiality, in the following section, some detailed component

creep analyses are performed. First, a simple two-material structure under uniaxial

loading is analysed. Then, a thick walled cylinder consisting of concentric cylinders

under internal and external pressure is analysed analytically assuming plane strain

conditions. These analyses give an indication of the effect of carburisation on steady

state component response. The presented cylinder derivation is an extension of

axisymmetric creep analysis from section 2.1.3.

3.3.1 Uniaxial loading

Determination of the stress state and compatible creep law

Figure 3.1: Schematic representation of a bar made of homogeneous and functionally
graded parts under constant load, P .

The creep rate of many engineering materials can be approximated assuming

simple Norton creep law, ε̇
c
= Aσ

n
. Consider a two material structure (Figure 3.1)

where S1 is the area of the material (1), and S2 is the area of the material (2). On

the surface there is applied a constant uniaxial load, P , so that the nominal stress,

σobs, is

σobs =
P

S1 + S2
=

S1

S1 + S2
σ1 +

S2

S1 + S2
σ2 = (1 − af)σ1 + af σ

∗
2 (3.15)

where af is the area fraction of material (2) and σ1 and σ
∗
2 are average stresses in

each material. Consider that the structure is at steady state, so that the creep rates

of both materials must be equal:

ε̇
c
= ε̇

c
1 = ε̇

c
2 (3.16)

ε̇
c
1 = A1σ

n
1 = A

∗
2σ

∗
2
n
= ε̇

c
2 (3.17)
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If the structure in Figure 3.1 consists of two homogeneous materials with creep law

multipliers of A1 and A
∗
2 for materials (1) and (2) respectively, the stress state in

(1), σ1, and (2), σ
∗
2 , can be easily calculated using the strain compatibility Eq. 3.16

and constitutive Eqs. 3.17 [134]:

σ1 =
σobs

af [(A1/A∗2)
1
n − 1] + 1

(3.18)

σ
∗
2 =

σobs

(1 − af)(A∗2/A1)
1
n + af

. (3.19)

If the global creep rate is known then Eqs. 3.18–3.19 can be used to determine the

creep law multiplier of each part of the two bar structure, if one of the creep law

multipliers is known. However, if this problem is related to carburisation, the ho-

mogeneous assumption might not be accurate when assessing the local stress state.

Although the average creep properties and stress state can be determined using

the equations above, for more detailed analysis it is useful to estimate a function-

ally graded material creep law multiplier function, A(x), and the compatible stress

function σ
n
2 (x). Therefore, if material (2) is a functionally graded material:

ε̇
c
2 = A2(x)σn2 (x), (3.20)

the stress in the part (2) cannot be assumed to be uniform because the creep law

multiplier A(x) is not uniform, hence the stress function must satisfy the creep

strain compatibility Eq. 3.16 to ensure a uniform deformation rate. Eq. 3.19

can only be used to determine the average stress in part (2) assuming an average

creep law multiplier. For a functionally graded structures where the creep property

distribution A(x) is not known, certain assumptions must be made regarding the

shape of such a function. However, the average stress, σ
∗
2 , in the functionally graded

material can be expressed as

σ
∗
2 =

σ1

x1 − xint
∫

x1

xint

[ A1

A2(x)
]

1
n

dx (3.21)

=
σ
∗
2

x1 − xint
∫

x1

xint

[ A
∗
2

A2(x)
]

1
n

dx (3.22)

=
1

x1 − xint
∫

x1

xint

[ ε̇
c

A2(x)
]

1
n

dx (3.23)

=
σobs

x1 − xint
∫

x1

xint

[ A1

fA2(x)
]

1
n

dx (3.24)

where x1, xint denote the boundary of material (2) in Figure 3.1. The factor, f , is

the reduction or increase in the creep rate compared to a homogeneous structure
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of material (1) under the same loading conditions: ε̇
c
= A2(x)σn2 (x) = (A1/f)σnobs.

If the average creep law multiplier A
∗
2 is known, the compatible A2(x) distribution

can be easily calculated using 3.22.

3.3.2 Single thick walled cylinder analysis

Figure 3.2: Schematic representation of a single internally and externally pressurised
functionally graded cylinder.

Consider a pressurised cylinder (Figure 3.2) with internal and external radii ri

and re respectively. This cylinder is subjected to internal and external pressure (pi

and pe), hence the boundary conditions are

σr(ri) = −pi
σr(re) = −pe

(3.25)

where σr is radial stress. From axisymmetric analysis equilibrium is satisfied if

∂σr
∂r

=
σt − σr
r (3.26)

where r is radius and σt is hoop stress. The compatibility equations to preserve

axial symmetry in the steady state creep are

ε̇
c
t =

ρ̇
r (3.27)

ε̇
c
r =

∂ρ̇

∂r
(3.28)

where ρ̇ is the radial steady state creep displacement rate; ε̇
c
t and ε̇

c
r are the hoop

and radial creep strain rates respectively. From the Levy-Mises flow rule and com-
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patibility Eqs. 3.27 – 3.28, it can be shown that

ε̇
c
t = −ε̇

c
r =

C

r2
(3.29)

where C is a constant. In order to obtain an explicit equation to characterise the

stress state at steady state creep, a simple power-law creep law is introduced which

is assumed to vary with radial position to describe a functionally graded material:

¯̇ε
c
= A(r)σ̄n(r)f(t) = Ao (

r
ri
)
m

σ̄
n(r)f(t) (3.30)

where ¯̇ε
c

is the equivalent creep strain rate, A(r) = Ao( rri )
m

is the position de-

pendent creep law multiplier function, Ao and m are material constants, and f(t) is

some function of time, which at steady state is assumed to be a constant (f(t) = Fo).
The functional form of A(r) has been chosen based on the fact that such a function

provides a continuous increase/decrease of creep law multiplier through the cylinder

with respect to some reference value, Ao, and the derivative of such a function can

be easily calculated. As carburisation is driven by diffusion, A(r) = Ao( rri )
m

will

not provide a realistic property distribution through the cylinder. However section

3.3.3 shows that assuming a concentric cylinder structure any functional form of

A(r) can be implemented. Assuming A(r) = Ao( rri )
m

and using a time hardening

creep equation, the radial and hoop creep strain rates can be expressed as

ε̇
c
t = −ε̇

c
r =

√
3

2
Ao (

r
ri
)
m

σ̄
n(r)Fo =

C

r2
. (3.31)

From the von Mises stress definition under plane strain conditions, the axial

stress, σz, is

σz =
1

2
(σt(r) + σr(r)) (3.32)

σ̄ =

√
3

2
(σt(r) − σr(r)) (3.33)

and Eq. 3.30 becomes

σt − σr = C1r
−m+2

n = C1r
−k

(3.34)

where k = (m + 2)/n and C1 are constants. C1 can be obtained by combining Eq.

3.34 and the equilibrium equation (Eq. 3.26) and imposing boundary conditions
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(Eq. 3.25). Therefore solving for radial and hoop stress

σr = (pi − pe)
(ri/r)k − 1

(ri/re)k − 1
− pi (3.35)

σt = (pi − pe)
(ri/r)k(1 − k) − 1

(ri/re)k − 1
− pi (3.36)

Eqs. 3.35 – 3.36 show that the stress distribution at steady state creep does not

depend on on the creep law multiplier, Ao, but is influenced by the exponents m and

n. The general solution can be simplified to a homogeneous material by assuming

m = 0. Using Eqs. 3.35 – 3.36, the von Mises stress of the functionally graded

cylinder becomes

σ̄(r) =
√

3

2
(pi − pe)

k(ri/r)k

1 − (ri/re)k
(3.37)

Considering a functionally graded cylinder with creep law ¯̇ε
c
= A

∗
o (r/ri)mσ̄n(r)F ∗

o

and a homogeneous cylinder with creep properties ¯̇ε
c
o = Aoσ̄

n(r)Fo, it can be shown

that the reduction/increase of creep rate is independent of radial location, r, and

only depends on geometry and material constants:

¯̇ε
c

¯̇εco
=
A
∗
o

Ao

F
∗
o

Fo
[m + 2

2
⋅

1 − (ri/re)
2
n

1 − (ri/re)k
]
n

(3.38)

3.3.3 Concentric thick walled cylinder analysis

Figure 3.3: Schematic representation of two concentric internally and externally
pressurised functionally graded cylinders with a mismatch in creep properties.
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The analysis above assumes a radial variation of creep strain rate throughout

the cylinder. However, carburisation only tends to occur near the surface of a

component and therefore leads to a variation in creep properties over a limited

region. To address this variability, in this section a general solution for N-concentric

cylinders is derived and it can be used for any A(r) distribution profile.

Before a general solution can be derived, consider a simplified case with 2 con-

centric thick-walled cylinders (Figure 3.3) under internal and external pressure at

steady state creep in plane strain conditions and with interface rint. The assumed

creep laws for the inner (subscript 1) and outer (subscript 2) cylinders are

¯̇ε
c
1 = A1 (

r
ri
)
m1

σ̄
n1

1 (r)f1(t), r ∈ [ri, rint] (3.39)

¯̇ε
c
2 = A2 (

r
rint

)
m2

σ̄
n2

2 (r)f2(t), r ∈ [rint, re] (3.40)

where A1, A2, m1, m2, n1, n2 are material constants, σ̄1, σ̄2 are von Mises stress

functions, and f1(t), f2(t) are time functions (constants at steady state, f1(t) =
F1, f2(t) = F2) of the inner and outer cylinde,r respectively. For simplicity, the

creep law exponents are assumed to be equal, n1 = n2 = n. To ensure inner and

outer cylinders do not overlap, radial compatibility at the interface is imposed where

radial velocity of the inner cylinder, ρ̇1 is equal to the radial velocity of the outer

cylinder, ρ̇2 at rint:

ρ̇1(rint) = ρ̇2(rint). (3.41)

From Eq. 3.27, it is known that ρ̇ = ε̇
c
tr, hence combining with Eq.3.30 radial

compatibility is satisfied when

ε̇
c
t,1(rint) = ε̇ct,2(rint) (3.42)

As there is an interface pressure acting at rint, the inner and the outer cylinders can

be treated as separate internally and externally pressurised structures. The internal

cylinder is subjected to internal pressure , pi, and external pressure (at rint), pint.

The outer cylinder is subjected to internal pressure of, pint, and external pressure,

pe. The only unknown is the interface pressure, which is obtained by expanding Eq.

3.42 using the von Mises stress from Eq. 3.37 in terms of hoop and radial stresses ,
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and substituting Eqs. 3.35–3.36:

ε̇
c
t,1(rint) =

√
3

2
A1 (

rint
ri

)
m1

[
√

3

2
(pi − pint)

k1(ri/rint)k1
1 − (ri/rint)k1

]
n

F1 (3.43)

ε̇
c
t,2(rint) =

√
3

2
A2 [

√
3

2
(pint − pe)

k2

1 − (rint/re)k2
]
n

F2 (3.44)

where k1 = (m1 + 2)/n and k2 = (m2 + 2)/n. The stress state in the creeping

concentric pressurised cylinder system is defined by the interface pressure which can

be then expressed by equating Eq. 3.43 and Eq. 3.44:

pint =
C2

1 + C2
pi +

1

1 + C2
pe (3.45)

C2 =
n

√
A1

A2

F1

F2

k1

k2
( ri
rint

)
k1

[1 − (rint/re)k2
1 − (ri/rint)k1

] (3.46)

When the inner cylinder is homogeneous (m1 = 0, k1 = 2/n) and at the interface

the value of the creep law multiplier is the same for both cylinders (A1 = A2) and

the time constants are equal (F1 = F2), the n
th

-root term in Eq. 3.46 simplifies to

unity. In such a case the stress distribution depends only on geometry and material

constants n and m2.

Figure 3.4: Discretisation of a pressurised cylindrical structure consisting of N-
concentric functionally graded cylinders.

The proposed power-law A(r) distribution has limited application due to the

shape of the function. Nevertheless Eq. 3.45–3.46 can be extended to N-number

of cylinders to allow a close approximation to any property distribution function.

Consider the a concentric cylinder structure shown in Figure 3.4 which consists of

N-concentric cylinders. Each cylinder shares a boundary at rl (l = 1 → N − 1),

where for N-concentric cylinders there are N − 1 boundaries. The inner and outer
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radii are denoted as r0 and rN , respectively. On each of the boundaries there is a

corresponding interface pressure, pl. Hence by solving for each pl the stress state

of each cylinder can be found from Eqs. 3.35–3.36. The Eqs. 3.45 – 3.46 can be

rewritten as

pl = αlpl−1 + βlpl+1 (3.47)

Cl =
n

√
Al
Al+1

Fl
Fl+1

kl
kl+1

(rl−1

rl
)
kl
[1 − (rl/rl+1)kl+1

1 − (rl−1/rl)kl
] (3.48)

where αl = Cl/(1+Cl), βl = 1/(1+Cl), and kl = (ml+2)/n. The problem can easily

be solved for every pl by vectorisation – where interface pressures are expressed in

matrix form and boundary conditions imposed (Eq. 3.25).

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

p1

p2

⋮

pl

⋮

pN−1

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 β1 0 ⋯ 0 0 0 ⋯ 0 0

α2 0 β2 ⋯ 0 0 0 ⋯ 0 0

⋮ ⋮ ⋮ ⋱ ⋯ ⋯ ⋯ ⋱ ⋮ ⋮

0 0 0 ⋯ αl 0 βl ⋯ 0 0

⋮ ⋮ ⋮ ⋱ ⋯ ⋯ ⋯ ⋱ ⋮ ⋮

0 0 0 ⋯ 0 0 0 ⋯ αN−1 0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

p1

p2

⋮

pl

⋮

pN−1

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

+

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

α1pi

0

⋮

0

⋮

βN−1pe

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(3.49)

Eq. 3.49 can be rewritten as pint = C ⋅pint+b and solved for all interface pressures

to give:

pint = (C − I)−1
⋅ (−b) (3.50)

As each interface pressure is known, the stress response within such a cylinder can

be found using Eqs. 3.32, 3.35– 3.36.

3.4 Results

Uniaxial loading

Creep property determination

In Chapter 2.2.4, a set of assumptions were listed regarding the methodology for

the treatment of carburised stainless steels and the uncertainty associated with the

limited number of material data available. For practical applications, it is preferable

to avoid unnecessary complexity in analyses. Therefore, it has been hypothesised

that treating the carburised layer as uniform with homogeneous material properties

would be a preferable simplification.
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Consider the real creep test described in section 2.2.4, where a carburised speci-

men with 57% area fraction carburised is crept under a stress of 260 MPa [24] which

results in A1/A∗2 = Ab/Ac = 22 (for x1 − xint = 0.25mm). Ac = Ab/22 has been

obtained by Chevalier [24] assuming the 2-bar model. To investigate how creep de-

formation and creep life analysis is influenced by such a simplification, results have to

be compared with a model accounting for changing material properties with respect

to x towards the surface. This implies that certain assumptions must be made about

the functional form of A(x). Considering the uncertainty regarding carburised layer

materials data, variability from hardness measurements, the ”true” functional form

of the carburised layer creep properties is unknown. The purpose of this analysis is

to investigate how different functional forms of A(x) that give the same global creep

rate influence the local stress magnitude, state and creep damage. Therefore, to

investigate the effects of the homogeneous carburised material assumption and the

effects of more severe changes of A(x) towards the surface 2-bar, linear and parabolic

distributions are assumed. Linear and parabolic in this analysis are functions that

are linear and parabolic in logarithmic space: A(x) = A110
ax

or A(x) = A110
ax

2

,

where a is a fitting constant. Table 3.1 shows the assumed functional forms of A(x)
with fitting constant a

1
. The parabolic function is used to qualitatively represent

the effects of diffusion where there are severe material property change towards the

surface and at the bulk and the carburised layer interface A(x = xint) = A1 = Ab.

The linear functional form investigates the effects of less severe material property

changes.

Name A(x) a

2-bar A1/22 N/A

Linear A110
ax −2.5381 × 10

−2

Parabolic A110
ax

2

−3.5782 × 10
−4

Table 3.1: The assumed creep law distribution A(x) with calculated parameters
using Eq. 3.22 .

Figure 3.5a shows that at steady state creep conditions, the stress in the creep-

resistant carburised region increases relative to the nominal applied stress whilst in

the and bulk area decreases to maintain strain rate compatibility. The increase in

stress depends on the assumed creep property distribution through the functionally

graded region (Figure 3.5b). The 2-bar assumption underestimates the local stress

state in the more creep resistant region relative to the linear and parabolic distribu-

tions. However, note that all models will identical creep strain accumulation within

1
Fitting constant a was obtained from Eqs. 3.21 - 3.24 using SciPy (Python) root-finding solver

fsolve
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the specimen in the steady state.

(a) Normalised stress; (b) Normalised creep law multiplier prop-
erties.

Figure 3.5: Stress state of af = 57% carburised specimen at steady state creep using
three different creep property distribution profiles.

Creep lifetime estimation

Considering that carburisation reduces creep ductility, it is useful to perform a

simple creep lifetime estimation of carburised structures using Eq. 3.18. The creep

lifetime can be estimated by making assumptions about the mismatch in creep

properties (A1/A∗2 ) and considering how the lifetime of the more creep resistant

structure is influenced by reducing creep ductility compared to the homogeneous

structure. Assuming that the homogeneous material creep ductility is εf,1, the

lifetime of a homogeneous structure under stress σobs is

tf,1 =
εf,1

σnobsA1
. (3.51)

For the structure shown in Figure 3.1 and assuming that the creep ductility of the

creep resistant layer is reduced by some factor, εf,2/εf,1 = 1/fc (fc > 1), the time

for creep damage initiation in the FG material, tf,2, is

tf,2 =
1

fc
(σobsσ1

)
n

tf,1. (3.52)

Figure 3.6 shows a colour plot of normalised failure times for 0-15% carburised

specimens using Eqs. 3.51–3.52. For low area fractions the carburised material gains

no benefit in increased lifetime due to reduced overall creep rate, but instead sees

reduced lifetime due to reduced ductility. For larger area fractions and lower effects

on ductility (lower fc) there is the potential for an increased lifetime relative to the
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Figure 3.6: Creep damage initiation time of a carburised structure normalised to a
homogeneous structure assuming various area fractions and ductility ratios.

non-carburised structure. For εf,2/εf,1 = 1/3.5 and A
∗
2/A1 the creep lifetime can be

extended when af > 38%
2
.

Pressurised carburised cylinder

Stress state

The derived equations (Eqs. 3.47-3.48) has been used to analyse the stress response

in a carburised cylinder with ri ∶ re = 1 ∶ 1.5 and 50% area fraction carburised. The

creep distribution profiles are according to Figure 3.5b with the average reduction

in creep law multiplier being a factor of 22. Figure 3.7 shows the redistributed

stress state normalised to that in a homogeneous cylinder (n = 10.18 and Ao = Ab =

8.876 × 10
−35

) for each distribution profile.

Similar to Figure 3.5a, an increased resistance to creep deformation causes an

increase in hoop (Figure 3.7a) and axial stress (Figure 3.7b), consequently in von

Mises stress (Figure 3.7c) in the carburised region. For the given geometry the

parabolic distribution profile leads to almost a doubling of stress compared to the

homogeneous material. The bi-metallic cylinder (2-bar) model leads to a lower stress

state towards the outer surface. However, the bulk responses for all distribution

profiles are almost identical.

T =
(σr + σt + σz)/3

σ̄ . (3.53)

Figure 3.7d shows the stress triaxiality and it can be seen that an increase in the

creep resistance results in a reduction of stress triaxiality, relative to that in the bulk

2
The current suggestion for carburised layer creep deformation and creep ductility properties

from [24]
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(a) Hoop stress (b) Axial stress;

(c) von Mises stress; (d) Stress triaxiality.

Figure 3.7: Stress state in a carburised internally pressurised cylinder assuming
different creep profiles with the same averaged reduction in creep law multiplier.

section, Thom. The 2-bar model predicts that the stress triaxiality in the carburised

layer is unchanged from the homogeneous bulk value, where as Linear and Parabolic

models show gradual increases of T/Thom to unity at the outer surface. The nor-

malised stress triaxiality and von Mises stress are not equal for different models in

the bulk section, and in the graphs there can be seen a slight difference between

each distribution profiles. This is due to the geometric effects, as for ri/re → 1

the normalised von Mises stress and stress triaxiality for all distributions converge

to the same solution. For smaller carburised area fraction, the differences in stress

triaxiality for different creep law distribution profiles with the same average values

become insignificant.

Creep damage estimation

To evaluate the creep damage initiation time in pressurised cylinders, the multiaxial

stress must be taken into account. The Spindler fraction [50] (Eq. 2.15) has been

used to modify the ductility of the material. The normalised creep damage initiation
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time compared to that of the uncarburised (homogeneous) cylinder is calculated as

t
c
f

tf
=
ε
c∗
f

¯̇εcc
/

ε
∗
f

¯̇εchom
(3.54)

where t
c
f/tf is the normalised creep damage initiation time relative to that of a

homogeneous cylinder, ε
c∗
f , ε

∗
f are the multiaxial ductilities of carburised and ho-

mogeneous cylinder respectively, and ¯̇ε
c
c, ¯̇ε

c
hom are the creep rates of carburised and

homogeneous cylinders respectively. The normalised creep damage initiation time

is a function of radius as stress is not uniform through the cylinder. A value of

t
c
f/tf below unity correspond to increased creep damage due to carburisation and,

therefore, reduce the lifetime to damage initiation.

(a) At r = re (carburised surface), ri ∶ re =
1 ∶ 1.1

(b) At r = re (carburised surface), ri ∶ re =
1 ∶ 1.5

(c) At r = ri (bulk), ri ∶ re = 1 ∶ 1.1 (d) At r = ri (bulk), ri ∶ re = 1 ∶ 1.5

Figure 3.8: Creep damage initiation, t
c
f/tf , assuming steady state creep and εf/εcf =

3.5

Figure 3.8 shows a contour plot of Eq. 3.54 assuming the two homogeneous

concentric cylinder model (Eq. 3.45–3.46, k1 = k2 = 2/n). Figures 3.8a and 3.8b
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show the normalised creep damage initiation times of thin (ri ∶ re = 1 ∶ 1.1) and

thick (ri ∶ re = 1 ∶ 1.5) cylindrical structures at the outer surface assuming the

carburised layer uniaxial creep ductility is reduced by factor of 3.5. It can be seen

that multiaxial effects are more predominant in thick wall pressure vessels (Figure

3.8b) and cause a reduction in creep life compared to thin components (Figure 3.8a).

Despite the reduction in creep rate, the creep damage initiation at the surface is

strongly influenced by the assumed creep ductility. However, the creep damage

initiation in the bulk section (Figures 3.8c–3.8d) is reduced due to the combined

effects of reduced stress triaxiality and the reduction in creep rate.

3.5 Summary and discussion

The analytical solutions presented in this chapter provide simplified methods for

creep lifetime evaluation. The mathematical proof using bounding theorems shown

in section 3.2 shows that the average creep energy dissipation rate of a non-homogeneous

structure is less than that of a homogeneous structure. This leads to the conclusion

that a carburised layer with a reduced creep rate will lead to a reduced overall creep

deformation rate at the steady state. However, the result does not provide any infor-

mation about the stress redistribution phase to the steady state, local deformation,

or the influence of carburisation on local stress state, which influence multiaxial

ductility.

The local stress magnitude and triaxiality effects have been investigated in sec-

tion 3.3. The presented uniaxial solution is a modification of a well-known creep

problem [134] with two creeping structures at steady state under uniaxial loading.

The modification of the analytical expression allows the derivation of a method to

estimate the local creep law properties and the uniaxial stress state assuming any

creep distribution profile. The results show that more creep resistant regions (e.g.a

carburised layer) have increased stress magnitude to maintain a uniform creep de-

formation rate in the structure. Consistent with the general theory of section 3.2,

the total creep rate of a carburised structure is reduced by some factor which de-

pends on the assumed average reduction in creep law multiplier and the area fraction

carburised.

Carburisation leads to reduced steady state creep rate and is a positive charac-

teristic because it could, in theory, extend the lifetime of a component. However,

results indicate that this is influenced by the area fraction carburised and thet the

lifetime is also strongly influenced by the assumed carburised layer creep ductility.

According to the current evidence [24], the creep ductility of the carburised layer

with a characteristic depth of 250µm is reduced by a factor of ≈ 3.5 compared to

the bulk material. Considering the small depth of carburised layer, it can be as-
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sumed that the total area fraction carburised is small compared to the component’s

thickness for most components. The results in section 3.4 show that small area

fraction carburised is more detrimental in terms of creep lifetime compared to larger

area fraction carburised because it causes the creep strain rates to be closer to the

homogeneous values. Figure 3.6 shows that components with af < 15% do not gain

any benefit from the reduced creep strain rates. However, Figure 3.6 clearly out-

lines where conservatism arises, if the structure is treated as homogeneous but with

reduced creep ductility. A homogeneous assumption for creep deformation leads to

a creep damage increase by the same factor as the reduced ductility (t
c
f/tf = εcf/εf ).

The uniaxial and concentric cylinder solutions take into account the benefit of re-

duced creep rate. For af = 10% with an average reduction of creep rate Ab/Ac = 22,

and a ductility ratio ε
c
f/εf = 1/3.5 the time for damage initiation reduces by only

a factor of 2.5 assuming the uniaxial model. Assuming a constant reduction of

creep ductility across various af , the creep damage initiation time in carburised

components increases with increasing af of carburisation.

The concentric cylinder analysis allows investigation of the effects of carburisa-

tion on stress triaxiality by considering various geometries. The analytical solution

shows that at the steady state the stress response assuming various distribution

profiles is comparable for thin components. For thin components, the stress state

approaches the uniaxial steady state solution. Functionally graded pressure vessels

under internal pressure and with a creep resistant outer surface experience a re-

duction in stress triaxiality at the bulk section. This can lead to increased creep

ductility and reduced creep damage in the bulk section if the carburised layer re-

mains intact. The stress triaxiality in the carburised section depends on the assumed

creep distribution profile. The two homogeneous concentric cylinder model predicts

unchanged stress triaxiality in the carburised layer, and hence can result in a more

conservative assessment than other models.

The thickness of the pressure vessel influences the creep damage initiation time

in the carburised layer. The normalised creep rate with respect to the homogeneous

case in a thick component with the same area fraction carburised is higher com-

pared to thin pressure vessels. Therefore, a thicker geometry leads to accelerated

normalised creep damage accumulation in the carburised layer. Nevertheless, the

creep damage in the bulk section is reduced as long as the carburised layer stays

intact and provides the benefit of reduced stress triaxiality and reduced creep rate.

A major disadvantage of using analytical solutions for creep lifetime assessment

is that the derived analytical solutions do not consider stress redistribution effects

prior to steady state creep that arise due to the mismatch in tensile properties. A

mismatch in tensile properties will influence the initial creep strain rate. The range

of applicability of the proposed analytical solutios can be determined from the stress
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redistribution time. Additionally, the initial loading can induce multiaxial effects

that can alter the creep lifetime. It can be shown analytically that under uniax-

ial loading a multiaxial stress state can be induced in a cylinder with a carburised

layer where the carburised layer has higher yield stress and Young’s modulus (Ap-

pendix A.1). Therefore to address the limitations of the steady state solutions, a

numerical approach is adopted in the following chapters to investigate the effects of

carburisation.
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Chapter 4

Creep analysis of uniaxial

carburised specimens

4.1 Introduction

This chapter is composed of three studies where behaviour of carburised uniaxial

geometries is investigated using Abaqus finite element modelling software. The first

study considers a uniaxial creep specimen where the effects of carburisation on creep

response are investigated at high-stress conditions. The second study considers a

neural network approach to determine the carburised layer tensile properties. The

third study considers creep response of a carburised structure for various area frac-

tions carburised, various stresses, and reduced ductility factors using the calculated

material tensile properties from the neural network model.

As discussed in section 2.2.3, there have been attempts to characterise carburised

layer elastic, plastic and creep properties by observing the global response of car-

burised specimens. However the analysis in the literature did not consider detailed

stress redistribution effects that might arise due to the mismatch in material proper-

ties between base and carburised materials. Additionally, as carburised layer prop-

erties cannot be measured directly, certain assumptions must be made regarding

the material property distribution. In Chapter 3, it was shown that the same global

response on plastic loading and steady state creep can be achieved by assuming

different distribution profiles, but the question of how this might affect creep strain

accumulation was not answered. Therefore, this chapter investigates which material

properties influence creep strain accumulation the most at various stress levels; how

material distribution profiles might influence creep redistribution; if it is possible to

develop a predictive model that could approximate the stress state in a carburised

component; and investigates the conditions under which the structure might gain

benefit from the reduced creep strain accumulation.
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4.2 Impact of material properties on

accumulated creep strain

Currently, most of the carburised material mechanical testing is performed on uniax-

ial specimens that have been carburised before mechanical testing (pre-carburised).

In AGR components, carburisation occurs during operation, i.e. components are

being carburised while subjected to load. Therefore how pre-carburisation of a

specimen affects measured material behaviour, and how this measured behaviour

should be applied in a carburising component need to be addressed. There is still

major uncertainty regarding material property distributions and how these are in-

fluenced by increased carbon concentration. It is known that carburisation increases

Young’s modulus, yield properties and reduces creep rate. Therefore in this chapter

a qualitative study is presented on the impact of mechanical properties on mea-

sured creep behaviour of a material that has been pre-carburised and material that

is being carburised during a forward creep test. The proposed model is based on

Fick’s second law of diffusion with changing material properties across the thickness

according to carbon concentration.

4.2.1 Model description

A 3-D uniaxial specimen has been modelled under constant load where the tensile

load is applied by a pin which is treated as a rigid body. Material properties at

T = 550
o
C are used, and the simulation time for the creep response, tend, was chosen

to be 500 hours. The specimen geometry and material properties were provided by

Sandor Palko who performed uniaxial tensile tests and creep tests in a custom built

creep rig to investigate duplex oxide growth under creep conditions [13]. During

the experiments material was subjected to carburising CO2. The material was not

pre-carburised prior to the test, instead it was carburising/oxidising over 500 hours

while under constant load (equivalent to σeng = 350MPa).

Material property definition

The baseline material properties for 316H stainless steel that have not been car-

burised are taken here as those obtained by Sandor Palko from a uniaxial tensile

test at 550
o
C loaded to 350 MPa engineering stress or 408 MPa true stress in an

inert gas environment (Argon). The baseline properties are given in Table 4.1.

Oxidation and carburisation create a hardened surface layer due to ingress of

carbon. As discussed in sections 2.2.4 – 2.2.4, there is a correlation between in-

crease in carbon concentration and changes in material properties. causes increases
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Eb [GPa] ν

157 0.3

(a) Elastic properties;

σ [MPa] ε
p
b [%]

153.8 0
217.0 1.0
252.6 3.0
291.7 5.6
315.1 7.9
339.1 10.2
362.2 12.0
386.5 14.0
395.1 14.4
403.8 14.9
408.0 15.1
430.0 16.1

(b) Plastic properties;

Ao [–/hr]* n

6.2892 × 10
−32

10.18

(c) Creep constants for
Norton creep law.
∗ The creep law multiplier
was determined numerically

Table 4.1: Material properties implemented in Abaqus of 316H stainless steel at
550

o
C;

in yield stress and Young’s modulus and reductions in creep rate and creep ductility.

To define the relationship between carbon concentration and corresponding mate-

rial properties, certain assumptions must be established about the diffusion process

and the correlation between carbon concentration and mechanical properties. The

purpose of this model is not to model the process of carburisation accurately but to

provide a reasonable functional form of the non-uniform material properties through

the carburised layer and investigate qualitatively how changes in material properties

at the surface can influence creep tests subjected to high stresses.

The carburised layer properties are defined based on carbon concentration within

the carburised layer. The carbon distribution profile over 500 hours can be approxi-

mated by using Fick’s law of diffusion Eq. 2.29. The process of carburisation can be

viewed as a simplified case of a semi-infinite solid with the surface exposed to car-

burising gas. If the carbon concentration at the surface is taken as constant and the

duplex oxide layer is ignored, a solution to the problem can be found in most text-

books on diffusion, and the exact derivation can be found in [92, 99]. The resulting

equation with fixed surface concentration, c(x = 0, t) = cs, and for a semi-infinite

body, c(x =∞, t) = c0, leads to the following solution:

c(x, t) = cs − (cs − c0)erf ( x

2
√
Dct

) , (4.1)

where c(x, t) is the carbon concentration at position x and time t, c0 is the initial

carbon concentration in the material, Dc is the diffusivity of the carbon in steel, and

erf(x/(2
√
Dct)) is the error function.

Considering that the material properties are related to carbon concentration the
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constant surface boundary condition (c(x = 0, t) = cs) results in an already hardened

surface at t = 0 and this is not changing with time. Such an assumption is unrealistic

because at t = 0 the surface of the material is homogeneous, therefore, the existing

equation has to be modified to account for a variable surface concentration over

time. As discussed in section 2.2.1, carburisation is induced by oxidation. Oxidising

species, such as CO2/CO, diffuse through the porous oxide and cause carburisation

through an exothermic reaction [73, 85, 91]. Considering that carbon-containing

oxidising agents are diffusing through the oxide, Eq. 4.1 can be modified to account

for the oxide layer:

c(x, t) = cs − (cs − c0)erf (x + xox
2
√
Dct

) ; (4.2)

xox =
1
tend

∫
tend

0

2
√
Dct dt; (4.3)

where xox is the thickness of the oxide layer and x is the distance from the oxide-

carburised layer interface. It has to be noted that several assumptions have been

made in Eqs. 4.2-4.3 about the oxide layer and carbon diffusion that need to be

addressed.

In Eq. 4.2, oxide is assumed to grow according to parabolic growth kinetics [17,

99]. The thickness of the oxide layer, xox, is assumed to be constant and is calculated

by integrating the parabolic rate equation over the carburisation time. As explained

in section 2.2.2, oxidation of austenitic stainless steel is a complex process where the

rate of oxide formation is influenced by many factors, including reactive components,

state of stress, surface finish. Therefore, the presented definition of the oxide layer

is a simplification that avoids the initial step change of the concentration at the

surface and the metal.

Another assumption is that diffusivity of carbon oxidising agent through the ox-

ide and diffusivity of carbon into parent material is the same and is a constant. As

discussed in sections 2.2.3 and 2.2.4, carburisation can cause increased amounts of

second phase particles, such as M23C6 carbides. Carbides form at the grain bound-

aries and lead to decreased concentration of solute elements. Carbide formation in

316H stainless steel slows the rate of carbon penetration into the metal by diffusion

[17, 107]. This implies that the diffusivity of carbon in austenite is not constant

and will change with changes in microstructure [91]. However, the purpose of this

model is to obtain a material property distribution through the carburised layer that

is changing with time. Therefore, the proposed diffusion model is justified for this

analysis. The assumed constants of Eqs. 4.2-4.3 can be found in Table 4.2.

In this study the carburised material properties are assumed to be related to
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cs [wt%] c0 [wt%] Dc [mm
2/s] xox [mm]

0.5 0.05 1.78 × 10
−9

0.084

Table 4.2: Carburisation properties at T=550
o
C, diffusivity of carbon taken from

[135].

(a) Normalised carbon concentration (b) Yield stress distribution

Figure 4.1: Representation of material property change over time according to Eq.
4.4.

carbon concentration by the following relationship:

M(x, t) = (c(x, t)c0
)
m

×M0 (4.4)

M(x, t) is the material property at location x (distance from the oxide) and time

t. M0 is the bulk or baseline material property (e.g. Eb), and m is an empirical

constant which for this study is either 1, for Young’s modulus and the stress to reach

a specific plastic strain, or -1 for the creep law multiplier. An example of how yield

stress is scaled is showed in Figure 4.1, where yield stress increases proportionally

with carbon concentration. The plastic stress-strain response (Pl) (Table 4.1b) is

scaled the same as σy according to carbon concentration. The creep law multiplier

is taken to be inversely proportional to the carbon concentration and hence reduces

with increasing carbon weight percent.

In this study two types of models are considered. In the carburising (C) models

the material properties will change over time. In pre-carburised (PC) models, it

is assumed that M = M(x, t = tend), i.e. no evolution of the material properties

takes place within the carburised layer. It should be noted that Eq. 4.1 with

m = ±1 is not intended to be an accurate predictor of material response. Instead

the effect of carburisation on Young’s modulus is unlikely to be increased by factor

of 4 as Figure 4.1a predicts. Instead the models are used to investigate the difference

between carburising and pre-carburised models.
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Model implementation in Abaqus

(a) Front view (b) Side view with magnified mesh showing
boundary conditions.

Figure 4.2: The implemented uniaxial specimen geometry in Abaqus.

The uniaxial creep response is solved as a 3-D non-linear contact problem with a

rigid body (pin) pulling the specimen. The applied load at the pin is 1151.6 N which

equates to an engineering stress of 350 MPa (true stress of 408 MPa). The specimen

geometry (Figure 4.2) is in accordance with the test specimen dimensions provided

by Palko [13]. The exact dimensions of the specimen can be found in Appendix

B.1.1.

A quarter of the specimen has been modelled imposing appropriate boundary

conditions (red lines in Figures 4.2a and 4.2b) to account for the symmetry on the x-z

plane (y-sym) and x-y plane (z-sym). Quadratic coupled temperature-displacement

elements with reduced integration, C3D20RT, were used in this model so that an

artificial temperature field could be introduced in conjunction with the USDFLD

subroutine to define material properties at 100 different time steps according to

Eqs. 4.2 and 4.4. The modelled hardened layer spans three quadratic elements.

The purpose of this study is to qualitatively investigate the effects of pre-treatment

and how material properties impact the creep response and not to fit any particular

carburised material data. Hence the thickness of three elements (Figure 4.2b) for

the carburised layer is assumed to be sufficient to provide information about the

forward creep tests of carburised specimens.

In total 15 models have been analysed, of which: one is a homogeneous model;

7 are pre-carburised; and 7 carburising. In each model a different combination

of scaled material properties were used. For example, M
∗(El, P l) and M(El, P l)

denote the models with changed elastic and plastic properties for the pre-carburised
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and carburising models, respectively.

4.2.2 Homogeneous specimen

The stress and strain response of the homogeneous specimen is considered first be-

cause this will be the reference test case. Upon initial loading the peak stress at the

gauge section from the experimental data has been deduced as 408 MPa. The FEA

calculated an almost identical result of 408.3 MPa at the gauge section and demon-

strates that appropriate bulk material properties have been used. The multiplying

creep law constant (Ao) has been estimated by comparing the experimental value

of minimum creep strain rate (ε̇
c
exp = 2.62 × 10

−5
h
−1

) to the numerical (ε̇
c
fe) and

the creep law multiplier was adjusted accordingly. The estimated value of the creep

law multiplier Ao is 6.289 × 10
−32

and, at a stress of 408.3 MPa this gives a creep

rate 2.3% lower than the minimum experimental strain rate in Figure 4.3e. Due to

geometric non-linearity, the inelastic strain rate is not the same as the creep strain

rate. Figure 4.3e shows that the inelastic strain rate, ε̇
t
fe, is 21.8% larger than the

recorded creep strain rate. As the material is creeping, its cross-sectional area is

changing, and the lower cross-sectional area causes an increase in stress and plastic

strain. At t = tend the final stress in the homogeneous test case was 416.0 MPa

(Figure 4.3a).

Although the stresses within the homogeneous material in the gauge section are

uniform, Figure 4.3b shows that towards the shoulder there is an increase in stress

triaxiality. By calculating the Spindler fraction (Eq. 2.15), it can be seen that the

multiaxial ductility decreases towards the shoulder. Hence, taking into consideration

the stress state and triaxiality effects, the creep damage in the uniaxial specimen

was calculated using Eq. 2.16, where the uniaxial creep ductility was taken as

2.6% according to R66 advice [105] (Figure 4.3d). The average damage in the gauge

section is estimated to be ω
c
= 0.51. However, the slight increase in stress triaxiality

together with stress redistribution due to geometrical effects shows a region with

increased creep damage of ω
c
= 0.526 (the grey region in Figure 4.3d) near the

specimen shoulder.

4.2.3 Carburised specimens

The results of the carburised specimen models presented in this section are nor-

malised to the homogeneous specimen results at the same time. The presented

results have been extracted from the gauge section at the most carburised point

(surface) and the bulk material (centre of the specimen). The following section is a

summary of models that highlight the impact of material pre-treatment and material

property influence on creep strain accumulation.
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(a) von Mises stress; (b) Stress triaxial-
ity;

(c) Spindler’s mul-
tiaxial ductility fac-
tor;

(d) Estimated dam-
age assuming εf =

2.6%;

(e) Creep strain from FEA and experiment [13].

Figure 4.3: FEA results of the homogeneous specimen (4.3a - 4.3d at t = tend = 500
hr).

Stress response

Figure 4.4 show von Mises stress change at the surface (a,b), and bulk section (c,d)

for pre-carburised (a,c) and carburising (b,d) models. For the pre-carburised models

(a,c), it can be seen that the increase in material yield stress and hardening curve

elevate the stress in the carburised layer to an equivalent value of 2.18–2.2 times

higher than the reference (homogeneous) model. Consequently the bulk material

experiences a reduction in stress (0.76σ̄hom). However, during creep the increased

stress magnitude in the carburised layer is redistributed and stresses relaxes. From

Figure 4.4 (a), the M
∗(El, P l, Cr), M∗(Pl, Cr) test cases show identical stress

relaxation behaviour, the M
∗(El, P l) case, at the surface, shows that after 500

hours the normalised stress has almost reduced to unity. M
∗(El, Cr) in Figure
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Figure 4.4: von Mises stress change over time for selected models. (a) At the surface,
pre-carburised; (b) at the surface, carburising; (c) in the bulk, pre-carburised; (d)
in the bulk, carburising.

4.4 (a,c) show that changes in Young’s modulus initially give insignificant changes

in stress response compared to the homogeneous specimen, and as time progresses

the stresses in the bulk and carburised layer redistribute towards the steady state

solution.

The carburising models, Figure 4.4 (b, d), show very different behaviour. Initially

the stress distribution is identical to the homogeneous test case as no carburisation

has occurred. However by about t = 0.16tend it can be seen that all models experience

stress redistribution effects. The M(El, P l) test case experiences some increase in

the normalised stress in the carburised layer and a decrease in stress in the bulk; how-

ever, this is due to the fact that the stress is increasing in the homogeneous case due

to non-linear effects. By normalising the σ̄ with the increasing σ̄hom(0) < σ̄hom(tend),
the stress appears to be decreasing in the bulk. The carburising M(El, P l, Cr) and

M(Pl, Cr) models approaching the steady state solution without the major stress

relaxation that occurs in the M
∗(El, P l, Cr) and M

∗(Pl, Cr) models. However,

at the steady state both pre-carburised and carburising models achieve the same

steady state response, as they have the same creep property distribution (Appendix
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B.1, Figure B.2).

Plastic strain response

The changes in stress in the bulk material are shown in Figure 4.5. The rapid stress

Figure 4.5: Plastic strain change in the bulk material over time for chosen models.(a)
Pre-carburised; (b) carburising models.

relaxation in pre-carburised regions from the high initial stress there due to increased

yield strength and hardening causes additional plastic strain accumulation in the

bulk phase 4.5 (a). The decrease in normalised plastic strain for the M
∗(El, Cr)

model is due to the homogeneous material increase in stress, hence accumulation

of more plastic strain occurs. The carburising models, Figure 4.5 (b), indicate that

normalised changes in plasticity in the bulk are much closer to unity. The decreasing

normalised plasticity with time is again due to the normalisation with homogeneous

material where plasticity is increasing. The carburised layer exhibits an increasing

resistance to plastic deformation in all carburising M(Pl) models.

Creep and damage response

Figure 4.6a shows how the observed total strain would be appearing in carburis-

ing and pre-carburised creep tests. It can be seen that the mismatch in plastic

properties of a pre-carburised specimen would give rise to a creep response that

resembles primary creep and cause 3.3 times more creep strain accumulation at tend

compared to a homogeneous specimen. Figure 4.6b shows the creep strain in the

bulk and at the carburised surface. It can be seen that during the stress redistribu-

tion phase, the bulk part of the specimen accumulates creep strain a factor of 20

lower than the carburised surface. Additionally, the carburised layer accumulates

higher creep strain, than the observed strain due to the stress relaxation process.

The accumulated creep strain in Figure 4.6b for the M
∗(El, P l, Cr) specimen has
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(a) Observed strain over time of the selected models;

(b) Creep accumulation in pre-carburised
M

∗(El, P l, Cr) model;
(c) Creep accumulation in carburising
M(El, P l, Cr) model.

Figure 4.6: Creep strain accumulation in pre-carburised and carburising models
normalised to tend = 500hr.

normalised creep strain rates shown in Figure 4.7a, which show that the most car-

burised point of the models with scaled plastic properties initially creeps 2 orders

of magnitude faster compared to the reference specimen.

Conversely, the carburising test case in Figure 4.6a, M(El, P l, Cr), shows ob-

served total strain below that of a homogeneous specimen. The surface creep strain

values (Figure 4.6c) again show additional creep strain accumulation in the most car-

burised point. This is again due to the stress redistribution as the tensile properties

are changed, and this is reflected in the spike in the normalised creep rate, Figure

4.7b. However the key observation is that there is not a significant variation be-

tween the observed and actual creep strain values, as was seen in the pre-conditioned

model. Furthermore, the normalised creep strain rate and creep strain are closer

to unity and carburisation occurring after a specimen is subjected to load, leads to

accumulated creep strains lower compared to a homogeneous specimen.

Multiaxial ductility is not significantly affected at the gauge section by the hard-
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(a) Pre-carburised models; (b) Carburising models;

Figure 4.7: Normalised creep strain rate at the carburised surface of selected models.

ening effects when adapting a Spindler ductility model. The largest changes in

ductility are seen in test cases with modified Young’s modulus. For pre-carburised

models, the ductility at the carburised layer is reduced by < 1.5% by changes in mul-

tiaxial stresses. The ductility change due to multiaxial stress effects for carburising

cases is insignificant (< 0.35%).

As the multiaxial stress effects on ductility are not a major factor in this geom-

etry, the damage accumulation was calculated assuming that the material ductility

is directly proportional to the carbon content in the specimen. If the assumed

creep ductility of the bulk material is εf , the creep ductility in pre-carburised and

carburising models is calculated as

ε
c
f(x, t) = ( c0

c(x, t)) × εf , (4.5)

where ε
c
f(x, t) is the uniaxial ductility within the carburised layer and for pre-

carburised models, t = 500 hr (ε
c
f(x = 0, t = 500hr) = εf/4.1). The accumulation

of creep damage (according to Eq. 4.5 and 2.16) in pre-carburised and carburising

models is shown in Figure 4.8. Pre-carburised models indicate that creep damage in

the carburised layer can reach unity within minutes of commencing the creep test.

Conversely the carburising models show less severe creep damage accumulation over

time even with the progressively reducing ductility in the carburised layer. The

carburising test case predicts crack initiation at the surface after 0.78tend − 0.85tend

compared to 0.01tend in pre-carburised specimens with modified plastic properties.

Even assuming the same creep ductility as the bulk material, the carburised sur-

face layer in pre-carburised test cases accumulates 4.7 times more damage than a

homogeneous specimen. The damage distribution through the thickness assuming

unchanged ductility is shown in Appendix B.1, Figure B.3.
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(a) Pre-carburised models; (b) Carburising models.

Figure 4.8: Creep damage accumulation in the uniaxial specimen with modified
material properties, assuming ductility is a function of carbon content.

4.2.4 Summary and discussion

Homogeneous specimen results show additional plasticity accumulation during the

creep phase which would be indistinguishable from the creep response. This adds

significant complexity for interpretation of the creep results and makes it more diffi-

cult to fit the creep data at a particular stress level, because the stress is increasing

with time due to the reduction in cross sectional area. However, due to the qual-

itative nature of this study, the exact value of the creep law multiplier is not that

significant in this case. The purpose of this study was to investigate how changes

in material’s surface properties would influence the creep response.

Results clearly indicate that material pre-treatment has a significant impact on

the global and local creep response of a specimen. Creep tests performed at high

stresses on pre-carburised material could result in early failure of the carburised layer

even if the creep ductility is the same as the homogeneous material. Considering the

evidence [23, 24, 96] that carburisation occurs at grain boundaries, the creep dam-

age will most likely be accelerated by the reduction in creep ductility due to grain

boundary embrittlement. Additionally, when performing tests on pre-carburised

specimens, the primary creep region will appear to be extended as carburisation ac-

celerates the creep strain accumulation (Figure 4.6a). The numerical results showing

accelerated initial creep response are in agreement with experimental observations

[136] where it has been observed that carburisation accelerates the creep strain.

Furthermore, the observed global creep rate can underestimate the actual creep rate

in the carburised layer due to the local creep relaxation process. Hence, if the creep

ductility of the carburised layer were measured as the observed total strain when

the crack has reached the size of the carburised layer [24], this could underestimate

the creep ductility as the local creep strain is not captured in the global response.

96 J. Cakstins Chapter 4



The Effects of Carburisation on Creep Response of Type 316H stainless steel

Results also indicate that despite the initial accelerated creep response, the system

does approach to the steady state solution where the overall creep rate is reduced

compared to the homogeneous test case. Therefore, it is theoretically possible that

carburisation could extend the lifetime of a component, but this will depend on the

creep stress redistribution time, area fraction carburised and the creep ductility of

the bulk material and carburised layer.

Carburising models show completely different creep behaviour compared to pre-

carburised models. Results indicate that carburisation while being subjected sub-

jected to load reduce the overall creep rate. Damage calculations also indicate that

the creep damage is closer to the damage of homogeneous material. This observation

could potentially have an important implications in carburised layer creep ductil-

ity measurements. Specimens that are carburising while being subjected to load

avoid the initial stress redistribution process that occurs on pre-carburised speci-

mens. Furthermore there is much smaller variance between the accumulated creep

strain in bulk and carburised layer. According to [24], pre-carburised specimens

crack if the initial loading stresses are above 270 MPa, hence it makes accelerated

creep tests of pre-carburised materials unfeasible. However it could be postulated

based on the numerical observations that loading to the required creep stress state

to prior carburisation could prevent carburised layer from premature cracking and

result in more reliable ductility estimates where the observed total strain would be

much closer to the actual carburised layer creep strain.

The chosen Young’s modulus magnitude is not realistic because the estimates

show that the carburised layer has a slight increase (30%) in Young’s modulus com-

pared to bulk material. The presented numerical models are based on mate-rial

loaded to 408 MPa, but the carburised layer is known to crack above 270 MPa.

Considering that no damage models were implemented in analyses and the simu-

lated carburised layer is intact, questions arise as to how the carburised layer would

behave at lower stress values. The carburised layer spans over 3 elements and given

the small number of gauss points available to describe material variability, the pro-

posed models are unlikely to represent carburised material creep response. Therefore

the following section 4.3 will address these issues and whether material would ma-

terial experience accelerated creep damage due to the mismatch in properties. To

answer these questions, meaningful estimations of carburised layer properties must

be determined; hence section 4.3 presents a method on how tensile properties of the

carburised layer can be determined using artificial neural networks.
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4.3 Neural networks for material property

determination

Section 4.2 has outlined the complexity of interpreting the current creep results on

pre-carburised specimens. As most of the tests have been performed at high stresses

it is important to know the carburised materials tensile properties to interpret the

creep response. As these properties cannot be measured directly, the stress-strain

response has to be deduced from pre-carburised specimen global response. Previ-

ously this have been attempted by assuming carburised material is a homogeneous

layer with no property gradation [23, 24]. However as shown in Chapter 3 this can

underestimate the stress at the surface, where the carbon concentration is the high-

est, and from section 4.2 it is known that a mismatch in tensile properties can cause

rapid stress relaxation with an associated accumulation of creep strain in highly

stressed regions.

There is evidence that the changes in Young’s modulus, yield stress and creep

properties are related to the increase in carbon concentration, as has been assumed

in section 4.2. However, as discussed in sections 2.2.4 and 2.2.4, there is high uncer-

tainty regarding the material mechanical property data. One of the main questions

that are addressed in this work is ”does the property distribution matter?”. Section

2.2.4 states that for practical applications, it is preferable to treat the carburised

layer as homogeneous material because such an assumption can simplify the assess-

ment procedure. To answer this question, the exact shape of the material property

distribution through the carburised layer is not that significant as long as the chosen

distribution is comparable to the one that would arise from the diffusion process.

Therefore, there is no reason why the material property distributions could not be

simplified to linear or parabolic distributions, as described in Chapter 3.4. Using

the proposed assumptions, this section investigates how carburised layer material

properties can be estimated using neural networks that have been trained using data

generated from finite element parametric studies.

4.3.1 Model description

The aim of this study is to develop a method to estimate the gradation of the

carburised layer properties based on the global response from a circular tensile spec-

imen. The hypothesis is that there is some correlation between material geometry,

bulk material response, applied load, and recorded strain with the stress response in

the carburised layer. Therefore by observing many specimens with different hard-

ened layer properties, functions for the stress (σc) and stress triaxiality (Tc) within
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the carburised layer could be derived:

σ̄c(loc)
σo

= f (af , loc,
rint
re
,
ri
re
,
σb
σo
, εobs,

σobs
σo

) (4.6)

Tc(loc)
To

= g (af , loc,
rint
re
,
ri
re
,
σb
σo
, εobs,

σobs
σo

,
ν
νo

) . (4.7)

Here, area fraction carburised, af , location parameter loc = (r−rint)/(re−rint), and

the ratios, rint/re , ri/re, are parameters that define the geometry of the specimen.

σb and σobs are the bulk and the observed stress response at the observed strain,

εobs. The stresses are normalised to some reference stress, σo (e.g. the yield stress,

σy), the stress triaxiality is normalised to the uniaxial stress triaxiality, To =
1

3
. The

stress triaxiality function has an additional input which is the fractional increase or

decrease in Poisson’s ratio within the carburised layer (νo = 0.3 is the bulk’s value).

The proposed neural network models are just functions that can estimate the

local stress magnitude and stress state within the carburised layer based on the

global stress-strain response of the specimen and some additional information about

the specimen geometry. The neural network used for σ̄c(loc) and Tc(loc) calculations

are different. Neural networks are trained on data obtained from finite element

simulations where either linear or parabolic material property functional forms are

assumed for the carburised layer. The trained neural networks are used to estimate

local properties of the carburised layer using real tensile test data. More details on

data acquisition, material properties and neural network training are provided in

the following subsections.

Data acquisition

FE geometry

A uniaxial tensile specimen was modelled in Abaqus using axisymmetric CAX8RT

elements. For computational efficiency only the gauge section was modelled. Dif-

ferent geometries were modelled by changing the area fraction carburised and in-

ner and outer radii. Figure 4.9 shows an example of the gauge section. The car-

burised layer was discretised using 12 elements, which give a total of 25 nodal values

for data acquisition. In total 5 different geometries were considered with different

ri ∶ rint ∶ re ratios. Table 4.3 lists all of the geometries considered. Most geome-

tries used re = 3.45, because that was reported in [24] (outer radius of 3.5mm with

50µm oxide). However, a very thin structure with ri = 10mm, re = 10.01mm was

also considered to examine whether stress triaxiality is affected in thin carburised

structures.

A monotonic tensile load was applied at the top surface (Figure 4.3) by displace-

ment control. The maximum applied strain for each test case was < 5%, this ensures
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Figure 4.9: Implemented geometry in Abaqus.

ri [mm] re [mm] Area fraction carburised (af ) [%]

3 3.45 11.8, 23.4, 34.9, 46.2, 57.3
2.25 3.45 5.0, 9.9, 14.8, 19.6, 24.3
1.5 3.45 3.5, 7.0, 10.5, 13.9, 17.2
0 3.45 2.9, 5.7, 8.5, 11.3, 14.0
10 10.01 1.0, 5.0, 14.0, 25.0, 57.0

Table 4.3: Implemented geometry in Abaqus for the tensile specimen.

that calculations do not need to consider non-linear geometric effects that may arise

due to high strains.

Material properties

To create a neural network that is capable of estimating the local stress-strain

properties from a given global response requires training the model using an appro-

priate data set. In order to provide such a data set, a training set must be obtained

that contains the necessary information about how global response is influenced by

the local changes of elastic and plastic properties.

The bulk material properties used for this study was taken directly from [24],

where the uniaxial tensile response is described by a Ramberg-Osgood fit. The

equation that describes uniaxial tensile behaviour for bulk material up to 270 MPa

is

ε
t
b = ε

e
b + ε

p
b =

σ

Eb
+ ( σ

A′
)
B
′

(4.8)

where Eb = 157 GPa, A
′
= 374.3 MPa and B

′
= 8.7873.

As described in section 2.2.4, a Ramberg-Osgood model was also used to de-
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(a) Young’s modulus; (b) Poisson’s ratio

(c) Stress and plastic strain.

Figure 4.10: An example of changing material properties assuming parabolic distri-
bution profile through the carburised layer.

termine the parameters that describe the average carburised layer properties. In

this FE study the carburised layer is modelled assuming a Ramberg-Osgood model

where Young’s modulus, Ec(loc), and plastic deformation parameters, A
′
c(loc), and

B
′
c(loc), are changed assuming linear and parabolic distribution profiles through the

carburised layer:

ε
t
c = ε

e
c + ε

p
c =

σc(loc)
Ec(loc)

+ ( σc(loc)
A′c(loc)

)
B
′
c(loc)

. (4.9)

The position within the carburised layer is defined by the location/position param-

eter, loc, which is 0 at the bulk-carburised layer interface and 1 at the surface.

The equations describing how material properties were modified through the

layer are given in Table 4.4. a
e
, a

p
are parameters that provide reasonable magni-

tudes of material property change through the thickness. Parameters were sampled
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Property Linear Parabolic

Ec(loc) a
e
linloc + Eb a

e
par[loc]2 + Eb

σ(εpc , loc) a
p
linloc + A

′[εpb]
1/B′

a
p
par[loc]2 + A′[εpb]

1/B′

νc(loc) a
ν
linloc + νb a

ν
lin[loc]2 + νb

Table 4.4: Linear and parabolic material property distribution implementation in
Abaqus.

around the average carburised layer properties (Eq. 2.32). Material parameters

were not fitted to give the average carburised layer response, because the objective

of the neural network model is to determine the local carburised layer properties.

Changes in Poisson’s ratio have also been considered, although there are no

data on how Poisson’s ratio might change due to carburisation. The Poisson’s ratio

parameters, a
ν
, were fitted so that Poisson’s ratio within the carburised layer is

0.15 ≤ νc ≤ 0.45. The proposed variation in Poisson’s ratio has been chosen purely

out of the scientific inquiry. Modelling such changes provides some insight on how

changes in Poisson’s ratio might influence the local stress state and stress magnitude.

The bulk material is assumed to be perfectly elastic below 140 MPa (ε
p
b = 0 at

σ < 140 MPa), hence the plastic part (ε
p
b = (σ/A′)B

′

at σ ≥ 140 MPa) of Eq. 4.8 was

scaled using only stresses ≥ 140 MPa. The hardening behaviour of the bulk layer

was calculated by scaling the yield stress and the tangent modulus of the bulk plastic

response to reach a specific plastic strain. An example of how material properties

are varied through the thickness within the carburised layer is shown in Figure 4.10

and the equations for the properties alin and apar are given in Table 4.5.

Linear Parabolic

a
e
lin = Eb[2.612f

e − 2] a
e
par = 3Eb[1.306f

e − 1]
a
p
lin = A

′[εpb]
1/B′

[2.97f
p − 2] a

p
par = 3A

′[εpb]
1/B′

[1.486f
p − 1]

a
ν
lin = f

ν − νb a
ν
par = f

ν − νb

f
e
= [0.8, 0.89, 0.93, 1.0, 1.08, 1.13, 1.25]

f
p
= [0.8, 0.89, 0.93, 1.0, 1.08, 1.13, 1.25]

f
ν
= [0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45]

Table 4.5: Linear and parabolic material property distributions implemented in
Abaqus.
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Figure 4.11: The architecture of the neural network for tensile property determina-
tion.

The NN model training and validation

For the chosen geometry a total 17150 models have been analysed, with half using

parabolic material property distributions for the carburised layer and the other half

using linear distribution profiles. From each study principal stresses, inelastic and

elastic strains were extracted at positions in the carburised layer.

Figure 4.11 shows a neural network model used to develop an estimator for

carburised layer stress and stress triaxiality. The neural networks had 7 inputs

for the stress estimator and 8 inputs for the triaxiality estimator. The observed

stress, σobs, was calculated from the FEA data using axial stress values, σz, where

the applied load was obtained by integrating over the axisymmetric geometry. The

neural networks were built and trained using Matlab, with separate approaches used

to build carburised layer stress magnitude and triaxiality estimators.

Stress magnitude estimator

For the stress state estimator for the carburised layer a multi-layer perceptron was

used as shown in Figure 4.11. This model does not use Poisson’s ratio as an input,

so the neural network was trained using 7 × (∼ 10
6) input data variables. Finding

the best neural network was trial and error approach, where different neural network

architectures were considered. This is a function fitting problem and therefore only

one hidden layer was used, because according to [122], only one hidden layer is

needed for continuous function approximation. The neural networks were tested

using 14, 21, 28 and 42 hidden layers. The hidden layers used a hyperbolic tangent
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sigmoid transfer function. Hence for a single input, xj, where xj is a 1 × 7 vector,

the output of each hidden node can be written as:

a
[1]
i = χ

[1] (w[1]
ij , xj, b

[1]) = tanh(b[1] +
n

∑
j=1

w
[1]
ij xj) (4.10)

where a
[1]
i is the output of each hidden node, χ

[1]
denotes activation function, b is

the bias term, w
[1]
ij are the weight values that are multiplied by each input value.

The ∑n

j=1w
[1]
ij xj term determines whether or not the neurons are activated by the

hyperbolic tangent function. The outputs from all hidden nodes, a
[1]
i , are fed into the

output node which has a linear activation function that gives a continuous output:

χ(w[2]
i , a

[1]
i ) =

n

∑
i=1

w
[2]
i a

1
i + b

[2]
= z

σ̄
(4.11)

where w
[2]
i are the weight factors of each output from the hidden nodes (a

[1]
i ). The

output node calculates the output value, z
σ̄
. The Eqs. 4.10-4.11 are shown for a

single set of inputs, but during actual training, all inputs are passed in a m × 7

matrix, where m corresponds to the size of the training data.

The Levenberg-Marquardt back propagation algorithm was used to train the

neural network model. To optimise the neural network model, a mean squared error

(EMSE) function was used to evaluate the performance by comparing all of the

calculated output values zi with their respective target values, yi. For m number of

outputs the error function is

EMSE =
1
m

m

∑
i=1

(yσ̄i − zσ̄i )2
(4.12)

The Levenberg-Marquardt algorithm minimises the EMSE function by calculating

the second order derivatives of the error function with respect to weight values by

computing the Jacobian matrix using a backpropagation algorithm. The calculated

Jacobian matrix is used to define the Hessian matrix for the special case of the sum

of square error (H ≈ J
T
J). The calculated second order derivatives allow the weight

values to be updated to decrease the error function with each iteration [120, 137].

The data were randomly divided into training, validation and test data sets:

90%, 5% and 5% respectively. The training set is used to train the neural network

model and find the weights and biases, hence 90% of the data were used to build

the model. The validation data are used to evaluate the performance of the neural

network. The validation set are not used during the training stage and this prevents
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the neural network from overfitting the data. The set can also give an indication

when the training is not showing any progress. The test data are used to test

different configurations of the neural network and to give an indication of whether

or not the data set has been poorly divided, e.g. if the validation set error is different

from the training set error [138].

Triaxiality estimator

The stress triaxiality estimator was trained using 8 × (∼ 1.6 × 10
6) input variables.

Initially, this was treated as a regression fitting problem, but this approach was

unsuccessful, as explained in the following section. Nevertheless, a working neural

network model was build by treating this as a classification problem, where instead

of predicting a continuous stress triaxiality value, the stress triaxialities were split

into 5 classes (Table 4.6).

Class Triaxiality ratio Description

1 T/To > 1.1 Severe increase in σh/σ̄
2 1.025 < T/To ≤ 1.1 Increase in σh/σ̄
3 0.975 < T/To ≤ 1.025 Insignificant change in σh/σ̄
4 0.9 < T/To ≤ 0.975 Decrease in σh/σ̄
5 T/To ≤ 0.9 Severe decrease in σh/σ̄

Table 4.6: Assumed classes for building stress triaxiality classifier

In total 6 architectures were tested from which: two had a single hidden layer

with 21 and 28 hidden nodes; two had two hidden layers with (21, 7) and (28,

14); and two had (7,7,7) and (14, 7, 7) configuration. Each hidden layer used the

hyperbolic tangent activation function (Eq. 4.10), however the output layer used

the normalised exponential function (or softmax function) which gives a probability

of each class from 0 to 1. For a single input, the output is a vector whose values

correspond to probability value of each class

z
σ̄
i = χ

[l] (w[l]
ij , a

[l−1]
j , b

[l]) =
exp (b[1] +∑n

j=1w
[1]
ij xj)

exp (∑n

i=1 [b[1] +∑n

j=1w
[1]
ij xj])

(4.13)

Subscript, l, in Eq. 4.13 is the l
th

layer that correspond to the output layer for l− 1

number of hidden layer architecture. The stress triaxiality output vector, z
T
i , will

give n = 5 values – probability values for each triaxiality class. The performance or

the error function, which is minimised with each iteration, in this problem has been

chosen to be the cross entropy function, ECE, and considering n by m outputs the
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error function is shown in Eq. 4.14. The error function, ECE, is minimised using

the scaled conjugate gradient backpropagation method [137].

ECE =
1
m

m

∑
j=1

n

∑
i=1

(yTij ln z
T
ij + (1 − yTij) ln (1 − zTij)) . (4.14)

4.3.2 The NN performance

Stress state estimator

The output of the neural network is the normalised von Mises stress within the car-

(a) Error histogram, where Error = yi − zi; (b) The correlation coefficient
of ∼ 10

6
data points;

(c) Comparison between ANN and FEA calculated results through the carburised layer
for 14% area fraction carburised solid bar.

Figure 4.12: The performance of the stress state estimator.

burised layer at loc. Figure 4.12 shows the performance data of the best performing

stress state estimator for the parabolic distribution which was the network with 28

hidden nodes. Figure 4.12a shows the error histogram with the difference between

the target value, y
σ̄
i , and calculated output, z

σ̄
i . The error histogram has been plot-

ted using a log-scale because of the small deviation from the 0 value. By looking at
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the error histogram, it can be seen that almost all data > 99% are concentrated at

the zero error (red) line.

Architecture EMSE (validation) EMSE (training)

14 5.0E-05 4.0E-05

21 3.2E-05 3.3E-05

28 2.9E-05 2.7E-05

42 1.3E-05 1.0E-05

Table 4.7: Performance indicators for the parabolic distribution von Mises stress
neural network.

Table 4.7 shows the calculated mean squared error functions for the training and

validation data sets. Clearly the neural network with 42 hidden nodes has performed

the best. However the neural network did not provide a good generalisation when

the input parameters were real life data including some noise. As the test data used

have been taken from the finite element models, the neural network is trained on

noise free data, hence the 42 hidden node neural network has been overfitted. The

28 hidden node neural network has been chosen as the best performing model for

generalising a uniaxial model that can use real life tensile test data and this will be

discussed in section 4.3.3.

The regression plot (Figure 4.12b) shows the correlation between the outputs

and target values (normalised to σo). There are two distinct triangle-shaped regions

where the neural network was not able to approximate the solution. The region

around 1.2 < Target < 2 was identified to be the yield stress region close to the

bulk material (at loc ∼ 0). The second region, Target ≈ 3, was the region of the

yield stress values towards the outer surface. Nevertheless, it has to be noted that

Figure 4.12b shows all ∼ 10
6

output values, the values away from the regression line

correspond to ≪ 0.01% of total data points. The remarkable precision of the neural

network is shown in Figure 4.12c where the von Mises stress has been calculated

through the carburised layer. The trained NN gives an almost identical solution to

the finite element predictions.

The training performance of the neural network assuming a linear property gra-

dation can be found in Appendix B.2. In general, the linear neural network was

more easily able to find a generalised solution than the parabolic neural network

and the regression curve showed an almost perfect fit for all tested architectures.

Triaxiality estimator

Developing the stress triaxiality estimator using a linear regression approach was
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(a) Error histogram, where Error = y
T
i − z

T
i ;

(b) Confusion matrix of the triaxiality classifier, where classes are (1) T/To > 1.1; (2)
1.025 < T/To ≤ 1.1; (3) 0.975 < T/To ≤ 1.025; (4) 0.9 < T/To ≤ 0.975; (5) T/To ≤ 0.9;

Figure 4.13: The performance of the triaxiality estimator.

problematic, because the data were highly biased towards the uniaxial stress triaxi-

ality value of T/To = 1. This means that most of the data were close to unity: 84%

of all data were between 0.99 < T/To < 1.01, and 95% between 0.95 < T/To < 1.05.

A neural network could provide model with 84% accuracy by always giving the out-

put as unity. This is not very useful for the cases where stress triaxiality values

have changed significantly. Therefore, the data set was reduced by excluding the

majority of the inputs that corresponded to T/To = 1. By doing this the data set

contained a higher percentage of the data points that would give either a reduction
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or an increase in stress triaxiality. Additionally, this problem was simplified to a

classification problem where the neural network was trained to identify the regions

with changed triaxiality rather than predict the specific value (Table 4.6).

The best performing classifier based on its accuracy was with the model using

[24, 14] hidden layer architecture and the performance of this NN model is sum-

marised in Figure 4.13. The model with [24, 14] hidden nodes was able to accurately

classify 93.8% of the data. Figure 4.13b shows a confusion matrix of the [24, 14]
neural network and this provides more insight of how the model classifies/misclas-

sifies the data. The values on the right-hand column show the recall (Eq. 4.15),

whereas values on the bottom row show the precision (Eq. 4.16).

Recall =
T

(n)

T (n) + F (n) (4.15)

Precision =
T

(n)

T (n) + F (n) (4.16)

The green cells show the correctly classified instances, T
(n)

, where n is the class

number and the red cells show incorrectly classified instances. Recall (sensitivity)

is the fraction of correctly labelled relevant instances over the total number of the

retrieved instances of the same predicted class, T
(n) + F

(n)
(correct and incorrect

instance of the same output class). Considering the first output class, 47793 entries

have been correctly classified, and 1224+40 instances have been incorrectly classified

as class (1); therefore, the recall of (1) is 97.4%. The precision (positive predicted

value) is a fraction of correctly classified instances over the total number of instances

that should have been of the same class, T
(n)+F (m)

(correct and incorrect instance

of the same target class), where m are the rest of the output classes [139].

Architecture Accuracy ECE

21 89.8% 5.00E-02

21, 7 88.4% 5.29E-02

28 88.8% 5.40E-02

28, 14 93.8% 3.23E-02

7, 7, 7 87.7% 5.97E-02

14, 7, 7 89.2% 5.24E-02

Table 4.8: Performance indicators for the parabolic distribution neural network
triaxiality classifiers.

The [28, 14] ANN had the highest recall and precision values out of all tested

models. However, based on the confusion matrix it can be seen that the neural
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network is most likely to incorrectly classify the reduced triaxiality class (4) (see

Table 4.8) where the precision is lowest at 81%.

4.3.3 Tensile response

(a) Predicted stress strain curves compared
with the average model 2.32.

(b) The elastic response;

(c) The predicted 0.2% proof stress and
Young’s modulus values for the carburised
layer.

Figure 4.14: ANN model for carburised layer stress strain response under uniaxial
loading.

The von Mises neural network has been tested to predict the stress-strain re-

sponse of the carburised layer using the observed stress strain curve according to a

real test from [24], where the observed stress is the combination of bulk and car-

burised material response averaged over surface area it acts on. The stress estimator

was tested by using Eq. 4.8 and Eq. 2.32 to calculate the global stress response

assuming af = 14%:

σobs = (1 − af)σb + afσc. (4.17)
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Figure 4.14a shows the output of the parabolic distribution neural network as-

suming a solid uniaxial specimen of re = 3.45mm and carburised layer thickness of

250µm. The solid lines are stress-strain curves of the carburised layer at different

locations away from the surface. The neural network predicts the same stress-strain

behaviour as the bulk at 250µm away from the surface, which is one of the indi-

cators for neural network validity. Secondly, the average stress-strain curve of the

carburised layer can be calculated from the ANN model by integrating the stress-

strain curves over the thickness and compared with the averaged estimate from [24].

The calculated ANN averaged stress response through the carburised layer (denoted

as ”Carb-average (ANN)”) is almost identical with the σc from Eq. 2.32 (denoted

as ”Carb-average”).

It was observed that the biggest difference between the ANN and reference Carb-

average values is at high strain values (2%−3%). At low strain values (Figure 4.14b)

the neural network was able to predict the initial elastic response and yield almost

identically to the reference data. Figure 4.14c shows the mapped 0.2% proof stress

and Young’s modulus through the carburised layer. For the parabolic distribution

the estimated 0.2% proof stress range is between 178 and 907 MPa and Young’s

modulus between 159 and 303 GPa.

The results for a linear distribution profile can be found in Appendix B.2 Figure

B.6. This neural network does not predict as severe yield and Young’s modulus

variations as the NN model trained on parabolic data. The neural Young’s modulus

range for the linear NN is 157 - 253 GPa and the 0.2% yield stressrange is 178 – 548

MPa. From these results it can be said that the mismatch between the outer surface

and the bulk for the linear property distribution is not as severe as for a parabolic

distribution, which is as expected.

4.3.4 Stress triaxiality change

For geometries with re = 3.45 mm and unchanged Poisson’s ratio (νb = νc = 0.3),

there was not a noticeable change in stress triaxiality through the carburised layer for

the given geometry. However, if a Poisson’s ratio variation through the carburised

layer is assumed, this can lead to induced non-axial stresses in the cylinder under

axial load (discussed in Chapter 3). If the bulk material is in the fully plastic region

νb = 0.5 and the carburised layer is elastic (νc = 0.3) the elastic stresses in the

carburised layer can be underestimated.

Figure 4.15 shows how stress triaxiality changes within the carburised layer for

two different parabolic Poisson’s ratio variations. With a decreasing Poisson’s ratio

during elastic loading the stress triaxiality at the outer surface reduces compared

to pure uniaxial loading, Figure 4.15a. The opposite can be observed if the νc is
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(a) Decreasing Poisson’s ratio.

(b) Increasing Poisson’s ratio.

Figure 4.15: ANN model to predict the stress triaxiality in carburised layer under
uniaxial loading for 57% area fraction carburised hollow specimen.

increasing towards the outer surface, Figure 4.15b. The results are consistent with

the analytical solution from Chapter 3 where 2 concentric homogeneous cylinders

were considered under axial load.

For most cases the neural network model performance provided a good general-

isation for approximating stress triaxiality. However, from the confusion matrix as

discussed in section 4.3.2, it has up to a 19% chance of incorrectly classifying some

data. An example of such a poor prediction is given in Appendix B.2 Figure B.5,

where the neural network predicts a severe decrease in stress triaxiality for a model

where the stress triaxiality was not changed significantly T/To ≈ 1.

4.3.5 Summary and discussion

It has been shown that neural networks can be used as highly accurate tools for

function approximation. As the carburised layer material property distribution is

unknown, a trained neural network can rapidly give a prediction avoiding time

consuming finite element modelling. However, the neural network must be trained

in the first place using appropriately sampled data.

Although the proposed neural network has been shown to be a good tool for

approximating material properties within the carburised layer, the neural network
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results should be treated with caution. The NN models were trained using data

provided by finite element analysis and were capable of solving the problem with

great accuracy with respect to FE results. Predicting the stress triaxiality using

the proposed neural network showed the importance of appropriate data sampling.

Although most of the time the neural network was capable of predicting the ap-

propriate triaxiality, in some cases the best model gave completely unreasonable

results (Figure B.5) indicating that it was not capable of generalising the problem

for all geometries. However the tensile property ANN was validated using a known

averaged carburised layer response with σobs − εobs data that the neural network

had not seen before. Furthermore, based on the validation data set error and the

regression data, the trained NN showed that it is capable of approximating the von

Mises stress within the carburised layer with the same accuracy as the FEA.

In reality materials data will have some variability in its mechanical response that

current finite element analysis has not considered. This variability can arise from

material pre-treatment, history effects, testing error etc. The remarkable feature

of neural networks is that, if such variability could be introduced in the training

data set, the output of the trained neural network would correspond to the most

probable scenario. This means that the proposed model could be improved by

introducing some uncertainty in the bulk material properties in the finite element

parametric models. This approach could make a neural network a more robust tool

for determining material properties when new carburised material data are provided.

By changing Poisson’s ratio in the carburised material it has been identified that

any mismatch in the Poisson’s ratio could result in a reduction or increase in stress

triaxiality. If the carburised layer has lower stress triaxiality than the bulk, then

during the elastic loading carburised layer will have reduced stress triaxiality on the

outer surface. This observation is significant when considering damage formation at

the surface. If carbon ingress has the potential to increase Poisson’s ratio on elastic

loading, then the surface could experience a reduction in multiaxial ductility due to

increased stress triaxiality. Currently there is no evidence showing whether carbon

ingress in Type 316H stainless steel causes any changes in Poisson’s ratio. However,

even if Poisson’s ratio has not changed there can still be induced non-axial stresses if

the bulk material is in the fully plastic regime (νb = 0.5) and the carburised layer is

elastic (νc = 0.3). This study has shown that for the given geometry and the material

properties according to Eq. 2.32, the stress triaxiality would be the same as for pure

uniaxial loading. Nevertheless, the implemented geometry only considers the gauge

section of the tensile specimen. If the geometry of a hollow tensile specimen were

implemented, there would be additional constraints for the radial deformation of

the gauge section due to the clamped ends.

The significance of these neural network models is their ability to produce candi-
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date solutions for carburised material tensile properties. The estimated stress-strain

curves through the thickness depend on the initial assumption about the carburised

layer tensile property distribution profile. Therefore, to answer the proposed ques-

tion of whether or not the functional form of carburised layer properties matter, creep

analysis must be performed assuming different functional forms. The presented neu-

ral networks have been shown to estimate solutions that will give an appropriate

global response. Chapters 4.4 and 5 use these results as an input to investigate the

effects of material property distribution profiles on creep deformation.

4.4 Creep damage classification in carburised

structures

Section 4.2 outlined the issues of performing creep measurements on pre-carburised

specimens at high stresses. The mismatch in tensile properties leads to an increased

local stress that causes rapid stress relaxation in the carburised layer. Assuming car-

burisation reduces creep ductility, it was shown that rapid stress relaxation would

cause enhanced damage accumulation in the carburised layer and cause early dam-

age initiation. However, only a single stress value was considered, and there is no

evidence that under different loading conditions and for different area fractions of

carburised material, the response will be the same.

Section 4.3 showed that there could be many material property distribution

profiles that would give the same global σobs − εobs response upon initial loading.

However the creep response had not been investigated using these material prop-

erties. Additionally, for engineering applications where assessment procedures, e.g.

R5, are used, robust simplified analysis is preferred over complicated finite element

models. Therefore, it has been proposed that a carburised structure could be treated

as a homogeneous one but with reduced creep ductility to account for creep damage

initiation. In order to investigate the range of applicability of such an assumption in

this section, a more detailed creep analysis is presented by modelling a uniaxial ax-

isymmetric specimen with different creep property gradations. The artificial neural

network results from the previous section 4.3 are used as an input to define car-

burised layer tensile properties. The local creep strains at various observed strains

are considered and the characteristic creep ductility of the carburised layer is esti-

mated using the reference creep crack size data. A parametric study is considered

where Young’s modulus, creep law multiplier and load are changed. The gathered

data from the parametric study are used to build a support vector machine (SVM)

classification model that can estimate if the time to failure is higher or lower than

for a homogeneous structure to reach the same strain. Note, the present study con-
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siders pre-carburised specimens, although similar analyses could be performed for

specimens carburising under load.

4.4.1 Model description

Uniaxial model

Figure 4.16: Uniaxial creep specimen model.

The geometry of the carburised (af ≈ 14%) specimen is shown in Figure 4.16.

Axisymmetric CAX8RT elements were used in this study. The assumed tensile prop-

erty distributions through the carburised layer are: parabolic (NN model, Figure

4.14a); linear (NN model, Figure B.6); and homogeneous (denoted as 2-bar model,

Eq. 2.32). The bulk tensile properties are according to Eq. 4.8. The assumed

creep property distributions are also parabolic, linear and homogeneous (according

to Figure 3.5b). An additional test case is considered assuming a combination of

parabolic tensile properties and a homogeneous creep distribution profile. The creep

test is modelled under an applied stress of 270 MPa for 10k hours (tend = 10
4

hr).

The value of 270 MPa has been chosen because at this stress interrupted creep tests

have been analysed by Chevalier [24] using pre-carburised specimens with the same

geometry as shown in Figure 4.16.

Simplified uniaxial model

A simplified geometry of the uniaxial model is shown in Figure 4.17. In this model

the gauge dimensions are not the same as Figure 4.16. However, ensuring the same
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Figure 4.17: Simplified uniaxial geometry where area fraction was varied with chang-
ing rint.

area fraction carburised, the local stress response will be the same under uniax-

ial loading conditions. Additionally this model is used to determine the range of

applicability of the assumption that carburised structures can be treated as homo-

geneous but with reduced creep ductility. Therefore, with appropriate kinematic

constraints, a simple test case can be considered under uniaxial loading where area

fraction carburised is varied as a function of radius.

The simplified model was used to run a series of parametric studies assuming

parabolic tensile and creep distribution profiles within the carburised layer (NN

model, Figure B.6). The Young’s modulus, creep law multiplier, area fraction car-

burised (af ), and applied stress (σobs) have been varied in the model.

As real structures have a small area fraction carburised due to the depth of the

carburisation (0.25 − 1mm), the chosen area fractions carburised are 2.5% – 15%.

The loading conditions (σobs) have been chosen to be between 140 – 260 MPa. The

average Young’s modulus values in the literature are cited as 176 GPa [23] and

205 MPa [24]; therefore Young’s modulus has been chosen to be 176 – 239 GPa.

The average reduction in creep law multiplier have been cited as Ao/Ac = 22 [24].

However as there is uncertainty regarding this value, the range of Ao/Ac has been

chosen to be 17.9 - 30.8. The parameters used in this study are summarised in

Table 4.9. In total, this results in 972 models. The collected data have been used to

Parameter Factor

Ec [GPa] [176, 205, 239]
Ao/Ac [-] [17.9, 20.4, 22.0, 24.7, 27.5, 30.8]
σobs [MPa] [140, 155, 170, 185, 200, 215, 230, 245, 260]
af [%] [2.5, 5, 7.5, 10, 12.5, 15]

Table 4.9: Parameters used for the parametric FE study.

build a support vector machine classifier (section 2.3.2) that is capable of predicting

whether or not the carburised layer will reach the assumed creep failure strain, ε
c
f ,

before the homogeneous specimen reaches the same strain under the same loading

conditions (more details in section 4.4.2).
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4.4.2 Results

Stress state

(a) Mises stress at t = 0; (b) Mises stress at t = tend;

(c) Stress triaxiality at t = 0.

Figure 4.18: Stress state through the thickness for assumed distribution profiles
(carburised region).

The stress distribution assuming the actual af = 14% uniaxial specimen geom-

etry loaded at 270 MPa is shown in Figure 4.18. Figure 4.18a and 4.18b shows

the stress through the thickness of the carburised region upon initial loading and

after 10k hours, respectively. All models initially (t = 0) give the same stress state

in the bulk region (227 MPa) which ensures that the global stress response is the

same. Similarly at t = tend all models give the same bulk stress response (256 MPa),

which indicate that although each model has a different creep property distribution

profile, the global steady-state creep rate is the same. By comparing the initial and

final stresses for the Parabolic & 2-bar model can be seen that initially the stress

distribution follows that of a Parabolic model, however at fully redistributed state

the stress will be homogeneous through the carburised layer. On average the stress

in carburised layer after redistribution reduced by factor of 1.53 compared to the

stress upon the initial loading.
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The calculated stress triaxiality shows that initially there is some reduction in

T/To for the given geometry, however, it is less than 5% at the outer surface. At

t = tend the normalised stress triaxiality was unity which indicates that any stress

triaxiality effects for uniaxial loading conditions of this geometry can be neglected.

Therefore this further simplifies the creep damage analysis of the parametric creep

study.

Creep strain accumulation

(a) Total strain accumulation over time; (b) Crack depth vs creep strain, adapted
directly from [24].

Figure 4.19: Creep strain accumulation and the carburised layer creep ductility
reference data.

During stress redistribution phase pre-carburised specimens experience a reduc-

ing creep strain rate that resembles primary creep. Figure 4.19a illustrates this

phenomenon where the observed total strain is plotted against time. By compar-

ing the global response of all 4 cases, the Parabolic & 2-bar model accumulates

the most creep strain (ε
c
obs(tend) = 3.9%) during the stress redistribution phase

(ε
c
obs(tend) = 3.9%). Parabolic (ε

c
obs(tend) = 3.5%), Linear (ε

c
obs(tend) = 3.4%) and

2-bar (ε
c
obs(tend) = 3.4%) models are comparable to each other, but the Parabolic

model would give the highest creep strain accumulation initially. Therefore the

Parabolic model is the second most conservative test case. Despite showing an ac-

celerated creep behaviour initially at tend all models have achieved the minimum

creep rate of ε̇
c
obs(tend) ≈ 1.069×10

−6
[-/hr] which makes the carburised model creep

rate by a factor of 1.69 slower compared to the homogeneous/non-carburised model

creep rate.

In order to make a meaningful creep ductility estimation of the carburised layer

the local creep strains must be considered. Figure 4.19b shows the data from inter-

rupted creep tests of pre-carburised specimens at 240 - 270 MPa [24]. The ductility
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of the carburised layer can be estimated by examination of the local creep strains at

a particular ε
c
obs at the depth that corresponds to the observed crack size. Based on

Figure 4.19b the observed strains of interest are ε
c
obs = 0.75% and ε

c
obs = 1.3%. Fig-

ure 4.20 shows the local creep strain accumulation of each test case for the selected

observed strains.

(a) Creep accumulation for ε
c
obs = 0.75%; (b) Creep accumulation for ε

c
obs = 1.3%.

Figure 4.20: Creep strain accumulation in the carburised layer for different distri-
bution profiles.

Unsurprisingly the maximum creep strain (ε
c
max, Eq. 4.18) is accumulated at

the surface. In all test cases the maximum creep strain at the surface exceeds the

observed total strain; however the accumulated creep strain in the bulk section is

insignificant as the strain accumulation there is dominated by plastic strain due to

the increasing stress. In order to correlate the crack size to the average ductility

of the carburised layer, certain assumptions must be made regarding the charac-

teristic ductility. In this study the characteristic creep strains have been estimated

by assuming that the creep strain to failure of the carburised layer is either the

averaged value between the maximum and minimum creep strains (ε
c
mid, Eq. 4.19)

or the average creep strain value (ε
c
ave, Eq. 4.20) over the crack depth, xc (Figure

4.19b). For values of ε
c
obs = 0.75% and 1.3% the values of xc are 200µm and 250µm

respectively. A summary of the characteristic creep strain values, ε
c
max, ε

c
mid, ε

c
ave, is

given in Table 4.10.

ε
c
max = max(εc(εcobs, {x})) x ∈ [0, xc] (4.18)

ε
c
mid =

1

2
(max(εc(εcobs, {x})) +min(εc(εcobs, {x})) x ∈ [0, xc] (4.19)

ε
c
ave =

1
xc

∫
xc

0

ε
c(εcobs, x)dx (4.20)

The 2-bar model has no variation across the thickness. Using this simplified
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Test case ε
c
obs = 0.75% ε

c
obs = 1.3%

ε
c
max ε

c
mid ε

c
ave ε

c
max ε

c
mid ε

c
ave

2-bar 0.79% 0.79% 0.79% 1.36% 1.36% 1.36%
Linear 0.83% 0.42% 0.51% 1.41% 0.71% 1.08%
Parabolic 0.85% 0.43% 0.34% 1.44% 0.73% 0.86%
Parabolic & 2-bar 0.93% 0.46% 0.16% 1.51% 0.76% 0.51%

Table 4.10: The characteristic creep strains of the carburised layer according to Eqs.
4.18–4.20.

model the estimated creep ductility can be taken as any of the ε
c
ave, ε

c
mid values. The

corresponding creep ductility of the carburised layer is approximately the same as

the observed strain increase. Conversely, by comparing the ε
c
mid values for the other

cases, all of the characteristic creep strain values are 0.42%−0.46% (at ε
c
obs = 0.75%)

or 0.71% − 0.76% (at ε
c
obs = 1.3%), i.e. approximately 60% of the observed strain

increase. The ε
c
ave would give more conservative approximation for models like

Parabolic & 2-bar because in this model at 150µm the creep strains are insignificant

compared to the surface values.

Creep damage classification

Figure 4.21: Illustration of how safe and unsafe regions are determined.

By using the characteristic ductility values, the range of applicability of simpli-

fied assumptions can be determined from the gathered parametric study data. In

the previous sections it has been determined that carburisation causes accelerated

creep deformation during the initial stress redistribution phase. However at the

fully redistributed state the steady-state creep rate is lower than that of a homo-

geneous specimen. Based on this information there is a point of intersection where

creep curves of the carburised specimen will intersect with these of the homogeneous

specimen. If the carburised material response is compared to the homogeneous ma-

terial, the response is illustrated in Figure 4.21. The ⭐ symbol shows the point
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(a) ε
c
f = 2.6% (b) ε

c
f = 0.75%;

(c) ε
c
f = 0.4%

Figure 4.22: Classification of safe (green) and unsafe (red) creep operating regions
using ε

c
mid (Eq. 4.19) as the safety criterion.

of intersection of the carburised and homogeneous specimen apparent creep curves.

Assuming that the carburised layer ductility is reached before the point of intersec-

tion (ε
c
f = ε

1
f ) then the time for the carburised layer to reach ε

1
f is smaller than for

the homogeneous specimen to reach the same creep strain. In this scenario ignoring

the effects of carburisation and treating the carburised structure as homogeneous

but with reduced ductility would lead to a higher lifetime estimation than it actu-

ally is. Therefore this region is denoted as the unsafe region. Conversely, if the

creep ductility of the carburised layer falls after the ⭐ point (e.g. ε
c
f = ε

2
f ), then by

treating the carburised structure as homogeneous but with reduced ductility would

be a conservative approach for lifetime estimation. Therefore, every point on the

right from the point of intersection (Figure 4.21) is classified as safe.

The SVM classifier has been built based on the above safe and unsafe crite-

rion and using ε
c
mid as the characteristic creep ductility value. Figure 4.22 shows the
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results from the SVM model with FE data points of the selected models. The bound-

ary that separates the safe and unsafe regions has been fitted for a 5-dimensional

parameter space, where the parameters are the data from Table 4.9 and the assumed

carburised layer creep ductility (ε
c
f/εf ∈ [1; 0.05]). The vertical axis is the observed

applied stress, and the horizontal axis represents the area fraction carburised. The

points × and ◯ denote the unsafe and safe points based on the FE analysis, and the

red (unsafe) and green (safe) regions are the SVM model predictions. The overall

accuracy of correctly classifying data of the SVM model was 99.6%.

Figure 4.22 only shows the data of a carburised structure that has average

Young’s modulus of 205 GPa and Ao/Ac = 22. Irrespective of the assumed creep

ductility, Ao/Ac or the average Young’s modulus all of the models show that with

increasing area fraction carburised, the threshold of the safe region increases. Con-

sidering no change in creep ductility (Figure 4.22a), the FE data predict that the

safe-unsafe region boundary for af = 2.5% is somewhere between 230 MPa and 245

MPa. The trained SVM model predicts that for the same ε
c
f , below ≈ 197 MPa the

homogeneous assumption will give conservative lifetime estimates for thick-walled

structures with insignificant area fraction carburised. If af > 12% then the safe

region extends up to 260 MPa.

Considering the case with the current suggestion for the carburised ductility

value (Figure 4.22b), the lower bound value is ≈ 175 MPa and for af = 15% it is

σobs < 232 MPa. By changing the average Young’s modulus from 176-239 MPa the

safe-unsafe boundary changed only by ±5 MPa. Even assuming the reduction of

creep ductility is a factor of 6.5 (Figure 4.22c) the analysis still indicates that a

conservative lifetime estimation would be obtained for stresses below 160 MPa if the

structure was treated as a homogeneous structure with reduced ductility value.

A similar stress model has been built using the maximum creep strain (ε
c
max, Eq.

4.18) as the creep ductility criterion and the results can be found in Figures 4.23 and

4.24. As the maximum creep strain is used, these results would provide more con-

servative safe-unsafe boundary estimation. However even by assuming the reduction

of creep ductility by factor of 8, the model predicts that below 150 − 160 MPa for

af = 1% and 195 − 20 MPa for af = 15% it is acceptable to use the homogeneous

assumption to determine the creep damage initiation within the carburised layer

(Figure 4.23). Figure 4.23 also shows the sensitivity of the safe-unsafe boundary

to the assumed Young’s modulus of the carburised layer. Assuming no reduction

in creep ductility, the changes in the boundary are insignificant. However, even by

assuming severe reduction in ductility, the changes in the boundary vary by ±5 MPa

compared to the assumed Ec = Eave = 205 GPa value

Figure 4.24 shows that changes in the creep deformation rate does not influence

the boundary of the safe-unsafe region. If value of A0/Ac = 16, then the boundary of
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Figure 4.23: Classification of safe and unsafe creep operating regions using max-
imum creep strain as the safety criterion (changes due to reduced ductility and
mismatch in Young’s modulus).

10% area carburised specimen is around 230 MPa. Whereas, if value of A0/Ac = 28,

the boundary is around 238 MPa. Hence the assumed value of the reduction in creep

law multiplier are not that important for determination of the safe/unsafe boundary
1
. By changing the reduction in the creep law multiplier, A0/Ac, it was found that

a higher reduction in creep rate only slightly increases the safe boundary threshold.

1
The data points denoted as x’s and o’s represent only the Ao/Ac = 22 points

Chapter 4 J. Cakstins 123



The Effects of Carburisation on Creep Response of Type 316H stainless steel

Figure 4.24: Classification of safe and unsafe creep operating regions using maxi-
mum creep strain as the safety criterion (changes due to reduced creep law multi-
plier).

Assuming ε
c
max as the ductility criterion and taking the reduction in creep rate as

16 < A0/Ac < 28 (ε
c
f = 0.75%; Ec,ave = 205GPa) the change in the safe-unsafe

boundary was only 8 MPa.

From the acquired data, the redistribution times, tred, were calculated. By

considering all of the models where the carburised material creep rate is reduced by

a factor of 22, the time needed to reach redistributed stress state is around ∼ 10
5

hours. The time needed to reach the failure strain is less than the time needed to

reach a complete stress redistribution.

4.4.3 Summary and discussion

It is difficult to interpret the creep ductility of the carburised layer from the data.

The creep ductility, ε
c
f , in the study presented in this chapter has been treated as
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a single value. However, if creep ductility of the carburised layer, ε
c
f , is a function

of carbon concentration, stress magnitude, stress state and microstructure, such

an assumption is likely to be inaccurate. The present study indicates that the

observed increase in strain in a carburised specimen can overestimate the average

creep strain in the carburised layer. Although locally some parts accumulate higher

creep strains compared to the global response, the analysis showed that depending

on the carburised layer creep ductility definition, the creep ductility can be either

underestimated or overestimated. By considering the creep strain across the whole

crack depth, and assuming the ε
c
mid or ε

c
ave the creep ductility can be lower than

predicted from the global response. On the contrary, the ε
c
max definition can overes-

timate creep ductility. The 2-bar model shows higher creep strain accumulation in

the carburised layer, hence the creep ductility of the carburised layer is most likely

higher than predicted by [24]. However, engineering applications the present study

shows that even if conservative characteristic creep ductility definitions are used

(ε
c
mid, ε

c
ave), for a 250µm carburised layer, a creep ductility of 0.75% is an acceptable

assumption based on crack size of 250µm and ε
c
obs = 1.3%.

An important observation is that with increasing area fraction carburised the

boundary of the safe-unsafe region increases in a simplified model using homoge-

neous analysis. This can be explained by considering the total deformation of the

specimens. A specimen with higher area fraction carburised leads to reduced global

deformation. Therefore, the total strain for high af carburised structures will be

smaller compared to low area fraction carburised structures.

It has been shown that the reduction in creep rate in the carburised material

is not of major importance for finding the boundary for the safe-unsafe region.

This further emphasises the importance of accurate tensile property determination

which has been shown to have a significant impact on the creep stress redistribution

process which is the key factor determining the lifetime of carburised structures.

The boundary of the safe-unsafe regions only corresponds to the ratio of times

required for carburised and homogeneous structures to reach the same creep strain.

However another metric could be implemented that would describe the ratio of

the time required for carburised material to reach a certain failure strain versus a

homogeneous material to reach a different failure strain (e.g. 2.6%). This approach

was examined in this analysis. However the results indicated that between 140-260

MPa the carburised layer always reach failure before the homogeneous material.

Thus, it would not be conservative to use homogeneous deformation analysis with

homogeneous material ductility for pre-carburised specimens.

The presented study only considers pre-carburised specimens, therefore, a sim-

ilar case study could be considered where carburisation kinetics are taken into ac-

count, similar to the study proposed in section 4.2. Additionally considering various
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af , Ao/Ac, σobsEc parameters the redistribution time (t
c
red) could be calculated. It

can be postulated that if the time to failure for the carburised layer is greater than

the time to reach the minimum creep strain (t
c
red < t

c
f ) rate, then

ε
c
c(t) = εcc(tcred) + ε̇cc ⋅ (t − tcred)

The minimum creep strain rate, ε̇
c
c, of the carburised structure is known from the

analytical solution (section 3.3.1 and 3.3.3), and the creep strain at the redistribution

time ε
c
c(tcred) could be found from various parametric studies for various loading

conditions and af carburised. The proposed analysis would determine conditions

where carburisation could extend the lifetime of the structure.

The safe/unsafe regions identified by the creep damage classification show the

same observation that was identified in section 4.2. At high stresses even by assum-

ing no reduction in creep ductility, the carburised layer will accumulate more creep

strain and leads to earlier damage initiation. The analysis shows that simplified

creep analysis, where the structure is treated as homogeneous with reduced ductil-

ity, should not be used in such circumstances. In the unsafe region time to failure of

the homogeneous structure exceeds the time to failure of the carburised structure.

However, the present analysis has identified the region at which the homogeneous

assumption with reduced ductility becomes acceptable.
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Analysis of bifurcation pipework

5.1 Introduction

As discussed in section 2.2.3, carburisation is influenced by factors such as temper-

ature, gas composition, pressure, surface finish, and stress state. Although carburi-

sation of stainless steels is a complex process and its kinetics in AGR environment

are not fully understood, in terms of structural integrity assessments, engineers are

interested in how carburisation will impact lifetime assessment of components sus-

ceptible to carburisation and creep damage.

Bifurcation welds in AGR’s are known to be susceptible to creep crack growth

[19]. Furthermore, recent research has been attempting to predict surface crack

initiation considering the effects of pipe cold-forming, welding and in-service op-

eration [140]. However, analysis considering a homogeneous structure without the

effects of carburisation has failed to predict microcrack initiation at the hardened

surface. Therefore, there is a need for an assessment methodology that is capable

of predicting damage initiation on the hardened outer layer.

One of the proposed assessment methods is to assume a homogeneous structure

but with reduced creep ductility. It is known from previous chapters that such

an assumption can lead to an underestimate of the time to failure, particularly if

the creep analysis is based on pre-carburised material. If the carburisation occurs

while the material is subjected to in-service loading conditions, then the effects of

reduced creep strain can offer an extended lifetime compared to that predicted with

a simplified homogeneous assumption with reduced creep ductility. However, for real

component assessment the homogeneous assumption greatly simplifies the analysis

procedure. Therefore there is a need to investigate the range of applicability of this

assumption.

The objective of this chapter is to understand how carburisation influences the

structural integrity assessment of an in-service pipework joint. The bifurcation

127



The Effects of Carburisation on Creep Response of Type 316H stainless steel

pipework is modelled using Abaqus finite element software using different mate-

rial property distributions. Additionally, simplified models for capturing in-service

carburisation have been proposed. The performance of various carburised models

are compared with the reference/homogeneous model, where the effects of carburi-

sation are ignored, but material ductility is reduced by some factor. Finally, the

effects of carburisation depth are investigated by modelling the carburised structure

with a carburised layer thickness of 0.25 mm and 1 mm.

5.2 The bifurcation pipework joint model

The bifurcation pipework joint geometry and loading conditions have been taken

from earlier investigations of the effects of manufacturing history on creep-fatigue

damage accumulation of the same geometry [140]. The following model does not

consider the effects of manufacturing, defects or residual stresses in the heat affected

zone. The models assumes constant loading conditions, a temperature of 550
o
C, and

uniform bulk material (Type 316H stainless steel).

5.2.1 Implementation in Abaqus

The discretised geometry of the component that has been used in FEA is shown

in Figure 5.1. The component combines the flow of superheater steam of two inlet

tubes from bent tubing (denoted as 1) into a single outlet tube (denoted as 2). The

inlet tubes have 38.1 mm outside diameter and 4.06 mm wall thickness; the outlet

tube has 50.8 mm outside diameter and 5.38 mm wall thickness. The transition

stub (denoted as 3) joins the outlet tube with the bent tubing. A more detailed

engineering drawing of the geometry can be found in [140].

(a) Front view; (b) Side view and carburised layer discreti-
sation.

Figure 5.1: The bifurcation pipework joint geometry implementation in Abaqus.
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Half of the geometry has been modelled to save computation time. Therefore,

z-symmetry boundary conditions (Figure 5.1a) have been applied. The ends of

the inlet tubes have been constrained in the x-direction and the outlet end has

been constrained in the y-direction respectively to allow tube ends to expand. The

loading conditions of in-service operation have been applied: an internal pressure

(pi) of 16.8 MPa and external pressure (pe) of 3.9 MPa. The model does not consider

cyclic loading conditions or other system loads, e.g. boiler expansion and rotation

at the boiler inlet ends.

To analyse such a structure the mesh refinement has to be sufficiently small to

account for the thin carburised layer with variations in material properties. The

optimal mesh size has been found by carrying out a small mesh sensitivity analy-

sis to achieve a sufficiently refined mesh where results do not change significantly

with higher refinement and computation time is within reasonable limits. The

model consists in total of 58920 thermally coupled quadratic brick 20-node elements

(C3D20RT). The outer surface has been discretised using eight elements to account

for up to 1 mm carburisation depth (Figure 5.1b).

5.2.2 Material properties and model description

Reference model

The bulk material tensile properties of Type 316H stainless steel at T = 550
o
C are

described by Eq. 4.8, and the creep properties used are the same as those listed in

section 2.2.4. The following material properties were used to calculate the results

for the reference/homogeneous test case:

εb = ε
e
b + ε

p
b =

σ

157000
+ ( σ

374.3
)

8.7873

(4.8)

ε̇
c
b = 8.876 × 10

−35
σ

10.18
. (5.1)

Pre-carburised models

The pre-carburised (denotes as PC) models, similar to pre-carburised models from

Chapters 3 and 4, assume 3 different property distribution profiles: 2-bar, linear, and

parabolic. Creep property distribution profiles can be found in Chapter 3, Figure

3.5. The tensile properties for the carburised part of the model are 2-bar according

to Eq. 2.32:

εc =
σc
Ec
+ ( σc

1304
)

1
0.19

; (2.32)
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The parabolic tensile properties for the model are according to results from Chapter

4, Figure 4.3.3; and for the linear assumption according to Figure B.6 in Appendix

B.2.2.

Two carburisation depths have been considered. Three models consider the

characteristic carburised layer depth of 0.25mm (area fraction carburised: 5.2%–

6.8%), and three with 1mm (area fraction carburised: 20.4%–26.8%). The pre-

carburised simulations examine if the carburisation distribution profile influences the

creep damage calculation, and where conservativism might arise if the pre-carburised

assumption is used for structural integrity assessment.

Carburising models

The carburising models (denoted as C) assume that at the start of the simulation

the structure is uncarburised and consists of pure Type 316H stainless steel mate-

rial. Given the size of the model, it was found to be impractical to implement the

carburisation kinetics as was done in section 4.2.

According to [14], carburisation of the Type 316 steel tubes develops rapidly over

about 18k hours and then slows down up to 48k hours. The purpose of the models is

not to model carburisation kinetics accurately, but to investigate how carburisation

times influence creep damage assessment. Therefore, a simplified assumption has

been made that carburisation occurs instantly at either tc = 2 × 10
3

or tc = 2 × 10
4

hours of operation. Before tc, the material is assumed to be homogeneous, at tc

there is a step-change in carburisation kinetics and the outer surface of the struc-

ture becomes carburised according to 2-bar, linear, or parabolic material definitions

described above. Although such a step-change is not realistic, an argument can

be made based on the results from section 4.2, such that, by assuming a reduced

creep ductility of the carburised layer from the start (which is base material when

t < tc) the overall creep damage accumulation in the proposed model will be higher

compared to the model with more realistic carburisation kinetics. Therefore, the

proposed carburising model will be more pessimistic as the structure does not expe-

rience any benefits of the reduced creep rate due to carburisation (see M(El, P l, Cr)
in Figure 4.6a). Hence, if t < tc the carburised layer has base tensile and creep defor-

mation properties, but creep ductility is reduced, and if t ≥ tc the carburised layer

has carburised creep deformation, creep ductility and tensile properties.

In total 8 carburising (C) models have been analysed of which half assume car-

burisation depth of 0.25mm or 1mm, and 2-bar or parabolic material property

distribution profiles.
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5.2.3 Calculation of creep damage

The calculation of creep damage is based on the creep strain output from the FE

models and a ductility exhaustion model. An implicit integration scheme was used

in the FEA using a creep error tolerance value of 1 × 10
−7

.

The ductility exhaustion model is described in detail in sections 2.1.2 and 2.1.3,

where creep damage is calculated using the ductility exhaustion approach (Eq. 2.9):

ω
c
= ∫ dε

c

εf(ε̇c)
. (2.9)

In Eq. 2.9 creep damage is calculated based only on the equivalent creep strain,

hence to account for ductility reduction due to increased stress triaxiality Eq. 2.16

is used,

ω
c∗
= ∫ dε

c

ε∗f (ε̇c)
, (2.16)

where Spindler’s multiaxial ductility factor (Eq. 2.15) with p = 2.38 and q = 1.04 is

used to calculate the modified creep ductility (ε
∗
f ) according to the stress state.

The analysis does not include ductility dependence on the stress magnitude, be-

cause the purpose of this chapter is to investigate the relative effects of carburisation

compared to the reference (homogeneous) model. Hence the creep ductility of the

base material is assumed to be εf = 2.6%. The time for creep damage initiation

has been calculated based on ω
c

and ω
c∗

damage estimates when damage parameter

reaches unity and normalised as:

t
N
f =

tf(εf)
thomf (εf = 2.6%)

(5.2)

t
N∗
f =

tf(εf)
thomf (εf = 2.6%)

. (5.3)

In section 4.4.2 Table 4.10 the characteristic uniaxial creep ductility values of

the carburised layer where estimated to be ∼ 0.45% and ∼ 0.75%. According to

the proposed advice on creep damage calculations for R5, a creep ductility value of

0.75% is suggested compared to 2.6% for base material. Therefore, in this study the

assumed creep ductility values of the carburised layer are 0.26% ≤ εf ≤ 2.6%. A

more detailed damage accumulation over time are presented for the carburised layer

creep ductility values estimated in section 4.4.2, where εf = 2.6%, 0.75%, 0.45%.
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5.3 Results

The following set of results have been gathered at the point which sustains the most

creep damage in the structure. For all models the maximum damage point was the

same. Therefore, a comparison has been made between the homogeneous/uncar-

burised model (denoted as Hom) and PC/C models.

5.3.1 Creep damage initiation in a homogeneous structure

(a) OS, σ̄(0) (b) OS, σ̄(10
5
hr) (c) OS, σ̄(10

6
hr) (d) OS, σ̄(10

8
hr)

(e) IS, σ̄(0) (f) IS, σ̄(10
5
hr) (g) IS, σ̄(10

6
hr) (h) IS, σ̄(10

8
hr)

(i) OS, ε̄
c(10

8
hr) (j) IS, ε̄

c(10
8
hr)

Figure 5.2: Contour plots of von Mises stress and creep strain at various times at
the outer surface (OS) and inner surface (IS).

According to the current assessment advice for carburised structures assessment

[24], carburised structures are treated as homogeneous but with locally reduced duc-

tility. Therefore this section presents a damage calculation based on this assumption

and investigates how the creep damage initiation time might change.

Figure 5.2 shows contour plots of von Mises stress change over time and accu-

mulated creep strain at the point with the maximum creep strain. The maximum

creep strain is accumulated on the outer surface at the transition stub and bent

tubing interface. Upon initial loading, the stress in the most highly stressed region

is 186.5 MPa, which is above the material’s 0.2% yield stress. As stresses relax in

the structure, at the end of the simulation (tend = 10
8

hr) the von Mises stress in

the transition stub and bent tubing interface has dropped to 114.8 MPa.
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Despite the long simulation time, complete stress redistribution was not achieved

in the structure. The structure has very lowly stressed regions of von Mises stress

value of 2.2 MPa. The stress response in the midsection of the pipe initially follows

Lamé’s equations [71] with a hoop stress value of 52 MPa at the inner surface at the

bent tubing, and at tend the stress drops to 48.7 MPa, hence steady state had not

been reached.

Although full stress redistribution had not been achieved, the area of interest in

these models is the maximum creep strain and creep damage accumulation. Figure

5.2i show the region of the highest accumulated creep strain: a maximum of 6.6%

creep strain. Creep damage calculations have been performed assuming the material

has the uniaxial creep ductility of ≤ 2.6%, and creep damage accumulation over time

assuming 2.9 and 2.16 is presented in Figure 5.3.

(a) Damage calculation based on equivalent
creep strain;

(b) Damage calculation including multiaxial
ductility factor.

Figure 5.3: Creep damage accumulation in a homogeneous structure assuming re-
duced ductility due to carburisation.

For the R66 [89] creep ductility of 2.6% and ignoring the effects of multiaxial

stress state (Eq. 2.9), the time for creep crack initiation under the given loading

conditions is 9.414 × 10
6

hours (> 1000 years). If the creep ductility is assumed to

be reduced to 0.75% (factor of 3.5) or 0.45%, the time to failure reduces by factors

of 7.8 or 18.1, respectively (Figure 5.3a).

Figure 5.3b shows creep damage accumulation according to Eq. 2.16. Consid-

ering the local stress triaxiality, the material at the most highly stressed region is

under hydrostatic tension with stress triaxiality being T (t = 0) = 0.626 and the

value of stress triaxiality is not changing significantly over time (T (t) ≈ const). As-

suming no reduction in creep ductility (εf = 2.6%), the time to reach creep damage

initiation is 6.057 × 10
6

(≈690 years). However considering a reduction in creep

ductility by a factor of 3.5 (εf = 0.75%) the time to damage initiation reduces by a
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factor of 9.75. The times for creep damage to reach unity assuming different creep

ductility values at the most highly stressed region, are summarised in Table 5.1.

εf t
hom
f (ωc) [hr] t

hom
f (ωc∗) [hr]

2.6% 9.414 × 10
6

6.057 × 10
6

0.75% 1.205 × 10
6

6.212 × 10
5

0.45% 5.204 × 10
5

7.018 × 10
4

Table 5.1: Creep damage initiation times assuming different creep ductility and
creep damage models for homogeneous test case.

5.3.2 Effects of material property distribution profile

(a) Hom: σ̄(0) (b) 2-bar: σ̄(0) (c) Lin: σ̄(0) (d) Par: σ̄(0)

(e) Hom: σ̄(tend) (f) 2-bar: σ̄(tend) (g) Lin: σ̄(tend) (h) Par: σ̄(tend)

(i) Hom: ε̄
c(tend) (j) 2-bar: ε̄

c(tend) (k) Lin: ε̄
c(tend) (l) Par: ε̄

c(tend)

Figure 5.4: Contour plots of the stress state and creep strain accumulation in homo-
geneous and pre-carburised bifurcation models. Note, the scales in 5.4a-5.4h differ
from those in Figure 5.2.

Contour plots of von Mises stress and accumulated creep strain for the homo-

geneous structure and for models with a pre-carburised (carburised layer thickness:

0.25mm) layer are shown in Figure 5.4. All of the pre-carburised models lead to

an increased von Mises stress in the highly stressed region. Additionally, all of the

PC models show decreasing stress with time due to stress redistribution. However,

the magnitude of the stress depends on the assumed carburisation property distri-

bution. The bi-layer (2-bar) assumption leads to the lowest stress of the PC models
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at the point of interest (σ̄(0) = 342 MPa and σ̄(tend) = 199 MPa). Linear and

parabolic assumptions give significantly higher initial von Mises stress: 439 MPa

and 555 MPa, respectively. At tend, the parabolic model has a stress of 255 MPa

stress near the transition stub and bent tubing.

Figure 5.5: The normalised creep strain accumulation of pre-carburised models as-
suming different creep material property distribution profile.

Despite the enhanced von Mises stress due to the hardened outer layer, the ac-

cumulated creep strain at tend for all pre-carburised models is essentially the same

(≈ 6%), which is 0.7% lower than the homogeneous model (Figures 5.4i – 5.4l).

However, Figure 5.5 shows that the normalised creep strain is initially higher com-

pared to the homogeneous case. The 2-bar model at t = 1 hr has accumulated a

creep strain which is a factor of 12 higher than the accumulated creep strain in

the homogeneous case. The linear and parabolic assumptions leads to a factor of

18 higher creep strain. For the given loading conditions the linear and parabolic

models exhibit similar creep strain response while having different stress values.

Despite the initial increase in creep strain, at t = 10
5

hours all of the PC models

have converged to the same creep strain value which is 1.5 times higher than the

homogeneous creep strain value, and after t = 10
6

hours the total creep strain is

below that of the homogeneous model. Creep damage accumulation over time is

summarised in Figure 5.6. Figures 5.6a–5.6c shows damage accumulation assuming

uniaxial ductility exhaustion model based on equivalent creep strain (Eq. 2.9),

and Figures 5.6a–5.6c use the ductility exhaustion model including multiaxial stress

effects (Eq. 2.16).

Assuming no reduction in carburised material ductility (εf = 2.6%), despite the

accelerated creep damage accumulation due to the increased stress the creep lifetime

is extended for the pre-carburised models compared to the homogeneous model (Fig-
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(a) ω
c(t, εf = 2.6%) (b) ω

c(t, εf = 0.75%); (c) ω
c(t, εf = 0.45%);

(d) ω
c∗(t, εf = 2.6%); (e) ω

c∗(t, εf = 0.75%); (f) ω
c∗(t, εf = 0.45%).

Figure 5.6: Creep damage accumulation at the surface of pre-carburised models
assuming different creep ductility and damage models.

ure 5.6a and 5.6d) by a factor of ≈ 1.25, because of the reduced accumulated creep

strain at long times. Allowing for a reduction in creep ductility due to multi-axiality,

the time for creep damage to initiate is extended by factor of 1.1. The reduced factor

is a result of the reduced times to failure (see Figure 5.2) rather than any significant

triaxiality differences between the homogeneous and PC models. Hence the homo-

geneous model is a more conservative model for creep damage initiation assuming a

creep ductility of 2.6 %.

Figures 5.6b and 5.6e show results assuming a creep ductility of 0.75%. Ignoring

the effects of multi-axiality, almost identical results are obtained for the time to

damage initiation using pre-carburised and homogeneous assumption (Figure 5.6b).

However, including the effects of reduced creep ductility due to stress state, the time

to damage initiation is reduced to a factor of 0.73−0.79 of that of the homogeneous

model with the same ductility.

With further reductions in creep ductility, the effects of material property dis-

tribution become more prominent and the time to damage initiation starts to differ

between the PC models. Assuming a creep ductility of 0.45%, for the 2-bar model

the time to failure is 0.6 that of the homogeneous model, whereas the parabolic

model leads to a time to failure of 0.5t
hom
f (including multiaxial effects).

The dashed lines in Figure 5.6a - 5.6f show creep damage accumulation of an
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Test case εf = 2.6% εf = 0.75% εf = 0.45%

t
N
f t

N∗
f t

N
f t

N∗
f t

N
f t

N∗
f

2-bar 1.24 1.11 0.13 0.08 0.05 0.03
Linear 1.26 1.10 0.13 0.08 0.05 0.03
Parabolic 1.26 1.12 0.13 0.07 0.04 0.03

Table 5.2: The normalised failure time of pre-carburised test cases according to Eqs.
5.2–5.3.

homogeneous model assuming creep ductility values the same as the carburised

models: either 2.6%, 0.75% or 0.45%. A more informative way to represent the

impact of the carburised layer on creep damage initiation time is to normalise the

time to damage initiation with respect to the homogeneous test case with εf = 2.6%.

The normalised times for damage to reach unity from Figure 5.6 with respect to the

homogeneous model (with εf = 2.6%) are summarised in Table 5.2. Considering

models where creep ductility of the carburised layer is 0.75%, time for creep damage

initiation is significantly reduced. Although the creep ductility is reduced by a

factor of 3.5, the time for damage initiation is reduced by a factor up to ≈ 14.2

(see parabolic t
N∗
f ). From Table 5.2, it can be deduced that for each creep damage

model there is a ductility value at which the PC model leads to lower normalised

creep damage initiation time estimates (t
N
f and t

N∗
f is less than 1). For the given

geometry and loading conditions, this ductility value at which carburisation could

extend lifetime is ≈ 2.3%. A summary of how t
N
n and t

N∗
f change for different εf

values is summarised in a graph in Appendix C Figure C.1.

(a) Based only on equivalent creep strain; (b) Including multiaxial ductility factor.

Figure 5.7: Creep damage initiation time in pre-carburised and homogeneous test
cases assuming different ductilities.

Figure 5.7 shows the time to damage initiation for creep ductility values between

0.26% and 2.6%. Figure 5.7a is according to Eq. 2.9 and Figure 5.7b according

to Eq. 2.16. If the effects of multi-axiality are ignored, then for uniaxial creep
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ductility values above 0.7% the homogeneous model (with reduced creep ductility)

leads to more conservative damage assessment. However, for ductility below 0.7%

the homogeneous assumption overestimates the time for damage initiation relative

to the PC models.

Allowing for the effects of multiaxial stress state, the point where the PC curves

intersect with the homogeneous curve is at εf = 1.5% (Figure 5.7b). Therefore,

for the homogeneous model to be more conservative, uniaxial creep ductility must

exceed 1.5%.

Figures 5.7a and 5.7b show that the material distribution profile has no signif-

icant influence on the creep lifetime assessment. PC curves start to differ only at

low ductility values, where the parabolic material distribution profile is the most

conservative.

5.3.3 Effects of carburisation time

As it has been established that the material property distribution profile is not that

significant for uniaxial creep ductilities between 0.26% ≤ εf ≤ 2.6%, this section only

considers the FE results using a parabolic distribution. Hence PC now refers to the

parabolic assumption and a carburised layer thickness of 0.25 mm (as in section

5.3.2).

Figure 5.8: The normalised creep strain accumulation of pre-carburised and car-
burised models assuming pre-carburised and carburising models and carburisation
depth of 0.25 mm.

Figure 5.8 compares the accumulated creep strain in pre-carburised and carburis-

ing material. C-2k and C-20k refers to carburising models that are being carburised

in 2k and 20k hours respectively. Inevitably the carburising models have normalised
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creep strain values of unity before the material property change occurs. After the

material becomes carburised there is a reduction in the overall creep strain due to

the increased carburised layer creep resistance. Both carburising models at ∼ 10
5

hr converge to the same creep strain value and at 4× 10
6

hr the carburising models

converge to the same normalised creep strain as the pre-carburised model. The main

difference between the carburising and pre-carburising models is that the normalised

creep strain of the carburising models never exceeds unity.

(a) ω
c(t, εf = 2.6%) (b) ω

c(t, εf = 0.75%); (c) ω
c(t, εf = 0.45%);

(d) ω
c∗(t, εf = 2.6%); (e) ω

c∗(t, εf = 0.75%); (f) ω
c∗(t, εf = 0.45%).

Figure 5.9: Creep damage accumulation at the surface of pre-carburised and car-
burising models.

Test case εf = 2.6% εf = 0.75% εf = 0.45%

t
N
f t

N∗
f t

N
f t

N∗
f t

N
f t

N∗
f

C-2k 1.40 1.36 0.20 0.16 0.10 0.10
C-20k 1.40 1.36 0.20 0.16 0.10 0.10

Table 5.3: The normalised failure time of carburising test cases according to Eqs.
5.2–5.3.

Similar to analysis of results in section 5.3.2, creep damage accumulation over

time and normalised failure times are summarised in Figure 5.9 and Table 5.3. The

reduced creep strain accumulation is reflected in the calculated time for damage

initiation, where for all models t
N
f and t

N∗
f are larger than for pre-carburised test

cases (Table 5.2). This indicates that carburising while being subjected to load
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can increase the time for damage initiation depending on the reduction of ductility.

Comparing the results for εf = 0.75% shows if the creep ductility is reduced by a

factor of 3.5, the time for damage initiation is reduced by a factor of ≈ 6.2 (t
N∗
f ).

Table 5.3 shows that t
N
f and t

N∗
f are comparable so that multi-axial stress effects do

not reduce the normalised time for damage initiation.

(a) Based only on equivalent creep strain; (b) Including multiaxial ductility factor.

Figure 5.10: Creep damage initiation time in carburising and homogeneous test
cases assuming different ductilities.

The εf − tf plots in Figure 5.10 show that the homogeneous structure model

for a wide range of creep ductility is more conservative in terms of tf compared

to the structure that is carburising while being subjected to load. For the assumed

creep ductility values, the carburisation time does not influence the time for damage

initiation.

5.3.4 Effects of carburisation depth

In this section the effects of carburisation depth are analysed by comparing the

results for a carburisation depth of 0.25 mm from sections 5.3.2 and 5.3.3 to results

assuming a carburised layer depth of 1 mm (20.4% ≤ af ≤ 26.8%). Only parabolic

distribution profiles are presented here. Additionally, section 5.3.3 has shown that

the time for creep damage initiation is the same for C − 2k and C − 20k models.

Therefore, in the following section, only results for C − 2k models are shown and

are denoted C.

Figure 5.11 shows the difference in accumulated creep strains for the 1 mm

carburised models from the models with a carburisation layer of 0.25 mm depth.

It can be seen that at short times the normalised creep strain is lower than in the

0.25 mm PC models (factor of, 3 and 18, respectively). This is due to lower initial

stresses in the carburised layer as more load is redistributed over a larger area.
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Figure 5.11: The normalised creep strain accumulation of pre-carburised and car-
burising models assuming carburisation depth of 0.25 mm and 1 mm.

The carburising models predict the same response initially, as they must, but after

carburisation (2k hours) the 1 mm models experience a higher drop in normalised

creep strain. Both of the 0.25 mm models converge to ε
c
c/εco = 0.89 and the 1 mm

models to ε
c
c/εco = 0.61 at tend.

The higher resistance to creep deformation of the 1 mm models is reflected in

lower creep damage accumulation (Figure 5.12 and Table 5.4). The pre-carburised

models with a carburisation depth of 1 mm have longer times for damage initiation

compared to the models with carburisation depth of 0.25 mm (Tables 5.2 and 5.3).

The 1 mm models have longer times for creep damage initiation compared to models

with lower carburisation depth. Figure 5.4 shows that larger area fraction carburised

can extend lifetime even assuming a pre-carburised structure. Hence, this makes

the homogeneous assumption more pessimistic for 1 mm carburised structure. The

carburising models lead to damage initiation time being extended by 3–5 times,

hence indicating the importance of the kinetics of material property changes.

Test case εf = 2.6% εf = 0.75% εf = 0.45%

t
N
f t

N∗
f t

N
f t

N∗
f t

N
f t

N∗
f

PC (1 mm) 2.66 2.31 0.30 0.17 0.11 0.07
C-2k (1 mm) 3.03 2.98 0.48 0.42 0.24 0.27

Table 5.4: The normalised failure time of pre-carburised and carburising test cases
with 1 mm carburisation depth, according to Eqs. 5.2–5.3.

The calculated tf curves in Figure 5.13 show that the higher area fraction car-

burised shifts the failure curves further to the right-hand side (dotted lines). For

creep ductilities in the range of 0.1% – 2.6 % the homogeneous model becomes non-

conservative only at εf = 0.3% relative to the PC model, which includes the effects of
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(a) ω
c(t, εf = 2.6%) (b) ω

c(t, εf = 0.75%); (c) ω
c(t, εf = 0.45%);

(d) ω
c∗(t, εf = 2.6%); (e) ω

c∗(t, εf = 0.75%); (f) ω
c∗(t, εf = 0.45%).

Figure 5.12: Creep damage accumulation at the surface of pre-carburised and car-
burising 0.25 mm and 1 mm models

multi-axiality. For carburising models, the homogeneous assumption always remains

conservative assumption for the given strain ductility range, for the carburisation

depth of 1 mm.

(a) Based only on equivalent creep strain; (b) Including multiaxial ductility factor.

Figure 5.13: Creep damage initiation time in pre-carburised, carburised and homo-
geneous test cases assuming different uniaxial ductilities and carburisation depths.

Appendix C contains additional results regarding creep damage initiation times.

Due to normalisation with the homogeneous test case with fixed ductility (εf =

2.6%), the presented results in Tables 5.2 - 5.4 conceal some useful information.
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Similar results are presented in Table C.1 where the creep damage initiation times

are normalised with respect to the homogeneous test case assuming the same duc-

tility. The values in Table C.1 above unity imply that if the homogeneous model

is assumed with reduced ductility, then such an assumption would give a conser-

vative prediction compared to models where carburised layer is accounted for. In

addition, Figure C.1 shows graphs of t
N
f and t

N∗
f values assuming a range of εf val-

ues. Figure C.1 contains the same information as Figures 5.7, 5.10, and 5.13 and it

clearly shows under what ductility assumptions the time for creep damage initiation

is higher compared to non-carburised/homogeneous geometry.

5.4 Summary and discussion

The results presented in this chapter for a complex geometry have shown similar

trends regarding carburised material creep as in Chapters 3 and 4. As complete

stress redistribution was not reached in realistic times, creep damage calculations

have shown that damage can initiate during the stress redistribution phase, and the

results emphasise the limitations of analytical steady state solutions.

The analysis of the homogeneous structure predicts damage initiation in hun-

dreds of years. However, the calculated time for damage initiation should only be

used for comparison purposes to compare carburised model performance relative to

the homogeneous case. The analysed problem does not consider residual stresses due

to cold-forming, welding, post-weld heat treatment, and the effects of cyclic loading,

which are important for structural assessment. However, the model predicts the

maximum accumulated creep damage to be at the same location as analyses of the

homogeneous bifurcation structure under different loading conditions in [140].

The initial assumption regarding the state of the material (pre-carburised or car-

burising during service) has been shown to be of major importance for structural

integrity assessments. If the structure is assumed to be pre-carburised, then the

carburised surface is at high stress on initial loading but stress relaxation leads to

reduced stress and ultimately to reduced strain accumulation relative to the homo-

geneous structure. Depending on the assumed ductility and initial stress the ho-

mogeneous model, reduced creep ductility can give conservative or non-conservative

lifetime estimation. For the given loading conditions, the pre-carburised models only

lead to earlier damage initiation than homogeneous model when creep ductility is

below 1.5% for a carburisation depth of 0.25 mm. Above a ductility of 1.5% the

time for creep damage to initiate in the carburised structure is higher than for the

homogeneous structure with the same ductility. For higher area fraction carburised,

pre-carburised assumption shows that the structure can gain benefit from reduced

creep strain rates, hence making the homogeneous model with reduced creep duc-
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tility a more pessimistic approach for creep damage initiation calculation.

The pre-carburised results clearly indicate that the distributed material proper-

ties give the same accumulated creep strain results as the simplified 2-bar model.

This is only true for longer time-scales (≈ 10
4−10

5
) when more creep strain is accu-

mulated in the material, hence the initial creep strain accumulation due to mismatch

in material properties becomes insignificant. However, during cyclic behaviour car-

burised material properties can be important parameter for constructing hysteresis

loops. Figure C.2 in Appendix C shows an example of stress versus strain graph for

the parabolic, 2-bar and homogeneous models. It shows that regardless of which car-

burised material distribution is used, the bulk response remains unchanged. Hence

if damage accumulation in the bulk part of the material is of interest, then the car-

burised layer material property distribution is not important. However, considering

the carburised layer response, the difference in initial stress magnitude will lead to

different relaxation behaviour and could lead to erroneous creep analyses at higher

stresses.

As the structure becomes more carburised and the carburisation depth increases,

the overall creep strain rate decreases. Hence all of the 1 mm models predict that

with this increased carburisation depth, creep damage initiation time increases com-

pared to the structures with a carburisation depth of 0.25 mm. It has to be noted

that the same material properties have been used for 0.25 mm and 1 mm models.

For higher carburisation depth, creep ductility may reduce more severely. Hence the

results do not necessarily imply that higher area fraction carburised is beneficial to

the structure than smaller area fraction carburised.

Limitations of the current model are that cyclic material response is not consid-

ered. As considered in [140], creep-fatigue interaction can influence the lifetime of

the component. According to [15], a significant concern is that due to cyclic plas-

ticity, the peak stresses in the carburised layer can increase with each cycle, hence

accelerating creep damage accumulation. Hence with each dwell cycle, the structure

could undergo the initial stress redistribution phase and accumulate higher creep

strain compared to steady-state operation. Therefore, the question of how carburi-

sation influences creep-fatigue interaction is still unknown, especially considering

pre-carburised and carburising material models.

Modelling complex geometries that have been carburised significantly increases

the difficulty of creep analysis. The mesh has to be refined to account for the

carburised layer, especially if any property gradation is introduced. Fortunately,

results show that the material property distribution profile is not that significant.

The simplified bi-metallic (2-bar) assumption predicted the same time for creep

damage initiation as the linear and parabolic distribution profiles. Hence, if a more

complex FE assessment procedure is required, then a 2-bar model may be sufficient.
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Advice on carburised structure

assessment

In [15], advice is given on structural assessment of carburised stainless steel compo-

nents. Guidance on related material properties inputs to the assessment is contained

in [24]. This chapter assesses this advice and guidance based on the results obtained

in this study.

6.1 Monotonic tensile properties

The monotonic tensile properties of the carburised layer play an important role

in determining the stress magnitude and the total deformation of the structure.

As the carburised layer is harder than the bulk material, treating a component as

homogeneous and made of bulk material will result in overestimation of elastic-

plastic deformation. The homogeneous assumption might be appropriate when the

carburised area fraction is negligible; however, if the assessment aims to predict crack

initiation, then the mismatch in tensile material properties should not be neglected.

The current advice for carburised material properties is based on a 2-bar model,

assuming uniform material properties through the carburised layer. Uniaxial speci-

men analysis (Figure 4.18a) and bifurcation analysis (Figure C.2) have shown that

the 2-bar model is an acceptable assumption for estimating the stress magnitude

in the bulk section. The 2-bar assumption gives essentially the same stress and

triaxiality magnitude in the bulk section as the use of more complex graded ma-

terial models. However, in the carburised layer, the bi-layer assumption results in

underestimated stress magnitude towards the surface (most carburised region). If

cyclic creep conditions were considered, the bi-layer assumption would result in an

incorrect stress at the start of the dwell (Figure C.2). However, this would reduce an

over-conservatism in the homogeneous material assumption, which leads to an over-
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estimate of the total strain range. The homogeneous material assumption would,

therefore, underestimate the stress and overestimate the strain at the start of dwell

(Figure C.2). An incorrect stress prediction will result in an erroneous creep strain

and wrong hysteresis loop prediction. However, the effects of carburisation on cyclic

creep behaviour were out of the scope of this project; hence, more research needs to

be done to improve our understanding of the impact of the bi-layer assumption.

A parametric study has shown that the Young’s modulus is not that influential

for determining the conservative/non-conservative boundary (Figure 4.23), however

this might not be true for cyclic response due to cyclic hardening effects. Elastic

analysis (Figure A.1) and FEA analysis (Figure 4.15) of a uniaxial specimen have

shown that, if the carburised layer has a lower Poisson’s ratio compared to the

bulk layer, then under uniaxial loading there can be reduced stress triaxiality in the

carburised layer. This can occur, if the carburised layer is deforming elastically (e.g.

νc = 0.3) and the bulk section is deforming plastically (νb = 0.5). The lower stress

triaxiality would result in increased ductility in cylindrical specimens. Additionally,

the elastic analysis (Figure A.1) has shown that the 2-bar model could underestimate

the stress magnitude in the carburised layer (if the bulk is deforming plastically and

the carburised layer is deforming elastically). Nevertheless, FE analysis has showed

that at high stresses, the effects of stress triaxiality and non-axially induced stresses

are negligible in uniaxial specimens (Figure 4.18c) and can be ignored.

6.2 Creep properties

The current advice for creep analysis of a carburised structure based on [24] is

to assume a homogeneous structure consisting of bulk material but with a creep

ductility reduced by a factor of 3.5. Based on a single creep test creep deformation

properties have been proposed in [24], which are to reduce the creep law multiplier

of the carburised layer by factor of 22 from that of bulk material. Chapters 3–5

have investigated the impact of such assumptions and compared the results to more

detailed analyses, including those using graded material properties.

6.2.1 Creep deformation

Creep deformation is influenced by material condition (pre-carburised or carburis-

ing) and stress magnitude. Chapter 4 (Figure 4.6b and 4.19a) highlighted that at

high stresses pre-carburised material shows accelerated creep deformation due to

rapid stress relaxation in the carburised layer. The creep deformation during the

stress redistribution phase depends on the assumed tensile and creep properties.

Once steady state creep is reached, a carburised structure will have a reduced creep
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deformation rate (Chapter 3.2), but the reduction will depend on the area fraction

carburised and the assumed reduction in creep rate.

By comparing the creep deformation of components consisting of bi-layer mate-

rial and graded material models, the evidence shows (Figure 5.5) that the bi-layer

assumption is a valid assumption for creep lifetime estimation for longer dwell times.

At longer dwell times, the effects of initially accelerated creep deformation become

negligible compared to the total creep strain. However, at high stresses, the bi-

layer assumption can underestimate the creep deformation rate due to the enhanced

creep that arises of the high stresses induced by the mismatch in tensile properties.

Whether or not the shape of the creep property distribution function within the

carburising layer is important, depends on the monotonic tensile property data. If

the shapes of the property distribution functions for creep and tensile properties

are the same, then according to the evidence presented, the shape of the function

does not matter as long as it is consistent. However, if carburisation causes severe

hardening at the surface, but the reduction in creep deformation is uniform through

the layer, this can result in severe creep strain accumulation at the surface (Figure

4.19a). However, as the shape of the material property distribution function is not

known the bi-layer assumption remains a reasonable assumption for determining

global and local creep strains.

A parametric study has shown that the exact value of the average creep law

multiplier is not that important for determining at what conditions the homoge-

neous material assumption becomes non-conservative (Figure 4.24). However, in

carburising models, the reduction in creep deformation always offers the benefit of

reduced overall creep strain rate; hence for a structure carburising while under the

load the homogeneous assumption will always lead to an overestimation of creep

strain within the structure (Figure 5.11).

6.2.2 Creep ductility

Confidence in creep ductility value

The work presented in chapter 4 has re-evaluated the estimated creep ductility of

the carburised layer (value of 0.75%), which is based on interrupted creep tests. The

creep ductility in [24] was measured based on the recorded strain once a crack had

reached the carburised layer thickness. The observed strain is not pure creep strain

but is a combination of creep, plastic and elastic strains which arise due to stress

redistribution. Hence the estimated creep ductility in [24] does not consider the local

creep strain accumulation which may arise due to graded material properties and

stress redistribution. Hence the finite element model in section 4.4.2 has mapped the

local creep strain values at 0.75% and 1.3% to re-evaluate the ductility assumption.

Chapter 6 J. Cakstins 147



The Effects of Carburisation on Creep Response of Type 316H stainless steel

The bi-layer model (2-bar) predicts 0.4% − 0.6% higher average creep strain

within the carburised layer compared to the observed strain (Figure 4.20, Table

4.10); hence indicating that the actual creep ductility of the carburised layer might

be higher than initially predicted. On the contrary, the graded material models

all showed that the creep ductility in a carburised layer could be less than the ob-

served strain. However, the methodology used for the characteristic creep ductility

in graded models is based on average and median creep strain values. The presence

of the carburised layer reduces stress in the bulk section resulting in an insignificant

creep rate in the bulk section compared to the carburised layer during the redis-

tribution phase for high area fraction carburised specimens. Hence the calculated

ductilities based on median and average assumptions across the carburised layer will

underestimate the creep ductility and show contradicting results compared to the

2-bar model. Nevertheless, considering the current results, the 0.75% assumption

for creep ductility should remain unchanged.

The inherent conservatism in the ductility value should be re-evaluated with

further modelling work. The model presented in section 4.4.2 is based on an intact

specimen. As the recorded experimental data are based on a growing the crack size,

simplified damage mechanics should be included in future work. With the same

geometry and material properties, a new parametric study should be made that

could account for increasing crack size. For thin specimens, crack propagation will

result in an increased stress in the specimen and an accelerated creep rate. Matching

the global strain response and crack growth with data in Table 4.10 will give a better

ductility approximation. This could be achieved by introducing an element failure

criterion, where element load-bearing capacity reduces to zero once a specific creep

strain is reached. Such an analysis could reduce the conservatism in the εf = 0.75%

assumption.

Homogeneous assumption re-evaluation

The analytical solution in Chapter 3 has shown that internally pressurised compo-

nents with an outer carburised layer experience reduction in stress triaxiality in the

bulk and unchanged stress triaxiality at the surface (Figure 3.7). The bi-layer as-

sumption predicts unchanged stress triaxiality in the carburised layer, which shows

that the bi-layer model is a more conservative assumption compared to graded mate-

rial models. Hence, if the steady-state is reached, carburisation could offer increased

creep ductility for the bulk material, whereas the simplified homogeneous assump-

tion would result in unchanged ductility.

The homogeneous assumption will result in an overly pessimistic assessment

for components that are carburised while being subjected to load (Figure 5.10).

For thin components with higher area fraction carburised, the disparity between
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the failure initiation times for homogeneous and carburising models increases even

further (Figre 5.13). Therefore, for a conservative assessment methodology, a smaller

area fraction carburised should be used when a load controlled assessment is made

using the bi-layer assumption.

If a structure is carburised before load application (pre-carburised), then an

assessment using the homogeneous assumption will not necessarily lead to a con-

servative evaluation. At high stresses (or strain ranges) upon initial loading the

carburised layer accumulates more creep strain compared to uncarburised structure

(Figures 4.7a, 5.5, and 4.22). The bifurcation analysis clearly shows that there is a

point of interception in ductility values below which the homogeneous assumption

would overestimate creep damage initiation compared to the pre-carburised model.

The point of intersection depends on stress magnitude, stress state and area fraction

carburised. Triaxial tension can shift the point of intersection (Figure 5.5) above the

assumed 0.75% ductility value, meaning that the homogeneous assumption would

not be an appropriate assumption for lifetime prediction (Figure 5.7b).

6.3 Relative timescale comparison

For the results from parametric studies in Chapter 4 and the bifurcation weld anal-

ysis in Chapter 5, additional comments should be made here about the relative

timescales involved and the applicability of analytical solutions from Chapter 3 for

real component analysis. As discussed in Chapter 1, some plant components have

now operated for periods in excess of 250,000 hours (∼ 10
5
) [11]. In contrast, labo-

ratory creep tests usually range from a few hundred hours to tens of thousand hours

(from ∼ 10
2

to ∼ 10
4
) [100]. It is believed that carburisation only mainly occurs at

near the start of life when the chromium oxide present is broken down, and a duplex

oxide starts to grow;, and the literature [14, 24, 76] indicates that time where most

carburisation occurs is within ∼ 10
4

hours from the start of operation.

From uniaxial specimen models (Chapter 4.4), the time needed to reach complete

stress redistribution (tred) in the stress interval of 140 - 270 MPa and 2.5% < af <

15% is in the range ∼ 10
4

to ∼ 10
5

hours. Considering that creep tests in laboratory

conditions at T = 550
o
C are performed at stresses in excess of 240 MPa, the results

from Chapter 4.4 suggest that for such specimens a complete stress redistribution

is not possible (tred >> 10
5
) and specimens will reach the failure strain before

complete stress redistribution is attained. However, these conclusions are based on

models where primary creep is ignored, whereas from creep tests, it is known that

primary creep can contribute significantly to the total creep strain. For a carburised

structure, an accelerated initial creep rate would reduce the time to reach full stress

redistribution that arises due to the material property mismatch. Therefore, if the
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effects of primary creep were modelled, then more accurate predictions about creep

redistribution times could be made.

From the bifurcation analysis it can be concluded that for such a complex ge-

ometry, complete stress redistribution is not achievable in realistic timescales due to

significant regions of the structure being subjected to low stresses (Figure 5.4). If the

carburised layer creep strains are considered relative to the homogeneous model, the

time needed to reach a constant creep strain relative to the homogeneous test case

is in the range ∼ 10
5

to ∼ 10
8

hours (Figure 5.5, 5.8, 5.11). The time for stress re-

distribution is strongly influenced by the area fraction carburised where higher area

fraction carburised result in longer redistribution times (e.g. Figure 5.11). Hence a

carburised component will develop creep damage whilst operating under non-steady

state conditions.

By considering the timescales required to reach stress redistribution, it can be

concluded that assuming a Norton creep law, ε̇
c
= Aσ

n
, fitted to secondary creep

data, the steady state will often not be reached within plant operating lifetime.

Therefore, the steady state solutions presented in Chapter 3 are of limited use for

direct application. However, they are of value in evaluation of timescales and may

also be of value in estimating the effects of primary creep by fitting the Norton creep

law to describe the average creep rate under primary/secondary creep over relevant

timescales.

6.4 Carburised structure assessment range of

applicability

The range of applicability of the simplified methodology of [24] has been evaluated

by finding the point of intersection at which the homogeneous assumption would

predict a longer time to failure compared to the pre-carburised assumption. For

thick components, where the carburised layer thickness is insignificant compared to

the rest of the structure, below nominal stresses of ≈175 MPa the use of the homo-

geneous assumption with the proposed creep ductility of 0.75% will be acceptable

(Figure 4.22c). Above stresses of 175 MPa the bi-layer assumption should be used for

structural integrity assessments. For thin components, the stress magnitude (applied

σobs) threshold increases due to increasing area fraction carburised. For uncracked

components with 10% area fraction carburised (e.g. bifurcation weld geometry) the

stress magnitude below which homogeneous assumption remains conservative is 220

MPa.

Although the analytical solutions in Chapter 3 do not consider stress redistri-

bution effects, they can be used as a useful tool to mathematically predict at what
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conditions a carburised layer might extend the lifetime of a component. The an-

alytical solution in section 3.4 has shown that components with af < 15% do not

get any increase in lifetime (Figure 3.6)
1
. However, carburised structures with

af > 38% could, in theory, have a longer time to failure compared to a homogeneous

component under the same load.

A significant limitation for the proposed limits is that the bounds do not consider

stress triaxiality effects. The bifurcation study has shown that hydrostatic tension

can significantly influence time for damage initiation (Figure 5.7b). This limitation

could be addressed by running a series of parametric studies of carburised pressure

vessels (e.g. pipe geometry) with different geometries. Gathering sufficient data

from such a FE study, an SVM or ANN model could be built that would account

not only for uncertainty in material properties but also for multiaxiality.

1
Assuming ductility reduction by factor 3.5 and creep law multiplier reduction by factor of 22
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Chapter 7

Conclusions and areas of future

work

The UK’s advanced gas-cooled reactors are approaching the end of their original de-

sign lives. Due to the high-temperature carbon-rich environment, several material

issues have emerged. Predicting environmentally assisted microcrack formation due

to carburisation and creep/creep-fatigue interaction has proven to be a challeng-

ing task. The existing assessment procedure for high-temperature assessments (R5)

does not predict creep/creep-fatigue crack initiation under such conditions. This

has led to development of a simplified approach for assessing carburised structures.

The research presented in this thesis has helped to gain a better understanding of

carburisation-creep interaction and has assessed the validity of the current simplified

approach. This has produced a number of conclusions which are presented in Chap-

ters 3-6. The main conclusions are summarised in this chapter along with selected

areas identified where further research would be beneficial.

7.1 Mechanical response of a carburised material

7.1.1 Steady state creep

A mathematical proof using bounding theorems has shown that a non-homogeneous

structure with a region of locally increased creep resistance will have a smaller creep

energy dissipation rate on average than a homogeneous structure. Hence, this leads

to the conclusion that, at the steady state, the carburised layer with reduced creep

rate will lead to a reduced overall structural creep deformation rate.

An analytical solution based a the two-material structure under uniaxial load

has been adapted to predict the carburised layer creep properties and stress state

assuming graded material properties. The uniaxial solution showed that for the same
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applied load, the creep resistant parts of the structure carry a higher part of the

load to ensure compatible creep deformation. Hence, while the more creep resistant

part is subjected to higher stress magnitude, the underlying bulk material is at lower

stress. This shows that if the carburised layer is modelled as a homogeneous layer,

the stresses at the surface can be greatly underestimated. The simplified analytical

solution has also shown that carburised structures with a small carburised area do

not gain any benefit in terms of increased time for creep damage initiation compared

to a homogeneous material.

An analytical solution for a thick-walled cylinder has been developed by treating

the cylinder as a number of concentric cylinders, this can account for any carburised

layer property distribution profile. The concentric cylinder analytical model has

provided an understanding of the effects of carburisation on the stress state in cylin-

ders. For internally pressurised cylinders with a carburised outer layer, the stress

triaxiality of the underlying bulk material is reduced. Hence, in such a structure car-

burisation has the potential to protect the bulk material at the steady state through

increased ductility resulting from multiaxial effects. The creep stress triaxiality in

the carburised layer is unchanged if the carburised layer is treated as having uniform

properties. In addition, the effects of geometry were also investigated, and it was

found that the normalised stress response in thin pipes resembles the normalised

stress response of the uniaxial analytical solution.

7.1.2 The effects of material condition

As the analytical solutions are only valid in steady state creep, finite element models

of an uniaxial specimen were analysed to understand stress redistribution effects.

The 3-D uniaxial tensile specimen models have shown the impact of the carburised

material tensile properties at high stresses. The models showed two completely

different behaviours for materials which were carburised before or after the load

application.

Material carburised before the load application

Finite element models have shown that under laboratory conditions, where tests

are performed at high stresses, the global response of a test specimen with a layer

of pre-carburised material shows accelerated creep deformation compared to the

homogeneous specimen. Such an observation could be falsely interpreted as accel-

erated creep behaviour for the whole structure. However the results clearly indicate

that additional creep relaxation processes occur only in the carburised layer and

these lead to additional creep strain accumulation in the carburised layer. The

additional creep strain cannot be deduced from the global deformation response;
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hence the creep strain in the carburised layer can be underestimated. In addition,

the deformation in the bulk material is largely caused by additional plastic strain

accumulation instead of creep strain.

As the available carburised materials data in the literature are only available on

pre-carburised specimens, a neural network model has been developed that can pre-

dict the carburised material properties based on the recorded global response from a

uniaxial tensile test. The neural network was trained using the data gathered from

thousands of finite element models and proved to be an effective tool for predicting

the monotonic tensile properties by making some assumptions about the shape of

the distribution of properties within the carburised layer. The trained neural net-

work can be used as a tool to predict material properties in functionally graded

materials avoiding time-consuming finite element analysis. The estimated material

properties were used for the development of support vector machine models that

were able to predict under what conditions the homogeneous material assumption

would lead to conservative or non-conservative assessment.

Material carburised after the load application

Structures containing materials that are carburised after the load application have

been shown to avoid the rapid damage accumulation that is seen in pre-carburised

materials at high stresses. If the material is carburising while subjected to load, the

damage calculations of uniaxial creep specimens at high stresses have shown that

the creep damage is closer to the damage in homogeneous specimens; conversely the

damage in pre-carburised material can be an order of magnitude higher. Analyses of

a bifurcation weld geometry assuming various ductility values showed the importance

of choosing the correct carburisation assumption
1
. Although carburising models

still predicted early damage formation, these showed that assuming carburisation

at short times after the load application would reduce unnecessary conservatism in

the proposed homogeneous assumption methodology.

7.2 Carburised structure assessment

According to the evidence presented, the carburised layer tensile properties are key

inputs that influence the life of pre-carburised specimens that are crept at laboratory

conditions, i.e. high stresses. If the carburised layer tensile properties are deduced

from an uniaxial hollow specimen under uniaxial loading, the carburised layer duc-

tility can be increased through reduced stress triaxiality
2
. However, if the carburised

1
Assuming pre-carburised or carburising after the load application

2
If the bulk material is deforming plastically (νb = 0.5) and the carburised layer elastically

(νb = 03).
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layer yields, at higher stresses, any changes in the stress triaxiality are negligible in

uniaxial specimens. Therefore, the fitted Ramberg-Osgood model (Eq. 2.32 from

[24]) for the average carburised material properties is a reasonable assumption for

predicting the global deformation and the local stress magnitude and stress state in

the bulk section.

Creep damage accumulation is significant for components at high stresses, mainly

stresses above the material yield strength. This research has clearly showed that for

assessment of carburised structures, the material state is of major importance for

determining the sustained creep damage. If a material is carburising following load

application, a structure has a reduced creep strain rate and avoids the rapid stress

relaxation phase which occurs if material is pre-carburised. However, the reduced

creep strain does not imply that the creep damage initiation time of a component

will be extended from that of a homogeneous component. Evidence clearly shows,

if the carburising assumption holds true, that the proposed assessment procedure

of treating a structure as uncarburised with reduced ductility, will lead to overly

conservative creep assessment.

Support vector machine and artificial neural network models built using data

gathered from parametric finite element studies have proven to be robust tools for

accounting for the uncertainty in material property data. Considering the current

advice on carburised material data, thick components with insignificant area fraction

carburised of applied stress above 185 MPa should not use the homogeneous assump-

tion. For thin components, the range of the homogeneous assumption increases to

220 MPa due to benefit of overall reduced creep strain. However these values are

based on excluding any effects of stress triaxiality, which should be addressed with

further research.

7.3 Suggestions for future work

This work has answered some of the questions regarding the creep response of car-

burised type 316H stainless steel components; however, the process of inquiry has

opened new questions. As pre-carburisation can lead to rapid creep strain accumu-

lation within the carburised layer, the carburised layer creep ductility value should

be re-evaluated using FE modelling and/or testing. A more appropriate method for

ductility evaluation would be incorporating creep damage in FEA, where elements

drop load-bearing capacity once a failure condition is met. This approach would

be more appropriate for re-evaluating creep ductility than the one presented in this

work. In addition, there is strong evidence that carburisation during a creep test

could lead to a more accurate estimate of creep ductility and evaluation of creep

deformation properties. This type of test would allow for testing at higher stresses,
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hence carburised layer materials data could be acquired in reasonable time-frames

and avoid cracking due to initial loading. Therefore, such testing could offer signif-

icant benefits for materials data acquisition.

The current estimates of carburised layer creep properties are based on a single

creep test. There is a significant experimental challenge to evaluate the reduction

in creep law multiplier of carburised material relative to bulk material. Specimens

cannot be loaded to high stresses because of the brittle nature of the carburised

layer. This results in performing creep tests at lower stresses and they are time-

consuming. In order to determine the creep law multiplier, a steady state must be

reached, but due to the large time-frames it is often unclear whether or not this has

been achieved. Hence the determination of the creep properties has been proven to

be a challenging and expensive task. Material properties could be found numerically

using finite element analysis in conjunction with machine learning methods. Similar

to the method developed to determine the tensile properties, a neural network model

could be built that could predict material creep properties based on the global

response of a specimen at short times.

The bifurcation analysis showed how stress triaxiality could impact lifetime as-

sessment. The proposed bounds for the range of applicability of the simplified

assessment approach do not consider multiaxial effects; hence a parametric study

could be performed on a pressurised cylinder under internal and/or external pressure

assuming different geometries (ri ∶ re and area fraction carburised). Gathering suffi-

cient data from such simulations, an ANN or an SVM model could be developed that

would take into account stress triaxiality effects. In addition, such models would

provide bounds for actual AGR pipework, take into consideration any geometric

effects, and account for variability in material properties.

In the work presented, only the effects of carburisation under forward creep

has been addressed. During AGR operation, the boiler components are subjected

to cyclic loading conditions with dwell times of about 10
4

hr. This raises impor-

tant questions regarding creep-fatigue damage accumulation within the carburised

layer. Research has shown that over extended time periods, the bi-layer assumption

would give the same creep damage prediction compared with more complex graded

material models. This might not be true during cyclic loading, especially when a

component is subjected to higher service loads. The cyclic behaviour could consid-

erably change the hysteresis loop due to cyclic hardening. It is unknown how graded

material properties will change the stabilised hysteresis loop, or if the carburising

model will provide any ”benefit” compared to assuming pre-carburised material. In

addition, current research has shown that the value of Young’s modulus is not that

significant for finding the range of applicability of the simplified approach, but con-

sidering material cyclic hardening behaviour, this might not be the case. Therefore
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further analysis is needed to re-evaluate the current R5 advice on the appropriate

carburised layer fatigue endurance and creep ductility values and provide a better

understanding of carburisation and creep-fatigue interaction.

Finally, understanding carburised material behaviour under creep conditions

could be further extended by considering cracked components. The literature sug-

gests that the rate of carburisation is stress dependent. Therefore, this raises ques-

tions, such as how carburisation would influence the onset of crack propagation

due to changes in material properties near a crack tip; how carburising and pre-

carburisation behaviour would change the current procedure for assessing defects in

R5 Volume 4/5.

Chapter 7 J. Cakstins 157



References

[1] Radioactive Waste Management (RWM). The UK’s nuclear history. 2018.

url: https://www.gov.uk/guidance/the-uks-nuclear-history (visited

on Oct. 17, 2019).

[2] Parliament of the United Kingdom. “Climate Change Act 2008”. In: HM

Government (2008), pp. 1–103. issn: 0959-8138. doi: 10.1136/bmj.39469.

569815.47. url: http://www.legislation.gov.uk/ukpga/2008/27/

pdfs/ukpga%7B%5C_%7D20080027%7B%5C_%7Den.pdf.

[3] National Audit Office. Nuclear power in the UK. Tech. rep. The Department

of Energy & Climate Change, 2016. url: https://www.nao.org.uk/wp-

content/uploads/2016/07/Nuclear-power-in-the-UK.pdf.

[4] Simon Shaw and Dean Thornton. “A History of Dosimetry for the Ad-

vanced Gas-cooled Reactors”. In: EPJ Web of Conferences 106 (Feb. 2016).

Ed. by A. Lyoussi, p. 02009. issn: 2100-014X. doi: 10 . 1051 / epjconf /

201610602009. url: http : / / www . epj - conferences . org / 10 . 1051 /

epjconf/201610602009.

[5] EDF Energy. Nuclear lifetime management. 2018. url: https://www.edfenergy.

com/energy/nuclear-lifetime-management (visited on Oct. 17, 2019).

[6] British Energy Group. How an AGR power station works. 2006. url: https:

//archive.uea.ac.uk/%7B~%7De680/energy/energy%7B%5C_%7Dlinks/

nuclear/How%7B%5C_%7Dan%7B%5C_%7DAGR%7B%5C_%7Dpower%7B%5C_

%7Dstation%7B%5C_%7Dworks.pdf.

[7] “Nuclear”. In: Energy Resources and Systems: Volume 1: Fundamentals and

Non-Renewable Resources. Ed. by Tushar K. Ghosh and Mark A. Prelas.

Dordrecht: Springer Netherlands, 2009, pp. 453–647. doi: 10.1007/978-90-

481-2383-4_9. url: https://doi.org/10.1007/978-90-481-2383-4_9.
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[13] S. Palkó, F. Scenini, and R. A. Ainsworth. “Factors Affecting the Oxidation

and Carburisation Behaviour of an Austenitic Stainless Steel Used in the

UK Advanced Gas-Cooled Reactors”. In: Proceedings of the ASME Pressure

Vessel and Piping Conference. 51593. Prague, Czech Republic: ASME, 2018,

V01BT01A067. isbn: 978-0-7918-5159-3. doi: 10 . 1115 / PVP2018 - 84279.

url: http://dx.doi.org/10.1115/PVP2018-84279.

[14] C. M. Younes. Oxidation and Carburisation of Type 316 Stainless Steels in

AGRs Environments. Technical report CMY/IAC/15/C04. Interface Analy-

sis Centre, University of Bristol, June 2015.

[15] Marc Chevalier. “The Assessment of Creep-Fatigue Crack Initiation in Car-

burized Austenitic Stainless Steel”. In: ASME 2018 Symposium on Elevated

Temperature Application of Materials for Fossil, Nuclear, and Petrochemi-

cal Industries. Seattle, WA: ASME, Apr. 2018, V001T03A003. isbn: 978-0-

7918-4076-4. doi: 10.1115/ETAM2018-6713. url: http://proceedings.

asmedigitalcollection.asme.org/proceeding.aspx?doi=10.1115/

ETAM2018-6713.

[16] D.H. Jones, A.Y. Nehru, and J. Skinner. “The impact fretting wear of a

nuclear reactor component”. In: Wear 106.1-3 (Nov. 1985), pp. 139–162.

issn: 00431648. doi: 10.1016/0043-1648(85)90107-3. url: https://

linkinghub.elsevier.com/retrieve/pii/0043164885901073.

Chapter 7 J. Cakstins 159

https://doi.org/10.13182/NT81-A32838
https://doi.org/10.13182/NT81-A32838
https://www.tandfonline.com/doi/full/10.13182/NT81-A32838
https://www.tandfonline.com/doi/full/10.13182/NT81-A32838
https://repository.lib.ncsu.edu/bitstream/handle/1840.20/33886/SMiRT-23%7B%5C_%7DPaper%7B%5C_%7D459.pdf?sequence=1%7B%5C&%7DisAllowed=y
https://repository.lib.ncsu.edu/bitstream/handle/1840.20/33886/SMiRT-23%7B%5C_%7DPaper%7B%5C_%7D459.pdf?sequence=1%7B%5C&%7DisAllowed=y
https://repository.lib.ncsu.edu/bitstream/handle/1840.20/33886/SMiRT-23%7B%5C_%7DPaper%7B%5C_%7D459.pdf?sequence=1%7B%5C&%7DisAllowed=y
https://doi.org/10.1007/978-94-017-1771-7
http://link.springer.com/10.1007/978-94-017-1771-7
http://link.springer.com/10.1007/978-94-017-1771-7
https://doi.org/10.1115/PVP2018-84279
http://dx.doi.org/10.1115/PVP2018-84279
https://doi.org/10.1115/ETAM2018-6713
http://proceedings.asmedigitalcollection.asme.org/proceeding.aspx?doi=10.1115/ETAM2018-6713
http://proceedings.asmedigitalcollection.asme.org/proceeding.aspx?doi=10.1115/ETAM2018-6713
http://proceedings.asmedigitalcollection.asme.org/proceeding.aspx?doi=10.1115/ETAM2018-6713
https://doi.org/10.1016/0043-1648(85)90107-3
https://linkinghub.elsevier.com/retrieve/pii/0043164885901073
https://linkinghub.elsevier.com/retrieve/pii/0043164885901073


The Effects of Carburisation on Creep Response of Type 316H stainless steel

[17] B. Chen, J. N. Hu, P. E. J. Flewitt, A. C. F. Cocks, R. A. Ainsworth, D. J.

Smith, D. W. Dean, and F. Scenini. “Effect of thermal ageing on creep and

oxidation behaviour of Type 316H stainless steel”. In: Materials at High Tem-

peratures 32.6 (2015), pp. 592–606. doi: 10.1179/1878641315Y.0000000005.

url: https://doi.org/10.1179/1878641315Y.0000000005.

[18] Ana I. Martinez-Ubeda, Ian Griffiths, Oliver D. Payton, Charles M. Younes,

Tom B. Scott, and Peter E. J. Flewitt. “Role of Long Term Ageing on the

Creep Life of Type 316H Austenitic Stainless Steel Bifurcation Weldments”.

In: Volume 6A: Materials and Fabrication. American Society of Mechani-

cal Engineers, July 2016. isbn: 978-0-7918-5042-8. doi: 10.1115/PVP2016-

63467.

[19] M. P. O. Donnell, R. A. W. Bradford, D. W. Dean, C. D. Hamm, and M.

Chevalier. “High Temperature Issues in Advanced Gas Cooled Reactors (

AGR )”. In: TAGSI/FESI Symposium 2013. 2013, pp. 1–8.

[20] “R5 high temperature creep-fatigue life assessment for austenitic weldments”.

In: Procedia Engineering 86 (2014), pp. 315–326. issn: 18777058. doi: 10.

1016/j.proeng.2014.11.044. url: http://dx.doi.org/10.1016/j.

proeng.2014.11.044.

[21] EDF Energy. R5: Assessment procedure for high temperature response of

structures. Tech. rep. Issue 3, Rev 002. Gloucester, UK, 2015.

[22] R. A. Ainsworth. “R5 procedures for assessing structural integrity of compo-

nents under creep and creep–fatigue conditions”. In: International Materials

Reviews 51.2 (Apr. 2006), pp. 107–126. issn: 0950-6608. doi: 10 . 1179 /

174328006X79463. url: http://www.tandfonline.com/doi/full/10.

1179/174328006X79463.

[23] Sean Flannagan and Andrew Wisbey. Summary of Amec Foster Wheeler

Testing Activities in Support of ENVISINC Project - 2014. Tech. rep. AMEC/

203963-01/001 Issue 03. AMEC Foster Wheeler, May 2015.

[24] Marc Chevalier. Carburised Material Properties for R5 Volume 2/3 Assess-

ments. Technical report E/REP/BBGB/0202/GEN/16, Rev 001. EDF En-

ergy, 2018.

[25] Percy Phillips. “The Slow Stretch in Indiarubber, Glass, and Metal Wires

when subjected to a Constant Pull”. In: Proceedings of the Physical Society of

London 19.1 (Dec. 1903), pp. 491–511. doi: 10.1088/1478-7814/19/1/342.

url: https://doi.org/10.1088%2F1478-7814%2F19%2F1%2F342.

160 J. Cakstins Chapter 7

https://doi.org/10.1179/1878641315Y.0000000005
https://doi.org/10.1179/1878641315Y.0000000005
https://doi.org/10.1115/PVP2016-63467
https://doi.org/10.1115/PVP2016-63467
https://doi.org/10.1016/j.proeng.2014.11.044
https://doi.org/10.1016/j.proeng.2014.11.044
http://dx.doi.org/10.1016/j.proeng.2014.11.044
http://dx.doi.org/10.1016/j.proeng.2014.11.044
https://doi.org/10.1179/174328006X79463
https://doi.org/10.1179/174328006X79463
http://www.tandfonline.com/doi/full/10.1179/174328006X79463
http://www.tandfonline.com/doi/full/10.1179/174328006X79463
https://doi.org/10.1088/1478-7814/19/1/342
https://doi.org/10.1088%2F1478-7814%2F19%2F1%2F342


The Effects of Carburisation on Creep Response of Type 316H stainless steel

[26] Edward Andrade, Da Costa Neville, and Frederick Thomas Trouton. “On the

viscous flow in metals and allied phenomena”. In: Proceedings of the Royal

Society A. Royal Society, June 1910. doi: https://doi.org/10.1098/

rspa.1910.0050.

[27] Terence G Langdon. “Grain boundary sliding revisited: Developments in slid-

ing over four decades”. In: Journal of Materials Science 41.3 (Feb. 2006),

pp. 597–609. issn: 1573-4803. doi: 10.1007/s10853- 006- 6476- 0. url:

https://doi.org/10.1007/s10853-006-6476-0.

[28] Charles Mack. “Plastic Flow, Creep, and Stress Relaxation: Part III. Creep

and Elastic After-Effect”. In: Journal of Applied Physics 17.12 (Dec. 1946),

pp. 1101–1107. issn: 0021-8979. doi: 10 . 1063 / 1 . 1707682. url: http :

//aip.scitation.org/doi/10.1063/1.1707682.

[29] R. K. Penny and D. L. Marriott. Design for Creep. Second Edition. London:

Chpman & Hall, 1995. isbn: 978-94-010-4248-2. doi: 10.1007/978-94-011-

0561-3. url: http://link.springer.com/10.1007/978-94-011-0561-3.

[30] J Betten. Creep Mechanics. Berlin, Heidelberg: Springer Berlin Heidelberg,

2008. isbn: 978-3-540-85050-2. doi: 10.1007/978-3-540-85051-9. url:

http://link.springer.com/10.1007/978-3-540-85051-9.

[31] D. L. May, A. P. Gordon, and D. S. Segletes. “The Application of the Norton-

Bailey Law for Creep Prediction Through Power Law Regression”. In: Volume

7A: Structures and Dynamics. ASME, June 2013, V07AT26A005. isbn: 978-

0-7918-5526-3. doi: 10.1115/GT2013-96008. url: http://proceedings.

asmedigitalcollection.asme.org/proceeding.aspx?doi=10.1115/

GT2013-96008.

[32] Douglas L. Marriott, Arun Sreeranganathan, Peter Carter, and Shannon

Read. “Experience in the Application of the Omega Creep Model in Creep Ex-

periments and Component Analysis”. In: ASME 2014 Symposium on Elevated

Temperature Application of Materials for Fossil, Nuclear, and Petrochemical

Industries. ASME, Mar. 2014, p. 151. isbn: 978-0-7918-4074-0. doi: 10.1115/

ETAM2014 - 1019. url: http : / / proceedings . asmedigitalcollection .

asme.org/proceeding.aspx?doi=10.1115/ETAM2014-1019.

[33] J M Montes, F G Cuevas, and J Cintas. “New creep law”. In: Materials

Science and Technology 28.3 (Mar. 2012), pp. 377–379. issn: 0267-0836. doi:

10.1179/1743284711Y.0000000029. url: http://www.tandfonline.com/

doi/full/10.1179/1743284711Y.0000000029.

Chapter 7 J. Cakstins 161

https://doi.org/https://doi.org/10.1098/rspa.1910.0050
https://doi.org/https://doi.org/10.1098/rspa.1910.0050
https://doi.org/10.1007/s10853-006-6476-0
https://doi.org/10.1007/s10853-006-6476-0
https://doi.org/10.1063/1.1707682
http://aip.scitation.org/doi/10.1063/1.1707682
http://aip.scitation.org/doi/10.1063/1.1707682
https://doi.org/10.1007/978-94-011-0561-3
https://doi.org/10.1007/978-94-011-0561-3
http://link.springer.com/10.1007/978-94-011-0561-3
https://doi.org/10.1007/978-3-540-85051-9
http://link.springer.com/10.1007/978-3-540-85051-9
https://doi.org/10.1115/GT2013-96008
http://proceedings.asmedigitalcollection.asme.org/proceeding.aspx?doi=10.1115/GT2013-96008
http://proceedings.asmedigitalcollection.asme.org/proceeding.aspx?doi=10.1115/GT2013-96008
http://proceedings.asmedigitalcollection.asme.org/proceeding.aspx?doi=10.1115/GT2013-96008
https://doi.org/10.1115/ETAM2014-1019
https://doi.org/10.1115/ETAM2014-1019
http://proceedings.asmedigitalcollection.asme.org/proceeding.aspx?doi=10.1115/ETAM2014-1019
http://proceedings.asmedigitalcollection.asme.org/proceeding.aspx?doi=10.1115/ETAM2014-1019
https://doi.org/10.1179/1743284711Y.0000000029
http://www.tandfonline.com/doi/full/10.1179/1743284711Y.0000000029
http://www.tandfonline.com/doi/full/10.1179/1743284711Y.0000000029


The Effects of Carburisation on Creep Response of Type 316H stainless steel

[34] Ming Song, Tong Xu, Qijiang Wang, Weilian Wang, Yedong Zhou, Min Gong,

and Chao Sun. “A modified theta projection model for the creep behaviour

of creep-resistant steel”. In: International Journal of Pressure Vessels and

Piping 165 (Aug. 2018), pp. 224–228. issn: 03080161. doi: 10.1016/j.

ijpvp.2018.07.007. url: https://linkinghub.elsevier.com/retrieve/

pii/S0308016118300899.

[35] R. W. Evans and B. Wilshire. Creep of metals and alloys. London: The In-

stitute of Metals, 1985. isbn: 0904357597.

[36] F.H. Norton. The Creep of Steel at High Temperatures. Bulletin. McGraw-

Hill Book Company, Incorporated, 1929. url: https://books.google.co.

uk/books?id=vswxAAAAMAAJ.

[37] J. Li and A. Dasgupta. “Failure-mechanism models for creep and creep rup-

ture”. In: IEEE Transactions on Reliability 42.3 (Sept. 1993), pp. 339–353.

issn: 0018-9529. doi: 10.1109/24.257816.

[38] O.A. Ruano, J. Wadsworth, J. Wolfenstine, and O.D. Sherby. “Evidence for

Nabarro-Herring creep in metals: fiction or reality?” In: Materials Science

and Engineering: A 165.2 (July 1993), pp. 133–141. issn: 09215093. doi:

10.1016/0921-5093(93)90747-3. url: https://linkinghub.elsevier.

com/retrieve/pii/0921509393907473.

[39] E. Czoboly. “Basic Mechanisms of Creep and the Testing Methods”. In: Com-

ponent Reliability Under Creep-Fatigue Conditions. Ed. by J. Ginsztler and

R. P. Skelton. 1st ed. Vienna: Springer Vienna, 1998, pp. 87–136. isbn: 978-

3-211-82914-1. doi: 10.1007/978-3-7091-2516-8. url: http://link.

springer.com/10.1007/978-3-7091-2516-8.

[40] H J Frost and M F Ashby. “Deformation-mechanism maps: The plasticity

and creep of metals and ceramics”. In: Oxford, Pergamon Press (1982),

p. 175. issn: 03783804. doi: 10 . 1016 / 0378 - 3804(84 ) 90015 - 9. url:

http : / / www . csa . com / partners / viewrecord . php ? requester = gs %

7B % 5C & %7Dcollection = TRD % 7B % 5C & %7Drecid = A8415391AH % 7B % 5C %

%7D5Cnpapers3 : / / publication / uuid / 2D64B33C - 5D74 - 400D - AC62 -

1976E345C5A1.

[41] R. L. Coble. “A Model for Boundary Diffusion Controlled Creep in Polycrys-

talline Materials”. In: Journal of Applied Physics 34.6 (June 1963), pp. 1679–

1682. issn: 0021-8979. doi: 10 . 1063 / 1 . 1702656. url: http : / / aip .

scitation.org/doi/10.1063/1.1702656.

162 J. Cakstins Chapter 7

https://doi.org/10.1016/j.ijpvp.2018.07.007
https://doi.org/10.1016/j.ijpvp.2018.07.007
https://linkinghub.elsevier.com/retrieve/pii/S0308016118300899
https://linkinghub.elsevier.com/retrieve/pii/S0308016118300899
https://books.google.co.uk/books?id=vswxAAAAMAAJ
https://books.google.co.uk/books?id=vswxAAAAMAAJ
https://doi.org/10.1109/24.257816
https://doi.org/10.1016/0921-5093(93)90747-3
https://linkinghub.elsevier.com/retrieve/pii/0921509393907473
https://linkinghub.elsevier.com/retrieve/pii/0921509393907473
https://doi.org/10.1007/978-3-7091-2516-8
http://link.springer.com/10.1007/978-3-7091-2516-8
http://link.springer.com/10.1007/978-3-7091-2516-8
https://doi.org/10.1016/0378-3804(84)90015-9
http://www.csa.com/partners/viewrecord.php?requester=gs%7B%5C&%7Dcollection=TRD%7B%5C&%7Drecid=A8415391AH%7B%5C%%7D5Cnpapers3://publication/uuid/2D64B33C-5D74-400D-AC62-1976E345C5A1
http://www.csa.com/partners/viewrecord.php?requester=gs%7B%5C&%7Dcollection=TRD%7B%5C&%7Drecid=A8415391AH%7B%5C%%7D5Cnpapers3://publication/uuid/2D64B33C-5D74-400D-AC62-1976E345C5A1
http://www.csa.com/partners/viewrecord.php?requester=gs%7B%5C&%7Dcollection=TRD%7B%5C&%7Drecid=A8415391AH%7B%5C%%7D5Cnpapers3://publication/uuid/2D64B33C-5D74-400D-AC62-1976E345C5A1
http://www.csa.com/partners/viewrecord.php?requester=gs%7B%5C&%7Dcollection=TRD%7B%5C&%7Drecid=A8415391AH%7B%5C%%7D5Cnpapers3://publication/uuid/2D64B33C-5D74-400D-AC62-1976E345C5A1
https://doi.org/10.1063/1.1702656
http://aip.scitation.org/doi/10.1063/1.1702656
http://aip.scitation.org/doi/10.1063/1.1702656


The Effects of Carburisation on Creep Response of Type 316H stainless steel

[42] R.N. Stevens. “Grain Boundary Sliding: Experimental Observations”. In: En-

cyclopedia of Materials: Science and Technology. Elsevier, 2001, pp. 3622–

3624. doi: 10.1016/B0-08-043152-6/00644-6. url: https://linkinghub.

elsevier.com/retrieve/pii/B0080431526006446.

[43] Jian-Feng Wen, Shan-Tung Tu, Fu-Zhen Xuan, Xue-Wei Zhang, and Xin-Lin

Gao. “Effects of Stress Level and Stress State on Creep Ductility: Evaluation

of Different Models”. In: Journal of Materials Science & Technology 32.8

(2016), pp. 695–704. issn: 1005-0302. doi: https://doi.org/10.1016/

j.jmst.2016.02.014. url: http://www.sciencedirect.com/science/

article/pii/S1005030216300524.

[44] R Hales. “The Role of Cavity Growth Mechanisms in Determining Creep-

Rupture Under Multiaxial Stresses”. In: Fatigue & Fracture of Engineering

Materials and Structures 17.5 (May 1994), pp. 579–591. issn: 8756-758X.

doi: 10.1111/j.1460-2695.1994.tb00257.x. url: http://doi.wiley.

com/10.1111/j.1460-2695.1994.tb00257.x.

[45] S R Holdsworth and G Merckling. ECCC Developments in the Assessment of

Creep-Rupture Properties. url: http://citeseerx.ist.psu.edu/viewdoc/

summary?doi=10.1.1.510.6285.

[46] Stuart Holdsworth. “Creep-Ductility of High Temperature Steels: A Review”.

In: Metals 9.3 (Mar. 2019), p. 342. issn: 2075-4701. doi: 10.3390/met9030342.

url: https://www.mdpi.com/2075-4701/9/3/342.

[47] R.W. Evans, B. Wilshire, Institute of Metals, and Metals Society. Creep

of Metals and Alloys. Book (Institute of Metals). Institute of Metals, 1985.

isbn: 9780904357592. url: https://books.google.co.uk/books?id=

ethiQgAACAAJ.

[48] I. I. Trunin, N. G. Golobova, and Loginov E. A. “New method of extrapo-

lation of creep test and long time strength results”. In: Proc. 4th Int. Symp.

on Heat Resistant Metallic Materials. Mala Fatra, 1971, p. 168.

[49] M.W. Spindler. “AN IMPROVED METHOD TO CALCULATE THE CREEP-

FATIGUE ENDURANCE OF TYPE 316H STAINLESS STEEL”. In: Ma-

terials for Advanced Power Engineering. Forschungszentrum Jülich GmbH,
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Appendix A

Supplementary material for

Chapter 3

A.1 Analytical solutions for elastic loading

Consider a hollow tube with internal radius, ri, external radius, re. The tube consist

of two materials that have different Young’s modulus and Poisson’s ratio values.

There is an interface separating both materials at r = rint. The hollow tube is

strained in axial direction, hence the applied load is

σobs = (1 − af) ⋅ σ(1)
z + af ⋅ σ

(2)
z (A.1)

For linear elastic case stresses and strains must satisfy the Hooke’s law:

ε
(1,2)
r =

1

E(1,2) (σ
(1,2)
r − ν

(1,2)(σ(1,2)
t + σ

(1,2)
z )) (A.2)

ε
(1,2)
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1

E(1,2) (σ
(1,2)
t − ν

(1,2)(σ(1,2)
r + σ

(1,2)
z )) (A.3)

ε
(1,2)
z =

1

E(1,2) (σ
(1,2)
z − ν

(1,2)(σ(1,2)
r + σ

(1,2)
t )) (A.4)

where εr, εt, εz and σr, σt, σz are radial, hoop and axial strain and stresses respec-

tively, E and ν are Young’s modulus and Poisson’s ratio, and superscripts (1, 2)
indicate inner (denoted as 1) or outer (denoted as 2) cylinders.

Assuming that there is induced interface pressure pint that arises due to mismatch

in material properties, then for axisymmetric structure radial compatibility (Eq.
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A.5) and equilibrium condition (Eq. A.6) must be satisfied:

∂εt
∂r

=
εr − εt
r (A.5)

∂σr
∂r

=
σt − σr
r (A.6)

Radial compatibility is imposed from εt(rint) = ρ/rint where ρ is radial displacement:

ε
(1)
t (rint) =

1

E(1) (σ
(1)
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E(2) (σ
(2)
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r (rint) + σ(2)
z (rint))) = ε(2)t (rint)

(A.7)

The hoop and radial stresses can be expressed using Lamé equations for thick-walled

cylinders in linear elastic regime:

σ
(1)
t (rint) = −pint

r
2
int + r

2
i

r2
int − r

2
i
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r (rint) = −pint (A.8)
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; σ
(2)
r (rint) = −pint (A.9)

Combining Eqs. A.8–A.9 with Eq. A.7 gives the following equality:
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(A.10)

Besides radial displacement compatibility at the interface, axial stain is assumed

to be constant across the thickness of bi-layer specimen, hence combining Eqs. A.8–

A.9 with Eq. A.4 gives
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(A.11)

In total there are three unknowns (pint, σ
(1)
z , σ

(2)
z ) and three equations (Eqs. A.1,

A.11 and A.10), hence by solving this system of equations the multiaxial stress state

can be found.

Figure A.1 shows a solution of two concentric cylinders loaded uniaxially to σobs,

inner cylinder is assumed to be in fully plastic regime ν
(1)

= 0.5, E
(1)

= 157GPa

and outer cylinder is elastic ν
(2)

= 0.3, E
(2)

= 205GPa. From the results can be
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seen that using the 2-bar model the axial stresses in the carburised layer will be

overestimated compared to the axial stress when geometrical effects are considered.

Nevertheless, the von Mises stress is increased in the hollow tube model compared

to the 2-bar model. Figure A.1c show that for thick component the multiaxiality

will promote early yielding in carburised layer.

(a) Axial and von Mises stress, hollow tube
af = 57%;

(b) Normalised stress triaxiality, hollow
tube af = 57%;

(c) Axial and von Mises stress, rod af =

14%;
(d) Normalised stress triaxiality, rod af =
14%.

Figure A.1: Non-axial stress induced in a hollow tube and solid rod with a carburised

layer (inner cylinder ν
(1)
= 0.5, outer cylinder ν

(1)
= 0.3).

A.2 Python code for concentric FG cylinders at

steady state creep

The following program calculates the stress distribution of a functionally graded

cylinder where creep law multiplier is a function of radius. The program allows

to assume any distribution profile and provides a simple tool for stress and creep

lifetime estimation.
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1 """

2 The calculation of redistributed stress state in a functionally

graded cylinder by assuming some variation of creep properties

through radius , such that A(r) can be any function. The code

will discretise A(r) into N number of cylinders where each

individual cylinder follows A_(r) = Ao_ * (r_/ri_)**m_.

3 @author: Janis Cakstins

4 """

5

6 import numpy as np

7

8 # Number of cylinders assumed in bulk and carburised layer

9 N = 1000

10

11 # Geometry

12 ri = 1 # Internal radius [cm]

13 re = 1.01 # External radius [cm]

14 af = 0.5 # Area fraction carburised or 0.5192307692307693

for 0.25 mm

15 rint = np.sqrt(re**2 - af*(re**2-ri**2)) # The interface

16 r_bulk = np.linspace(ri ,rint ,N+1) # Radius through bulk

17 r_carb = np.linspace(rint ,re ,N+1) # Radius through carburised

layer

18 r_all = np.append(r_bulk ,r_carb [1:]) # All radii

19 r_ints = r_all [1: -2] # All interface radii

20

21 # Loading

22 pi = 50 # Internal pressure [MPa]

23 pe = 0 # External pressure [MPa]

24

25 # Creep law properties through the thickness

26 n=10.18 # creep law exponent

27

28 # Homogeneous layer

29 Ab = 8.876*10**( -35) * 3600 # Creep law multiplier of the bulk

30 Ab_dist = Ab*np.ones(N)

31 m_bulk = 0 * np.ones(N)

32

33 # Carburised layer: calculates A(x) distribution in terms of m

34 def m(a, p):

35 x = (r_carb **2 - rint **2)/(re**2-rint **2)

36 A = Ab *10**(a*(x*100) **p) # x**1 for lin and x**2 for

parabolic. Modify this according to your A(x) function

37 m = np.log(A[1:] / A[: -1]) / np.log(r_carb [1:]/ r_carb [: -1])

38 return m, A

39

40 # Calculate interface pressures
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41 def press():

42 ri = r_all [:-2]

43 rint= r_all [1: -1]

44 re = r_all [2:]

45 k1 = (m_dist [: -1]+2)/n

46 k2 = (m_dist [1:]+2)/n

47 A1 = A_dist [:-1]

48 A2 = A_dist [1:]

49 C2 = (A1/A2)**(1/n) * k1/k2 * (ri/rint)**k1 * ( (1 - (rint/re)

**k2)/(1- (ri/rint)**k1) )

50

51 alpha = C2/(1+C2)

52 beta = 1/(1+ C2)

53 M = np.zeros((len(C2),len(C2)))

54 np.fill_diagonal(M[:,1:],beta [:-1])

55 np.fill_diagonal(M[1:] ,alpha [1:])

56 M = np.matrix(M)

57 b = np.zeros(len(M)) # Boundary conditions

58 b[0] = alpha [0] * pi

59 b[-1] = beta[-1] * pe

60 b=np.matrix(b)

61 I = np.identity(np.shape(M)[0]) # Identity matrix

62 p = np.linalg.inv(M-I) * np.transpose(-b)

63

64 return np.array(p)

65

66 # Creep properties

67 """2-bar: a=np.log10 (1/22) , p=0;

68 Lin a= -2.5386526490450867E-2, p=1; Para a= -3.5840310034492066E-4,

p=2"""

69 #f = [1, 15, 20, 25, 30]

70 a_prop =[np.log10 (1/22) , -2.5618625880352637E-2, -3.6149972028914277

E-4]

71 p_prop =[0,1,2]

72

73 for i in range(len(a_prop)):

74 m_carb , A = m(a=a_prop[i], p=p_prop[i])

75 #m_carb , A = m(a=np.log10(f[i]), p=0)

76

77 if m_carb [0]== m_carb [-1]:

78 Ac_dist = Ab_dist /22 #f[i]

79 else:

80 Ac_dist = Ab_dist

81

82 A_dist = np.append(Ab_dist , Ac_dist)

83 m_dist = np.append(m_bulk , m_carb)

84

180 J. Cakstins Chapter A



The Effects of Carburisation on Creep Response of Type 316H stainless steel

85 pint = press () # All interface pressures

86 p_all = np.array ([pi])

87 p_all = np.append(p_all ,pint)

88 p_all = np.append(p_all ,pe)

89

90 k = (m_dist +2)/n

91 stress_t = (p_all [:-1]-p_all [1:]) * (-k)/(( r_all [: -1]/ r_all

[1:])**k-1) - p_all [:-1]

92 stress_t = np.append(stress_t , (p_all[-2]-p_all [-1])*(( r_all

[-2]/ r_all [-1])**k[-1]*(1-k[-1]) -1)/(( r_all [-2]/ r_all [-1])**k

[-1]-1)- p_all [-2])

93 stress_r = -p_all

94 stress_z = 0.5 * (stress_t + stress_r)

95 stress_vM = ((( stress_r -stress_t)**2+( stress_t -stress_z)**2+(

stress_z -stress_r)**2) /2) **0.5

96

97 hydro = (stress_t + stress_r + stress_z)/3 # Hydrostatic stress

98 triax = hydro/stress_vM # Stress triaxiality

99

100 cr = stress_vM **n * np.append(Ab_dist , A) # Carburised model

creep rate

101

102 stress_r0 = (pi-pe) * ((ri/r_all)**(2/n) -1)/((ri/re)**(2/n) -1)

- pi

103 stress_t0 = (pi-pe) * ((ri/r_all)**(2/n) * (1-2/n) -1)/((ri/re)

**(2/n) -1)- pi

104 stress_z0 = 0.5 * (stress_r0 + stress_t0)

105 stress_vM0 = ((( stress_r0 -stress_t0)**2+( stress_t0 -stress_z0)

**2+( stress_z0 -stress_r0)**2) /2) **0.5

106

107 hydro0 = (stress_t0 + stress_r0 + stress_z0)/3 # Hydrostatic

stress (hom)

108 triax0 = hydro0/stress_vM0 # Stress triaxiality (hom)

109

110 cr0 = stress_vM0 **n *Ab # Homogeneous model creep rate
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Supplementary material for

Chapter 4

B.1 Additional data on the impact of material

properties on accumulated creep strain

B.1.1 Test coupon geometry

A quarter of the following speciment was modelled in Chapter 4.2.1

Figure B.1: The actual geometry of the specimen modelled (Courtesy of Palko [13])

B.1.2 Stress redistribution

Stress redistribution of pre-carbursied and carburising models where elastic, plastic

and creep properties are changing are shown in Figure B.2. It can be seen from the
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curve that 600hr M
∗(El, P l, Cr) and M(El, P l, Cr) have both reached the steady

state solution of 480 MPa.

Figure B.2: Redistribution of stresses in pre-carburised and carburising models.

B.1.3 Creep damage after 500 hr

The creep damage of M
∗(El, P l, Cr) (Figure B.3a) and M(El, P l, Cr) (Figure

B.3b) at t = tred = 500hr assuming εf = 2.6%. Creep damage through the thickness

at various time steps shown in Figure B.3d and B.3e.

B.2 Tensile property neural network

performance data

B.2.1 Parabolic material property distribution neural

network

Figure B.4 shows the neural network performance of the single hidden layer (28

node) neural network for carburised layer von Mises stress estimation (Figure B.4a),

and [28, 14] triaxiality classifier (Figure B.4b).

Figure B.5 shows an example of misclassification by the stress triaxiality neural

network.

B.2.2 Linear material property distribution neural network

The estimated stress strain curves assuming linear distribution profile shown in

Figure B.6.

Neural network performance summarised in Figures B.7.
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(a) Damage after 500
hr of the pre-carburised
M

∗(El, P l, Cr) model;

(b) Damage after 500
hr of the carburising
M(El, P l, Cr) model;

(c) Actual failure of car-
burising specimen [13].

(d) Estimated creep in pre-carburised
test case;

(e) Estimated creep in carburising test case.

Figure B.3: Creep damage comparison of pre-carburised and carburising specimens.
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(a) Von Mises stress estimator;

(b) Stress triaxiality estimator.

Figure B.4: The neural network performance over each iteration during the training
stage.
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Figure B.5: An example of incorrectly labelled stress triaxiality values by the neural
network.

Figure B.6: The estimated distribution profile through the carburised layer using
the trained linear distribution neural network model.
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(a) The regression curve (b) The error histogram;

(c) Training performance with each iteration

Figure B.7: The training performance of the linear material property distribution
neural network.
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Supplementary material for

Chapter 5

C.1 Normalised time to damage initiation

The following graphs time to damage initiation of carburised structure normalised

to homogeneous structure assuming εf = 2.6% for the homogeneous model, where

t
hom
f (ωc(εf = 2.6%)) = thomf = 9.414 × 10

6 [hr] and t
hom
f (ωc∗(εf = 2.6%)) = thom∗f =

6.0574× 10
6 [hr]. Figures in Figure C.1 represent the normalised failure times with

respect to homogeneous model damage initiation according to Eqs. 5.2-5.3. For

t
N
f > 1 or t

∗N
f > 1 the structure will have longer creep lifetime compared to the

homogeneous model.

Section 2.1.2 presents normalised time to creep damage initiation with respect

to the homogeneous test case when homogeneous models reach creep ductility value

of 2.6%. Table C.1 presents the same t
N
f and t

N∗
f normalised with the homogeneous

test case assuming the same creep ductility value as the carburised material:

t
N
′

f =
tf(εf)
thomf (εf)

(C.1)

t
N
′∗

f =
tf(εf)
thomf (εf)

. (C.2)
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(a) The normalised plot of Figure 5.7

(b) The normalised plot of Figure 5.10

(c) The normalised plot of Figure 5.13

Figure C.1: Creep damage accumulation at the surface of the carburised layer nor-
malised to homogeneous material (using εf = 2.6%).
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Test case εf = 2.6% εf = 0.75% εf = 0.45%

t
N
′

f t
N
′∗

f t
N
′

f t
N
′∗

f t
N
′

f t
N
′∗

f

PC 2-bar (0.25 mm) 1.24 1.11 1.05 0.79 0.87 0.60
PC Linear (0.25 mm) 1.26 1.10 1.04 0.75 0.84 0.54
PC Parabolic (0.25 mm) 1.26 1.12 1.02 0.81 0.81 0.50
C-2k (0.25 mm) 1.40 1.36 1.53 1.58 1.65 1.76
C-20k (0.25 mm) 1.40 1.36 1.53 1.57 1.64 1.73
PC Parabolic (1 mm) 2.66 2.31 2.31 1.61 1.91 1.18
C-2k Parabolic (1 mm) 3.03 2.98 3.72 4.09 4.32 4.92

Table C.1: The normalised failure time of all test cases according to Eqs. C.1–C.2.

C.2 Stress relaxation in pre-carburised

bifurcation weld

Figure C.2 shows how different gradation of material properties could lead to dif-

ferent stress magnitudes in creep dwell. This is particularly important considering

material cyclic response

Figure C.2: Stress-strain curve of stress relaxation in the section sustaining the
maximum damage (considering pre-carburised models only).
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