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ABSTRACT

In power plant heat tube is the main
component where the water is changed to
high-pressure steam, it operates under
corrosive and high temperature
environment. Corrosive environment and
cyclic temperature fluctuation cause fatigue
on boiler heater tube, and which degrade
life of the component. This paper presents
corrosion rate by volumetric pit growth,
crack initiation and crack propagation of
boiler heat tube for power plant under
cyclic thermal load. 8.72Cr-0.9Mo steel is
one of the steel type which mostly used
nowadays as boiler heat tube. Volumetric
pit growth rate approach used for crack
initiation and energy release rate approach
(J-integral) used to find crack propagation
phenomenon. Temperature is taken in the
interval of 25°C-500°C, and it has a
significant effect on rate of chemical
reaction (corrosion rate) and material
properties. The results show 906Mpa and
895Mpa thermal stress induced at crack tip
at 500°C from analytical and FEM
respectively. And also energy release rate
results are 33.4J/mm? and 35.43N/mm?
from analytical and FEM respectively.
From the result, material reach fatigue limit
in the range of low cycle fatigue having the
value less than 10# cycles. The existence of
corrosion reduces crack initiation cycles
since crack initiation is speed up by the
presence of corrosion.

Keywords-- Corrosion pit, Crack initiation,
Crack propagation, Strain energy density,
Strain energy release rate

INTRODUCTION

Failure is a problem that society has
faced for as long as there have been man-made

structures. The engineering communities have
responded to prevent failure occurring. Fatigue
has discovered in 1800s when several
components like bridge and rail way
components are cracking [1]. In 20 century,
many revolutionary design philosophies,
inspection techniques and practices, material
development and material processing and
controls have redefined the criteria for failure.
During the past four decades, an extensive
research of fracture mechanics has greatly
enhanced the wunderstanding of structural
failure [1].

Fatigue is the failure of material
caused by cyclic loading. It is the most
common source of behind failures of
mechanical and thermal loaded structures.
Fatigue failure has three stages. The first stage
is crack initiation stage which takes large
number of cycles where microscopic crack is
changed to macroscopic crack. The second is
macroscopic crack grows for each cycles until
it reaches a critical length (propagation stage).
And the third stage is physical failure of the
component and where breaking is happen. This
kind of fatigue is one of the forms of
environmentally induced cracking. Some of
the factors that have a strong influence on
corrosion fatigue are temperature, PH,
pressure of the gaseous environment, and
concentration of the corrosion species [2].
Many high performance structural metals
operate under this deleterious environment
which causes failure to the components [3].
There are many factors corrosion to occur; the
factors like presence of moisture, surface
irregularity, presence of oxygen and inhibitors.
Temperature is a parameter which accelerates
the rate of corrosion.

Since the outer surface of the tube
exposed to corrosive environment, corrosion
occurred or detected on the surface. The
localized corrosion attack on the surface of the
tube creates a pit and under cyclic thermal
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stress this pit grows to crack or initiate a crack.
Thermal stress cycles happened during heating
and cooling of the system. The cycle is natural

in power plant since there is cyclic operation
and shutdown cycles.

Fossil fuel is the main source of heat
energy in power plant industries. There are
two types of mechanisms used to convert
water into steam during power generation.
These are water-tube boiler and fire-tube
boiler mechanism. Fire tube boiler or heat tube
is focus of this study. The above Fig. 1 shows
the corrosion of boiler tube and its failure.

Factors Affecting Fatigue life

Fatigue is the weakening of the
material caused by cyclic loading those results
in progressive and localized structural damage
and the growth of crack. Crack initiation and
crack propagation are two separate or different
processes driven by different phenomenon.
Fatigue life can be affected by a variety of
factors, such as environment, surface finish,
presence of oxidizing or inert chemicals,
residual stresses, stress ratio, types of load, etc.

Stress Ratio

When stress is positive or tensile
stress applied on the material crack will open,
leaving the fresh material in its interior
exposed to corrosive and  aggressive
atmosphere. As a time of exposure is high,
corrosion damage high at crack tip. Crack

Figure 1: Corrosion of boiler tube and its failure[4].

propagation have directly proportional to
stress ratio. When stress ratio is increased
while the stress intensity (AK) is held constant,
the crack tip strain and strain rate are
increased, thus crack propagation will
increased.

Types of Load

Load type significantly affects fatigue
life of the material under cyclic loading. A
load might be tensile, compressive or shear
and these loads are different effect on fatigue
life. Tensile load is significant for mode |
cracking type, but compressive load reduce the
effect of cracking, even it compressive
residual stress added to material to resist
failure under tensile load. Shearing load is
significant in mode Il cracking type which
occurs by shearing along the plane.

Fracture Toughness

Fracture toughness is an implication of
the amount of stress required to propagate an
existing pit. The fracture toughness of a metal
depends on factors like:

1. Metal composition
2. Metal temperature
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3. Extent of deformation to the crystal
structure

Metal grain size

Metal crystalline form

o &

Basic Assumptions

Operational boiler tubes may be
considered as thin-walled cylindrical tube
which subjected to thermal stress and
corrosion media. To avoid complexity in
engineering, different assumption should be
taken. The following assumption is taken
throughout the document:

1. The material is homogeneous and
isotropic

2. Material properties is temperature-
dependent

3. Corrosion cause pitting which later
changed to crack

E(T)

ECO " 200010 (170)

250

4. Radial stress is assumed to be zero
since the wall thickness is small when
compared to diameter of tube

5. Circumferential (hoop) stress and

longitudinal (axial) stress is used

throughout analysis

Plastic deformation at crack tip

Plane-strain analysis

There is no creep-fatigue since creep

is activated at half the melting point of

the metals

®© N o

Temperature-Dependent Material
Properties

Mechanical characteristics of most
materials are greatly influenced by the
operating temperature. Young’s modulus is
temperature-dependent parameter or a material
property which changes with temperature is
shown in Fig. 2.

T
=1.0+ for 20°<T<600° (1)

bt
[ ]
L]
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100

Young's Modulus in GPa

L
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Figure 2: Young’s modulus response to change in temperature.

Thermal Stress (Circumferential and
Longitudinal Stress)

The stress-induced when the boiler
tube is subjected thermal load. The stress

during heating and cooling in both axial and
circumferential stress will be equal and
calculated as follow:

—g=t+ 0T
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Figure 3: Response of stress to temperature change

Where g, is axial/longitudinal stress,
og is circumferential stress, E is young’s
modulus of material, v is poison’s ratio and «
thermal expansion coefficient. The above
graph (Fig. 3) shows the response of stress to
temperature changes.

(T0+Ti)
In (RO/ Ri)

T: T1+

Where R, is the outer radius, R; is the
inner radius, T, is the outside temperature and
T; is the inside temperature. However,
temperature change is insignificant when the
thickness of the wall is very small.

1
€9~ E [06 'V(Gr+0a)]+aAT

1
€= B [0,-v(0,t0g)]+aAT

Where &g is circumferential strain, g,
is axial/longitudinal strain and o, is radial
stress. Radial stress is assumed to be zero
since tube has small wall thickness. So, radial
strain becomes zero.

LOW CYCLIC FATIGUE

In S-N curve (Fig. 4) the region can be
divided into three regions. In region I, about

Temperature distribution through thickness

Since there is a temperature gradient
across the thickness of the tube, when inner
surface of the tube heated it expands but the
outer part of tube resist this expansion.

Thermal Strain

Temperature change can also cause
strain. In anisotropic material, the thermally
induced extension strains are equal in all
directions, and there are no shear strains.

(4)

®)

10°-10° cycles, the material is stressed in the
vicinity or beyond the vyield stress. In this
region material deforms plastically and the
plastic strain dominates the fatigue life and it
described as low cycle fatigue region.
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Figure 4: A schematic of typical S-N curve showing the stress amplitude versus cycles to failure[5].

Paris and Erdogan have been proposed
the expression which govern fatigue crack
propagation rate. However, this expression is
limited elastic strain range fatigue (region IlI)
which does not describe plastic strain range or
region |.

But, it can be extended fracture
mechanics concepts from linear-elastic to

behavior to elastic-plastic behavior by using J-
integral approach.

Modes of Failure

There are three cracking modes in
fracture mechanics and they are linearly
independent. These modes are categorized as
Mode I, Il, or Il as shown in below Fig. 5.

7Y

Figure 5: Opening or mode | (left), sliding or mode Il (middle) and tearing or mode 111 (right).

Crack Initiation

There different types of reasons to
initiate crack. Factors like porous during
manufacturing, corrosion pitting, flaw happen
under operation and other factors. Cracks start
at the surface of the material where the highest

stress is normally found. SCC frequently
initiates at pre-existing or corrosion-induced
surface features or pits formed during
exposure to service environment. In boiler
tube the rust Fe,03.xH,O (iron oxide) which
is transported to another surface of the tube is
eroded by pressured water inside the system.
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Corrosion

Fe = Fed+ + 26-

O WATER
H2 0
O
5 2H20 + 2e-

02  ->H2+2(0H)-

Figure 6: Anodic and cathodic reaction of the metal under corrosion [6].

The speed is  depends on
environmental condition and types of metal.
The parameters, which affect the corrosion
rates, are generally: solution chemistry,
metallurgical and mechanical presence of
stress as shown in Fig. 6.

An increase in temperature will
generally increase the rate of corrosion. A rule
of thumb is that temperature increases of 10°C
will double the corrosion rate. Thus, corrosion
rate can be described using Arrhenius

water Fe2+

anodic

; site
iron

equation.

CR=Aexp F¥RT (6)

Corrosion pitting is characterized by
the formation of small cavities (pits) in the
metal. Pitting is often difficult to detect and
monitor. Pitting is the main types of
destructive form of corrosion that affect boiler
heat tubes as shown in Fig.7.

-

cathodic
site

Figure 7: Pit formation [6].

Corrosion induces the pit on the surface of tube and which is later changed to small crack by the

action of cyclic stresses.
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Crack Tip

Figure 8: Elliptical pit opening and its depth or length.

Kondo has proposed that
experimentally, opening radius of corrosion pit
(c) can be described using the equations below
considering pit as semi-ellipsoidal, the volume
of this pattern can be calculated:

V= % nc’a @)

According to Faraday’s law pit grow
at a constant volumetric growth rate

dav_ . M AH
__Cp_ nFp exp (_ RT) (8)

The number of cycles to initiate the crack will
be

Crack Propagation

During crack propagation stage, crack
generally accelerates and takes shorter period
of time than initiation stage. Crack growth can
cause catastrophic sudden failure especially

O
w5 -0.2
[
2
S 04 *
X
206
-og [
S 08 4
(6]
> °
2 .
LL

12

0 200 400 600 800

Temperature in °C

Fatigue ductilty coefficient, f

under a risky operation. It is depends on
several factors, such as bulk material
properties, body geometry, crack geometry,
loading distribution, loading rate, loading
magnitude, environmental conditions, and
microstructure.

Prediction of Strain based fatigue life using
Manson and Coffin Equation

Structural components used at high
temperature shows LCF failure as a
predominant failure mode low-cycle fatigue
conditions are created when the repeated
stresses are of thermal origin.

Cyclic fatigue ductility exponent and
cyclic fatigue ductility coefficient are a
parameters used find fatigue life in LCF.
These parameters are temperature-dependent
properties of the material as shown in Fig. 9.

5
*

4

3

2

*

! *

0
-1
-2
-3

*
-4
0 200 400 600 800

Temperature in °C

Figure 9: Fatigue ductility exponent, C and fatigue ductility coefficient, f.
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For low cycle fatigue in plastic range,
the number of cycle to failure can be
calculated by Coffin and Manson relation.

| ae 1C
Nerer=3 (5 (10)
f

Where Aegp plastic strain amplitude,
g fatigue ductility coefficient and c is the
fatigue ductility exponent.

J-Integral Approach for Large Plastic
Strain

Crack extension occurs when material
at the crack tip exceeds its fracture strain due
to continued strain cycling. Fatigue crack
growth rate (FCGR) can be expressed by
elastic-plastic components of AJ integral by
power law. J-integral is the rate at which
energy is transformed as a material undergoes
fracture and has units of energy-per-unit area.

da m
S=C(AK)™  (11)

Where Crand mpare a material
constant and it is assumed that R= 0 and J-
integral range Al is calculated if only mode |
is considered.

Kinay
Alg==22 (12)
* E

Alg=f_ XAl (14)

Gref3 + % (15)

ep o2
P 20y Esref Gref

oo IS the reference stress calculated at the
maximum load of the cycle. Here the J-
integral is in plastic range, so that cyclic J-
integral equal to elastoplastic cyclic J-integral.

C=3.05x10° and m=1.31 for specific
material used for this study.

FINITE ELEMENT METHOD
SIMULATION

Finite element method is the most
widely used method to solve problems in
engineering and mathematics fields. It is a
numerical technique used to perform finite
element analysis of any given physical
phenomenon and gives us solution in the
forms different outputs which is easy to
understand by the experts or readers.

The ABAQUS/CAE is FEA product
suite offers powerful and complete solutions
for both routine and sophisticated engineering
problems covering a vast spectrum of
engineering applications as shown in Fig. 11.
Fig. 12 and Fig. 13 show the stress distribution
around crack tip and under thermal stress
respectively. Plastic strain energy density is
shown in Fig. 14.

Figure 11: Abaqus model of boiler heater tube.
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Figure 12: Stress distribution around crack tip (Von-Mises stress).

N

Figure 13: Strain at the crack tip under thermal stress.

tion = -1.0)

AR o

Figure 14: Plastic strain energy density (PENER).
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RESULT AND DISCUSSION

Whenever the material is a under a
load, it will respond to the applied load, this
applied load develop stress on the material and
it might deform elastically or plastically.
Nowadays 8.72Cr-0.9Mo steel mostly used
material in power generating power plants and
reactors.

The result shows in Fig. 15 change in
temperature has great influence on rate of
corrosion. It influences the rate of corrosion by
increasing kinetic energy at molecular level.
This  facilitates the collision  between
participles which can alter the reaction rate.
Especially, above 250° there is a significant
change in volumetric pit growth rate.

200E-13
1 20E-13
1.60E-13
1 40E-13
1_20E-13
1.00E-13
2 00E-14
G 00E-14
4 00E-14
200E-14
Q0.00E~-00

Volumetric Pit Growth Rate 1n
m*ds

o 30 100 150

400 450

M
LA
]

200 230 300

-2.00E-14

Temperature i “C

Figure 15: Volumetric pit growth rate response to temperature change.

Pit to crack transition happen when pit
reach critical value a., and transition depends
on different factors like volumetric pit growth
rate, stress intensity factor, and cyclic stress.
Volumetric pit growth rate is the main factor
that affect this transition since the pit is
initiated by the corrosion. A large volumetric
pit growth rate reduce the cyclic life to initiate
crack initiation and vice versa.

20000

The comparison between other
literature (experimental data) and analytical
have a good agreement. Analytical result
found taking the temperature of the surface of
part 500°C and calculating the strain
amplitude. Using Manson-Coffin expression
the number of reversal to failure is calculated.
The result from this expression has good
approximation with other literature data.

183000

16000

14000

12000
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8000

G000
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2000

Number of Reversal to Failure , 2Nf

#] 0.002 0004

FEM
Amnalytical
a  Erperimental (Magesha etal2002)

0006 0008 0.01 0012

Strain Amplitude, Asp/2

Figure 16: Comparison between analytical, FEM and other literature (experimental result) using
strain amplitude versus number of reversal to failure at 500°C (773K).
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From the result, it is observed that at
large strain amplitude has low fatigue life as
shown in Fig.16. The result computed by
taking fatigue ductility coefficient ¢; = 0.66
and fatigue ductility exponent C = -0.67 at
500°C or 773k from experimental data.

Corrosion pit reduce the fatigue life
with a significant value. In Manson-Coffin
expression the fatigue life depends on the
fatigue ductility exponent and fatigue ductility
coefficient. The presence of pit and high

200000

temperature increase these values. The smaller
the value of fatigue ductility coefficient and
fatigue ductility exponent, large number of
fatigue life and vice versa. The graph below
(Fig. 17) shows the comparison between the
fatigue life of boiler heat tube with corrosion
pit and without corrosion pit. The result
indicates there is a large difference between
the two. However, the results have close result
to each other for large cyclic strain amplitude.

120000

160000

140000

120000

100000

BOOOO

S0000

40000

20000

Number of Reversal to Failure , 2Nf

— FEN
—— Analbytical
4  Experimental (MNagesha etal 20020

without corrosion pit

]
] 0.002 0004

0006 o.o0s 0.0l o012

Strain Amplitude, Asp 2

Figure 17: Comparison between fatigue with corrosion pit and without corrosion pit.

The result shows J-integral and crack
growth rate have a direct proportionality. The
graph below (Fig. 18) compares analytical
result which is calculated, finite element and
experimental data taken from the literature [7,
8]. Analytical model have very nice agreement
with experimental data. From the graph, it is
clearly observed that large crack growth rate

0,015

means it release large energy during plastically
deformation of crack tip.

The cyclic J-integral (4J) finite
element method (FEM) is estimated to
35.43N/mm or 35.43)/mm? at 500°C and from
analytical approach is calculated to 33.4N/mm
at the thermal load.

BITAE - Experimental (Walkca.

— Amnalvtical

FENL

da/dN, mm/cycle
= = =1 =
o 2o o ¥ o
=] =] [=] =
= = ta b

et.al 20135
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Figure 18: Comparison of analytical, FEM and other literature (experimental data) of crack growth
rate versus cyclic J-integral.
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The result shows, fatigue condition is
within range of the low cycle fatigue
(below 10° cycles). Crack propagation (crack
size versus number of cycles) found very close
value with experimental result. This graph

1800

(Fig. 19) shows the comparison of analytical,
FEM and experimental data (other literature).
The results have good agreement to each other
with small deviation in acceptable range.
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Figure 19: Comparison between analytical, FEM and other literature (experimental data), crack
initiation and crack propagation results.

The total life the tube is the
summation of number of cycles to take crack
initiation N;,, and number cycles takes during
propagation stage N,,.

CONCLUSION

This study addressed a fatigue
phenomenon of 8.72Cr-0.9Mo steel boiler tube
under cyclic thermal loading and corrosion
pitting. Analytical and finite element method
(FEM) are two methods, and strain-based
approach (i.e. low cycle fatigue), used during
analysis. Corrosion rate in pit growth rate up
to crack initiation and crack propagation were
the main concern of this study.

The crack initiated by pit growth on
the surface of the boiler. Pit growth rate can be
influenced by temperature on surface of the
tube. Temperature is most influencing factor.
It also affects the material properties, like
young’s modulus, tensile strength, fracture
toughness, and other mechanical properties
which reduce the fatigue strength of the boiler.
The overall changes in material have a
negative effect on fatigue life of the

component. That means it significantly affect
fatigue life.

Crack propagation rate was estimated
using energy release rate in both analytical and
finite element approaches. Cyclic J-integral
(energy release rate) method with Paris law
was used and the result have good
approximation with other literature
(experimental data). As energy release rate
increase, crack propagation rate increases. In
normal fatigue analysis of the material, crack
initiation takes longer time than crack
propagation stage. However, here due to
presence of corrosion crack initiation takes
almost equal life cycles when compared to
crack propagation stage in this study.
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