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Abstract

The research project presents a fundamental understanding of the fatigue crack growth
mechanisms of AISI 420 martensitic stainless steel, based on the comparison analysis
between the theoretical and numerical modelling, incorporating research findings under
isothermal fatigue loading for solid cylindrical specimen and the theoretical modelling with
the numerical simulation for tubular specimen when subjected to cyclic mechanical loading
superimposed by cyclic thermal shock.

The experimental part of this research programme studied the fatigue stress-life data for
three types of surface conditions specimen and the isothermal stress-controlled fatigue testing
at 300 °C - 600 °C temperature range. It is observed that the highest strength is obtained for
the polished specimen, while the machined specimen shows lower strength, and the lowest
strength is the notched specimen due to the high effect of the stress concentration. The
material behaviour at room and high temperatures shows an initial hardening, followed by
slow extension until fully plastic saturation then followed by crack initiation and growth
eventually reaching the failure of the specimen, resulting from the dynamic strain ageing
occurred from the transformation of austenitic microstructure to martensite and also, the
nucleation of precipitation at grain boundaries and the incremental temperature increase the
fatigue crack growth rate with stress intensity factor however, the crack growth rate at 600 °C
test temperature is less than 500 °C because of the creep-fatigue taking place.

The theoretical modelling presents the crack growth analysis and stress and strain intensity
factor approaches analysed in two case studies based on the addition of thermo-elastic-plastic
stresses to the experimental fatigue applied loading. Case study one estimates the thermal
stresses superimposed sinusoidal cyclic mechanical stress results in solid cylinder under
isothermal fatigue simulation. Case study two estimates the transient thermal stresses
superimposed on cyclic mechanical loading results in hollow cylinder under thermal shock in
heating case and down shock cooling case. The combination of stress and strain intensity
factor theoretical calculations with the experimental output recorded data shows a similar
behaviour with increasing temperature, and there is a fair correlation between the profiles at
the beginning and then divergence with increasing the crack length. The transient influence
of high temperature in case two, giving a very high thermal shock stress as a heating or
cooling effects, shifting up the combined stress, when applied a cyclic mechanical load in
fraction of seconds, and the reputations of these shocks, causing a fast failure under high
thermal shock stress superimposed with mechanical loading.

Finally, the numerical modelling analyses three cases studied were solved due to the types
of loading and types of specimen geometry by using finite element models constructed
through the ANSYS Workbench version 13.0. The first case is a low cyclic fatigue case for a
solid cylinder specimen simulated by applying a cyclic mechanical loading. The second is an
isothermal fatigue case for solid cylinder specimen simulated by supplying different constant
temperatures on the outer surface with cyclic mechanical loading, where the two cases are
similar to the experimental tests and the third case, is a thermo-mechanical fatigue for a
hollow cylinder model by simulating a thermal up-shock generated due to transient heating
on the outer surface of the model or down shock cooling on the inner surface with the cyclic
mechanical loading. The results show a good agreement with the experimental data in terms
of alternative stress and life in the first case. In case two results show the strain intensity
factor is increases with increasing temperature similar to the theoretical solution due to the
influence of the modulus of elasticity and the difference in life estimation with the
experimental output record is related to the input data made of theoretical physical properties
and the experimental stress-life data.
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NOMENCLATURE

SYMBOLS

o thermal expansion coefficient, oc-1
Y constant

& fracture ductility

€ strain

€y plastic strain

(A axial strain

e transient temperature distribution, °C
A Bessel function positive roots.
v Poisson's ratio

p density, Kg/m3

o stress, MPa

G hoop stress, MPa
Go1,002,003 partial hoop stresses, MPa
Go_th. thermal hoop stress, MPa

G, stress amplitude, MPa

Gcomb. combined stress, MPa

Ot crack tip stress, MPa

oy fracture strength, MPa

Om mean stress, MPa

Omax maximum stress, MPa

Omech. mechanical stress, MPa

Omin minimum stress, MPa

OTVvM thermal von-Mises stress, MPa
o, radial stress, MPa
0r1,0,2,0,3 partial radial stresses, MPa
Or_th. thermal radial stress, MPa
Oyrs ultimate stress, MPa

Oxx x-axis stress, MPa

Oys yield strength, MPa

Oyy y-axis stress, MPa
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X,Y,Z

Aq,Az Az
Ag — —Az3
Bl; BZ, B3i

CAD
CPU

CT

DCPD

cyclic strain hardening exponent
parabola order
radius, mm
plastic zone radius, mm
time, sec
hollow cylinder wall thickness, mm
X-axis unit displacement vectors
volume, m? |
coordinates
amplitude ratio or cross sectional area
constants
rigid body translations of the element
constants
material dependent constant
computer aided design
central processing unit
combat specimen type
coefficient of diffusion or gauge length outer diameter
direct current electrical potential drop
modulus of elasticity, GPa
elongation

heat flux, J

geometry factor for hollow cylinder

geometry factor for solid cylinder

finite elemnets

finite element analysis

finite element method

z-axis force component

elastic energy release rate of mode I
coefficient of surface heat transfer, W/m?K
current, Amp

inlet current, Amp



Tout outlet current, Amp

IF isothermal fatigue

IP — TMF in phase thermo-mechanical fatigue

J J-integral factor

JoJ1 Bessel’s functions

K strength coefficient

K, strain intensity factor, vmm

K; mode I stress intensity factor, MPayv'mm
K¢ final fracture stress intensity factor, MPaymm
Konax maximum stress intensity factor, MPaymm
Kmin minimum stress intensity factor, MPavmm
L length, m

LVDT linear variable differential transformer

N number of cycles, cycle

OP — TMF out of phase thermo-mechanical fatigue

Q relevant quantity

R load ratio

RA reduction area

Re specific resistivity of the material, ohm.m
T temperature, °C

T, inner surface temperature, °C

Ty outer surface temperature, °C

T, temperature distribution at r position, °C
T(r,t) temperature distribution at time and position, °C
T melting temperature, °C

To initial temperature, °C

TMF thermo-mechanical fatigue

\% potential energy

Vol voltage, volt

Vx specimen output voltage, volt

Vy reference output voltagé, volt

w size parameter

xi



Y shape function of (c/w)

Yo, Y4 Bessel’s functions
2D two dimension

3D three dimension
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mechanical Fatigue (TMF) refers to the process of fatigue damage under simultaneous
changes in temperature and mechanical strain. Fatigue damage at high temperatures
develops as a result of inelastic deformation where the strains are non-recoverable.
Therefore, thermo-mechanical fatigue damage is complex, as it may accumulate over a
range of temperatures and strains under both steady-state and/or transient conditions.
Thermal shock usually refers to cases in which a body experiences sudden changes in
temperature due to either a change in external environment or to internal heat

generation [4].

1.2 Aims of the Research:

This thesis reports the concerns for the development of a fundamental understanding
of the fatigue crack growth mechanisms of AISI 420 martensitic stainless steel, based

on.

1- The comparative analysis of the theoretical and numerical modelling, incorporating

research findings under isothermal fatigue loading for solid cylindrical specimen.

2- The comparative analysis of the theoretical modelling with the numerical simulation
for tubular specimen when subjected to cyclic mechanical loading superimposed by

cyclic thermal shock loading.

1.3 Objectives of the Research:

The objectives of this research are to produce a comparative analysis of the material
behaviour under low cycle fatigue and isothermal fatigue, improving to the transient

thermal shock fatigue, based on three modelling solutions:

1- Experimental work:

» Study the fatigue life of the material at room temperature for different surface

conditions types of specimens.



» Study the fatigue crack growth rate of the material at 300 - 600 °C temperature

ranges.

2- Empirical Modelling Solution:

> Develop an empirical modelling solution for a solid cylinder specimen under
isothermal fatigue based on the experimental properties and boundary

conditions.

» Develop an empirical modelling solution for a hollow cylinder under up and

down shock fatigue cases.

3- Numerical Modelling Solution: -

» Simulate the fatigue life of the material at room temperature, similar to the

experimental low cycle fatigue test.

> Simulate the fatigue life of the material under high temperature ranges, similar

to the experimental isothermal fatigue tests.

> Simulate the up and down shock fatigue cases, similar to the empirical

modelling cases.

1.4 Approach of the Research:

This research studies compares between the experimental fatigues testing of AISI
420 martensitic stainless steel, the thermo-elastic-plastic empirical modelling solutions
under thermo-mechanical induced stresses which initiate fatigue cracks and provide the
driving force for crack propagation, based on the adding of the elastic-plastic thermal
stress to the mechanical applied stress, utilizing the experimental mechanical properties
and boundary conditions, and the numerical modelling solutions using ANSYS
Workbench version 13.0 software based on the similarity to the experimental testing

and empirical modelling cases.
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begins to dominate. Stage III only occupies a significant area for high strain level tests

on less ductile materials.

A crack in a solid can be stressed in three different modes, as illustrated in Fig. 2.2.
Normal stresses to give rise to the (opening mode) or mode I loading, where the
displacements of the crack surfaces are perpendicular to the plane of the crack. In-plane
shear results in mode II or (sliding mode) the displacement of the crack surfaces is in
the plane of the crack. The (tearing mode) or mode III is caused by out-of-plane shear.
The superposition of the three modes describes the general case of loading and the most

important mode is technically Mode 1.

2.2.1Fatigue Crack Initiation:

Fatigue crack initiation in a ductile metal is a consequence of reversed plasticity
within a grain on a metallurgical feature scale of 103 mm. Surface grains are weakest;
they deform plastically at the lowest stress, and this leads to the production of a micro-
crack within a grain. Such microplasticity, due to slip within grains, can occur at
stresses much lower than the tensile yield stress. The slip can take place only on certain
crystallographic planes within a grain. Resistance to crack initiation depends strongly
on surface roughness, residual stress and environment, all of which are difficult to

control [6].

Several equivalent models have been proposed to explain the initiation of fatigue
cracks by local plastic deformation. The Wood's model exposed in Fig. 2.3 reveals that
during the rising-load part of the cycle, slip occurs on a favourably oriented slip plane.
In the falling-load part slip, takes place in the reverse direction on a parallel slip plane,
since slip on the first plane is inhibited by strain hardening, and by oxidation of the
newly created free surface giving rise to an extrusion or an intrusion in the metal
surface. An intrusion can grow into a crack by the continued plastic flow during
subsequent cycles. If the fatigue loading is a cyclic tension-compression this
mechanism can still work since the plastic deformation occurring at increasing load will

give rise to residual compressive stresses during load release [7].
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lower fatigue life limit, in comparison with smaller grain size when cycled at an
ambient temperature: however, at a high temperature (in the creep range of metals) the

coarse-grained materials appear to exhibit better fatigue properties [9].

II- Processing Techniques:

The effect of processing techniques such as forging, rolling and extrusion produce
directional properties in the materials due to the grain orientation. For that the fatigue
life is specifically increased in the oriented direction and it is lower in the transverse
direction. Besides, heat treatment, case hardening, cold and hot working, surface
coating, platting, cladding, etc. can all influence the fatigue life and the crack growth

due to the residual stress production [9].

ITI- Load Spectrum:

The actual service loading may be a very complex-one due to the history, magnitude,
sign, and rate of loading, which significantly influence the fatigue life and consequently

the crack propagation rate [9].

IV- Geometry of the component:

The effect of the geometry is produced by surface finish, notches, welds,
connections, and thickness where the surface finish has a significant influence on crack
initiation. The geometric surface discontinuities in components such as holes, notches
and joints are sources of stress (or strain) concentration and are often the site of crack

initiation [9].

V- Temperature:

The fatigue crack growth mechanism at high temperature is a complicated process to

study. The important factors influencing the crack growth process are the possibility of

12
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The influence of the air and vacuum environment on the fatigue crack growth plays a
very significant role where the fatigue lifetimes are reduced in air compared to the

vacuum [17].

VII- Oxidation:

The influence of oxygen is more pronounced as the temperature is increased. A
suggested mechanism is the embrittlement of grain boundaries due to oxygen
penetration. This embrittlement is explained in terms of pinning the grain boundaries
due to the existence of oxides and small cavities. During cyclic loading at a high
temperature, the lack of grain boundary mobility may lead to intergranular cracking [9].
The model depicted in Fig. 2.5 is described by a monolayer of oxygen or an oxide layer
form rapidly on the freshly formed slip step exposed in air duﬁng a tension cycle. In the
compression part of the cycle, the slip reverse takes place on the same plane, and some
of the freshly absorbed oxygen is drawn into the body of the crystal in the form of
dissolved atoms. During the next cycle, this process is repeated and more oxygen is
supplied to the crystal which could then diffuse along the slip band. Additionally, the
chemisorptions of oxygen in, and near the slip band causes weakening in the persistent

slip bands of the crystal eventually leading to crack [9].

The work represented by Fournier et al [19-21] for 9Cr—1Mo Martensitic Steel, has
concluded that the presence of the oxide layer filling the cracks leads to faster
propagation. This layer thickness increases with the high strain in tension and
compression. The oxide composition strongly depends on the environment, temperature
and the exact chemical composition of the steel, where the effective behaviours

concerned are the oxidation morphology and the oxidation kinetics.

VIII- Creep-Fatigue:

Creep of materials is classically associated with time-dependent plasticity under a
fixed stress at an elevated temperature, often greater than roughly 0.5 Tm, where Tm is
the absolute melting temperature [22]. It is one of the principal damage mechanisms for
materials operating at an elevated temperature. It can produce larger strain deformation,

stress relaxation, and crack initiation and growth. The combination of high temperature

14
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2.2.3 Unstable and Fast Fracture:

The Stage III has been generally identified as a region of rapid growth close to
instability in a specimen in which crack tip microscopic fracture events such as ductile

void age contribute to the overall growth rate [5].

The primary mechanism of ductile fracture is due to nucleation of microscopic voids,
either at dislocation pile ups, points of severe deformation, or around the interface of
particle inclusions. These voids grow in size ahead of the crack tip where the
stress/deformation field is greatest, increasing in concentration until they coalesce to
create larger voids or separate completely to form further crack surface. As with brittle
fracture, ductile fracture can occur by a trans-granular or inter-granular fracture as
illustrated in Fig. 2.6 where, the trans-granular fracture in ductile structural materials is
caused by overloading depending on the constraint; it failed by a process called micro-
void coalescence [14]. The inter-granular fracture results from a continuous fracture
load or from the deficiency of ductility in the materials due to the segregation of the
embrittling elements, particles and precipitates to the grain boundaries as is the case
with temper-embrittle steels [14]. This depends on the amount of slip planes that are
introduced in the material structure; the more the slip planes, the more dislocation pile
ups that occur at grain boundaries; therefore, greater energy is required to initiate void
growth and crack propagation. Consequently, face centred cubic materials have more
slip planes than the body centred cubic; they are more likely to be fractured by inter-
granular processes. At high temperatures, creep effects can also be present. These

processes can combine to generate complex fracture processes.

Ferritic and austenitic steels demonstrate a range of fracture processes. Austenitic
steels can specifically fracture under low loading for a long time by inter-granular
processes. However, at high temperature trans-granular creep fracture dominates. This
can, however, be attributed to inter-granular fracture. If inclusion or precipitations are
present at the grain boundaries, fracture will occur due to their effect as a stress raiser
[24] while, in the martensitic steel, the fatigue rupture mainly initiates on inclusion for
low temperature or oxide crack at higher temperature; it always propagates trans-

granularly [25].
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