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Abstract

ABSTRACT

Reformer tube material generally used in petrochemical industries for prolonged
service conditions of 800 °C - 1000 °C and gas pressures 0.5 MPa - 4.2 MPa are
centrifugally cast austenitic stainless steel. Many times premature failure of these
materials occurs by creep deformation resulting in forced shut down of the plant.
Several reports are available in literature regarding the creep failure analysis of metallic
materials, each report having its own advantages and limitations. An insight regarding
the creep behavior and analysis of the creep life prediction techniques is required for the
safe design of the component. Hence, this work was carried out to investigate the
microstructure, high temperature tensile behaviour and constant stress creep behavior of
micro-alloyed HP40NDb centrifugally cast austenitic stainless steels.

High temperature tensile tests reveal that Young’s modulus, yield strength, and
ultimate tensile strength of the material decrease with increase in test temperature. The
ductility continuously increases with increase in temperature up to 1000 °C and
decreases drastically with further increase in test temperature. The strain hardening
exponent increases up to 600 °C, beyond which it starts decreasing. Microstructural
investigation of the tube revealed carbides rich in Cr, Nb and Ti at grain boundary
regions which are typical features of the cast material. Exposure of the reformer tube
material above 1000 °C revealed dissolution of Cr;C; in the matrix with concomitant
increase in Crp3Cg resulting in loss of ductility.

Creep behaviour of the reformer tube material is investigated by carrying out
accelerated creep tests at 650 °C - 1050 °C and 47 MPa - 120 MPa stress levels. The
strains in the three creep regions were analyzed in terms of temperature, stress and
minimum creep rate. Analysis of minimum creep rate, strain to rupture and rupture time
by Monkman-Grant relation and modified Monkman-Grant relation indicate both
methods are valid for the investigated steel. The relationship between time to reach
Monkman-Grant ductility and rupture life is established for the steel in terms of damage
tolerance factor.

The apparent activation energy for creep and stress exponent show a non-linear
second order polynomial relationship with stress and temperature, respectively. The

expression for the minimum creep rate obtained by constitutive modeling follows the
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Abstract

312;70). Investigation of the

power law relation in the form & = 9.42 x 10~%5%3exp (—

creep rupture sample surfaces reveals nucleation and growth of voids at Cr rich phases
as the main mechanism of damage at elevated temperatures.

Researchers were not able to predict the creep curves of materials from the data
generated from experiments. This is mainly due to the fact that the creep curve consists
of three regions characterized by different deformation behavior. An attempt was
carried out to predict the creep curves for various combinations of stresses and
temperatures from limited experiential data. Using the data obtained from the creep
tests, the creep curves could be successfully generated by Artificial Neural Network
(ANN) modeling by a three layer feed-forward back propagation network using
Lavenberg-Marquardt optimization algorithm. During the validation stage, 98 % of the
creep strain data points could be predicted within a deviation error of + 10 % where the
maximum deviation error was 18% compared to the experimental values. An additional
experiment carried out to check the authenticity of the creep curve simulation confirms
very good prediction capability by ANN modeling. The correlation coefficient R, and
average absolute relative error (AARE) between experimental and predicted strain
values are found to be 0.994 and 23 %, respectively. The minimum creep rate of the
material obtained by ANN modeling is very close to the experimental data compared to
that obtained by the constitutive equation.

Prediction of the creep life of HP40Nb reformer steel tube under various
combinations of temperatures and stresses was carried out by three techniques viz.,
Manson-Haferd technique, Orr-Sherby-Dorn technique and Larson-Miller technique and
the results compared. The results obtained by Mansion-Hafred technique and Orr-
Sherby-Dorn technique are found to be over-estimated values. While predicting the
creep life by Larson-Miller technique, it was found that the Larson-Miller constant C .y
used in the Py equation is not a constant. The C_.y is stress dependent and hence the
PL.m equation needs to be modified. The life prediction by L-M technique was carried
out by considering C_.v as a constant as well as a stress dependent function.
Comparison of the results reveals that the large scatter in the master curve is reduced by
considering C..v as a function of stress. The creep life prediction using C..u as a
function of stress shows more conservative result compared to the case when Cp.y is

considered as a constant.
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CHAPTER 1

INTRODUCTION

1.1 General

Last few decades, it has been witnessed that increase in energy demand with
simultaneous ever increasing cost of oil and its bi-products across the world. In
industries such as refineries, petrochemical industries, fertilizer plants, gas-based
sponge iron plants, etc., in-house production of gases like ammonia, methane, ethane,
synthesis gas, hydrogen, etc. are required for the economic production of various
products. Hydrogen is an essential gas for the production of ultra-low sulfur diesel and
gasoline. The reaction of hydrocarbons and steam at an elevated temperature in
reformer furnace tubes produces hydrogen gas. In the reformer tubes, endothermic
catalytic reaction takes place at high temperature and converts the hydrocarbon-steam
mixture into hydrogen and carbon dioxide. The reforming process necessitates the tube
materials to withstand high temperatures and pressures. The centrifugally cast tubes are
extensively used in industries for this purpose.

High temperature austenitic stainless steels which can withstand higher
temperature and stress for prolonged time have been used as a material of reformer
furnace tubes for the last 6-7 decades. The initial reformer tubes were wrought low
carbon (~0.1 wt. %) stainless steels. In 1970s, centrifugally cast high carbon HK-40
alloy (0.4 C-25Cr—20Ni-Fe) was developed. In 1980s and early 1990s, a higher creep
resistance HP alloy was developed by addition of Nb [1, 2]. The typical chemical
composition (wt. %) of the steel is C: 0.35-0.45, Cr: 23-27, Ni: 33-36, Mn: 1-1.5, Si: 1-
2 and Nb: 0.8-1.2 [3-9]. Since mid-1990s, a modified version of these alloys, exhibiting
still better creep and corrosion resistance by micro alloying with elements like Ti, Ta,
Zr, came in to existence. .

The normal service temperatures of the reformer tubes range from 750-1000 °C
with a design life of 10° operating hours. Though these tubes are designed to withstand
the temperature and gas pressure for prolonged time, incidents of premature failure of
these materials are very frequent which leads to heavy economic loss for the industry.
The reasons for the failures are due to carbonization, oxidation, overheating, stress

corrosion cracking, sulfidation or creep failure. In most of the case, the failure was due

TH-1394 09610307



Introduction

to creep failure. The tube design for creep at the specific service conditions is to be
carried out very carefully.

The design life of 10° hours at the service conditions has been arrived from
creep data of these materials. It is unrealistic to perform creep tests for the entire
projected design life, particularly for 10° hours of service. The usual practice is to carry
out accelerated creep tests by increasing the temperature and/or stress and extrapolating
the data obtained to the service conditions. Several techniques of creep life prediction
exists viz., constitutive modeling, Monkman-grant relationship, and parametric
techniques, each having its own merit and demerit. In the constitutive modeling
technique, the minimum creep rate is evaluated based on constitutive parameters and the
time to attain a specified creep strain is taken as the creep life of the material. When
tested over a wide range of temperatures, the error in the minimum creep rate
determined by this technique is in many cases found to be varying by around two orders
of magnitude leading to unrealistic values in the creep life prediction. The rupture life
prediction by Monkman-Grant relationships is based on the experimental values of
creep rupture time and minimum creep rate. The limitations of these techniques are that
the creep life cannot be determined by extrapolation of accelerated creep test data. The
present practice of life assessment of reformer tubes by industries are by several
parametric techniques proposed by investigators. Among the various parametric
techniques proposed by the investigators, the Larson-Miller technique [10], Orr-Sherby-
Dorn method [11], Manson-Haferd method [12] have found wide acceptance by
industries. In spite of the fact that these techniques were developed during 1960s, less
attention has been paid to further refine the methodology of analysis.

Larson-Miller parameter Py is most extensively used by industries to predict
the creep life of the reformer tubes. In this technique the creep life of the material is
determined from o versus P,y master curve. Following the standard practice,
investigators observed a large scatter in master curves. The standard practice is by
considering the Larson-Miller constant C_.y in the expression of P .y as a constant by
trial and error method. A critical analysis reveals that Larson-Miller constant Ci.y is not
a constant but depends on the applied stress. By considering the C, .y value as a stress

dependent parameter, the scatter in the master curve can be reduced to a great extent
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thereby one can predict a creep life which may be more realistic compared to the
existing standard practice.

During the past 30 years, there has been a substantial amount of work published
on the prediction of creep curves using various techniques such as 6-projection
technique [13], omega method [14], modified 6-projection technique [15] and finite
element technique [16]. These techniques have some limitations and complex to solve.
So far researchers were not successful in predicting the creep curves under various
combinations of stress and temperature from limited experiential data. It is expected that
the problem may solve faster and with a reasonable accuracy using Artificial Neural

Network which is difficult by conventional computer programs or human intelligence.

1.2 Major Objectives

The present work aims at investigating the creep behavior of micro-alloyed HP
Grade (25Cr-35Ni-0.4C-1Nb) centrifugally cast austenitic stainless steels by carrying
out accelerated creep tests at different temperatures and stresses. The material was
exposed at 650 °C for 11 years. The experimental data was used for developing creep
deformation models by the constitutive equations as well as by parametric techniques
and predicting the life of the tube. An attempt was also carried out to predict the creep

curve of the material by Artificial Neural Network modeling.

1.3 Layout of the Thesis

This thesis consists of five chapters which are summarized as follows:

¢+ Chapter-1 introduces the importance of creep deformation in reformer tubes and
briefly highlights the importance of the thesis work.

%+ Chapter-2 presents the summary of literature available regarding reformer tubes,
the creep deformation and review of various creep deformation models for
determination of the creep life of creep resistant materials. Finally, the technical
gaps which are to be addressed in this area are highlighted. The chapter ends by
highlighting the main objectives of the present work.

¢+ Chapter-3 describes the methodology adopted for achieving the objectives.
These includes the design, development, calibration of the creep testing setup,

detailed experimental procedures, material characterization techniques and ANN
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technique for predicting the creep curves using the data obtained from the
limited experiments.

« The results and discussions are presented in chapter-4. Here the tensile
properties obtained for the material at various temperatures have been presented.
The properties obtained have been discussed with respect to the microstructure
and tensile fractographs. The creep life of the material is presented based on
Monkman-Grant relationships, Larson-Miller parameter, Manson-Haferd
parameter and Orr-Sherby-Dorn parameter. The creep constitutive relations are
presented and the deformation behavior is discussed. ANN technique is used to
predict creep curves up to 35 % tensile elongation (i.e. 0.3 creep strain). ANN
model was used to generate additional creep data for the accurate prediction of
creep life by Larson-Miller parameter. The creep life of the investigated material
obtained by various techniques was compared.

¢+ Chapter-5 presents the conclusions and future scope of work and references and

appendices are followed by.
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CHAPTER 2

LITERATURE SURVEY

2.1 Introduction

HP40Nb micro-alloyed stainless steel is being used extensively as reformer tube
material in petrochemical and fertilizer industries to produce hydrogen gas from a
mixture of hydrocarbons and steam at elevated temperature [17]. During service, these
tubes are continuously exposed to temperature of about 1000 °C and gas pressure of 0.5
MPa to 4 MPa for prolonged time in an extremely severe environment [18, 19].
Premature failure of these tubes has been reported to be due to embrittlement and
occasional overheating during service. Under the severe service conditions, the most

important failure is due to creep deformation.

2.2 Reformer Tube Materials

Reformer tubes are typically made of centrifugally cast heat-resistant alloy steel
containing high Cr and Ni as the major alloying elements. During 1960s and 1970s,
most of the reformer tubes were cast of HK-40 alloy (25Cr-20Ni-Fe). In 1980s and
early 1990s, modification of the alloys by Nb resulted in modified HP alloys [1, 20]
with a typical chemical composition (wt. %) of C: 0.35-0.45, Cr: 23-27, Ni: 33-36, Mn:
1-1.5, Si: 1-2, Nb: 0.8-1.2 and balance Fe [3, 21-26]. From the mid of 1990s, micro-
alloying elements like Ti, Ta, Zr are being used to improve the high temperature creep
properties for service temperatures up to 1000 °C. These alloy steels are extensively
used in petrochemical industries as catalyst tubes, radiation tubes and ethylene pyrolysis
tubes [21-24].

The microstructure of these materials is characterized by dendritic structure with
carbide network at interdendritic regions [27-29]. The creep resistant properties are
strongly dependent on the amount of carbides in the matrix [30].The carbides in these
materials are mainly Cr-rich (Cr;C3) and Nb-rich (NbC) particles [31, 32]. At high
service temperature Cr;Cs precipitate converts to Crp3Cg [33] while NbC carbides are
stable in term of chemical composition and morphology [34]. It has been reported that
prolonged service exposure of the steel at high temperatures result in the presence of
Cry3Cs at the outer surface of the tubes while the inner surface with the mixture of
Cry3Ce and Cr;Cs are present [35-37].Addition of 0.8-1.2 wt. % Nb and Ti as micro-
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alloying element stabilize the microstructure at service temperature against
transformation of Cr;Cs to Cry3Cg by forming NbC precipitate. At 1000 °C, Cry;Cs
carbide decomposes and chromium diffuses in to the Nb-rich carbide region to form
CrNbC [38]. Long-term service exposure at elevated temperature results in chromium
depletion in the matrix and coarsening of interdendritic carbides [19].

Service exposure at 950 °C for ~11 years degraded the tensile strength of these
materials [27, 29]. This was attributed to a combination of matrix softening, coarsening
of carbides at dendritic grain boundaries and disappearance of fine intra-dendritic
precipitate degraded [39]. Tensile strength of HP40Nb steel at 900 °C increased and it
almost constant beyond 1500 h of aging due to the transformation of unstable Cr;Cs to
stable Cry3Cg carbide, whereas, Charpy impact strength continuously decreased with
increase in aging time [19]. It was reported that at elevated temperatures the mechanical
properties increase with the increase in carbon content. However, at these temperatures,
the coarsening of Cr-rich carbides result in reduced ductility of the steel.

The principal failure mechanisms in reformer tubes exposed to high
temperatures are due to one or more of the creep damage mechanisms like (a)
microstructural degradation, (b) high temperature fatigue, (c) creep-fatigue, (d)
embrittlement, (e) hydrogen damage, (f) graphitization, (g) thermal shock, (h) erosion,
and (i) high temperature corrosion [40]. Chromium-rich precipitates are more prone to
form cavities and micro-cracks than Nb-rich carbides of HP40ONb micro-alloy steels
[27].To achieve the design life of this material, an optimum combination of

temperature, pressure and alloy is essential.

2.3 Creep Deformation

Creep is defined as the time dependent deformation of a material. The basic
information regarding the creep deformation of any material can be understood from a
creep curve developed experimentally for a particular combination of stress and
temperature. In this the dimensional changes occurring in the material with time is
recorded till failure. The total strain &oy at any instant is the sum total of the initial
strain on loading & and the time-dependent strain (creep strain) &. The creep data is

generated based on the following applications [41]:
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1. Displacement-limited applications, where precise dimensions or small clearances
must be maintained (eg. turbine blades, Figure 2.1(a)),

2. Rupture-limited applications, where dimensional tolerance is relatively unimportant,
but fracture must be avoided (eg. pressure piping, Figure 2.1(b)),

3. Stress-relaxation-limited applications in which initial tension relaxes with time (eg.
cables or bolts, Figure 2.1(c)), and

4. Buckling-limited applications for slender columns or panels carrying compressive
loads (eg. wing skin of an aircraft, Figure 2.1(d)).

sl ,

(d)
Figure 2.1 Importance of creep in four classes of design; (a) displacement-
limit, (b) failure-limit, (c) relaxation-limit and (d) buckling-limit.

The creep curve is a plot of the strain vs. time for constant stress and
temperature and is independent of the application. A typical creep curve is illustrated in

Figure 2.2.

RUPTURE x

PRIMARY I Ag TERTIARY

|4— SECONDARY —— 3
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|
INSTAN #ANEOUS '
DTFORVAHON '

TIME, t &
Figure 2.2. Typical creep curve showing the three steps of creep. Curve
A: constant-load test and Curve B: constant-stress test [42].
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The instantaneous strain is purely elastic and can be obtained from ¢ = o/E, where E is
the Young’s modulus, o is the applied stress and ¢ is the elastic strain. The creep curve in
Figure 2.2 depicts three regimes as follows:

1. Primary creep, where the strain rate decreases with time due to strain hardening.
Primary creep is a period of predominantly transient creep in which the creep
resistance of the material increases by virtue of its own deformation.

2. Secondary creep, where the strain increases linearly with time and is a region of
constant strain rate. In this region, a balancing between the competing processes of
strain hardening and recovery exists and is also referred as steady state creep region.
For design engineers this is the region of prime importance and comprises the
maximum creep life.

3. Tertiary-creep, where the strain increases at an increasing rate with time, resulting
in the final rupture. The tertiary creep is characterized by an effective reduction in
cross—sectional area either because of necking or internal void formation. The time
to failure is often called the time to rupture or rupture life t;.

The typical variation in creep rate vs. total strain for the three creep regions is

plotted in Figure 2.3.

(de/dt)

FIRST SECOND THIRD
STAGE STAGE STAGE

|/

TOTAL STRAIN, €
Figure 2.3. Schematic representation of strain rate in
creep test as function of total strain [42].

CREEP RATE, £

2.4 Creep Curve Models

Various researchers have tried to explain the creep curve behavior. Andrade’s
creep model is being widely accepted which is based on the superposition of a transient
creep and a viscous creep after the sudden strain, as illustrated in Figure 2.4. The creep
rate in the transient creep decreases with time whereas the viscous creep continuously

increases with time.
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Figure 2.4. Andrade’s analysis of the competing processes which determine

the creep curve [42].

The creep curve can be represented by an empirical relation [42]:

ca==lE" (1 + ﬁté) e (k)

(2.1)

where ¢ is the strain in time t and & x are constants and &, is the instantaneous strain

during the application of the external load. Table 2.1 highlights various mathematical

expressions proposed by researchers for the three creep regions.

TH-1394 09610307

Table 2.1. Classical representations of primary, secondary and

tertiary creep.

Model Equation Reference
Primary creep
Power law: &, = At* > & = Ac't” 43
Logarithmic: e, = 4, log(1+bt) 44
Exponential: & = 4,(1 - exp(-ct)) 45
1
Sinhlaw: &, = 4, sinh(cﬁj 46
Secondary creep
Power law: &, = A4,0" 47
. LA . o
Sinh law: &, =&, sznh(—j 48, 49
O-O
Tertiary creep
Exponential: ¢ = exp(-mt)-1 50
p .= 4 [exp(-mt)-1] o
_ ac" cot 52
& = ;» where o = ;
(l - a)) (1 - a))
53

Omega: &, = &,exp(£2e)
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The nature of the creep curve is heavily dependent on the stress and temperature
[54-57]. The variation of the creep curve for constant stresses and temperatures are
shown in Figure 2.5(a) and (b), respectively. These figures indicate that high stresses
and high temperatures reduce the extent of primary creep stage, eliminate the secondary
creep stage and creep rate accelerates almost from the beginning of the creep test. At
intermediate stresses and temperatures, the primary and secondary creep stages are more
prominent. At lowest stress and temperature, creep curves show long and well defined

secondary creep stage with a very slow creep rate.

0.5 7
o =50 MPa s 275.8 MPa
6 | 551.6 MPa
0.4 350 °C L
_5t 413.7 MPa
c g
7 03 cal 344.8 MPa
' -l
o adr
o 0.2 o
S5 T
o o2y 871°C
. 1 Air
1 L 1 " 1 " 1 " 1 1 L 1 1 1 1 1 " 1

0.0 . 0= .
0 1000 2000 3000 4000 5000 6000 0 300 600 900 1200 1500 1800
Time (s) Time (h)

(@) (b)
Figure 2.5. Creep curves (a) of NiTaC-13 at constant temperature [54] and (b)
of 5083 Al at constant stress [58].

2.5 Constitutive Equations for Steady State Creep

As mentioned earlier, a typical creep curve consists of three regions. The
effective creep life of the material is determined from the secondary creep region where
the creep rate remains constant for the major part of the creep life. This region
experiences the minimum creep rate which is all referred to as the steady state creep rate
&,. For all practical purpose, the creep life design is based on the time elapsed where the
material reaches the end of the secondary creep region or enters the tertiary creep
region. This is taken in to account by estimating the minimum creep rate and the creep
strain under the service conditions. The various constitutive models for the minimum

creep rate proposed by researchers are presented in Table 2.2.
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Table 2.2. Constitutive equations for strain rates proposed by several researchers.

Constitutive equation for strain rate, & (s™) References

o af2] (2

a(e) ) ,
‘i—f - exp[— S% j 60-66
sl ol )
‘3—‘: - A,(sinh Bo)’ exp(—F?—_i_j 67, 68
&= &exp(—%]xsinh(i—?j 68-71
& = % A exp(— H k_Tqaj 72
£, cexp {(—g—{_j(l— :—:2 ]} 73
«-A(2/ 1) -
(i_f: %exp(—?—%].sinh(g—:j 70,75
& =A,0" 76-78
&, =A1kl—_(|_3b(gjp (%Jn D, exp[—kQ—_IEj 56, 79
& =A,0" exp[—S—_‘;_] 80
ézABexp—(QckﬁGJ 81
§,=—L =4 exp—[Q°k_T?qj 82
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& =2np.D b 3sinh ot 85
S ps sd(D ao 2|(T
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The creep constitutive equations for the steady-state creep rate for metals are

based on the physical and metallurgical behavior of these materials [57]. Out of the
various models, the widely used relationships are the power law approach [60], Dorn
approach [88] and Prandlt approach [48]. Weertman [60] in 1955 derived a theoretical
equation for minimum creep rate &, based on the concept of dislocations climbing over
obstacles like sessile dislocations for low applied stresses. In this, the power law

expression of the form

& = Ao™cexp (— Q}g;p) (2.2)

At high stresses and high temperature, Dorn proposed the expression for minimum

creep rate & as

& = A,exp(Bo)exp (— Q};?) (2.3)
Prandlt (1928) [48] proposed the hyperbolic sine function for the minimum creep rate at
high stress as

&, = As[sinh(ao)]exp (— %) (2.4)
In Eq. 2.2, 2.3 and 2.4, Ay, Ay, As, N, S and a are material constants, o is the applied
stress, Qapp IS the apparent activation energy for creep, R is the universal gas constant (=
8.314 JK 'mol™), and T is the test temperature. Material constant n is also called
stress exponent. Eq. 2.4 can be written as

' 0 _ g—ao Q
t = s () ew (- 7) @9

12
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The value of e/e” tends to zero when ac > 1.5, which is generally satisfies in practice
[89]. The Eqg. 2.5 then assumes the form

b= (7)o (- 5) @

2.5.1 Activation Energy for Creep

Investigation of various materials by investigators reveals that the value of the
activation energy for creep is almost equal to the activation energy for self-diffusion Q..
It is also observed that Q. is dependent on temperature [74, 90-100] and stress [78, 92,
94, 97, 101-103]. Activation energy for creep for a polycrystalline pure metal shows
three ranges with change in range of temperature, as illustrated in Figure 2.6.

T(K)
" 0 184 368 553 737 921

30

n
o
T T
am

Q, (kcal/mole)

-—

o
T

]
[]

0 L 2
0.0 0.2 0.4 0.6 0.8 1.0
T,

Figure 2.6. Activation energy for creep of polycrystalline aluminium as a
function of temperature for creep rates in the range 10 to 10 sec™ [74].

At low temperature range (range I) creep occurs due to dislocation of intersection
processes [94], in range Il by cross-slip and in higher temperature range (range 111) by
dislocation climb [94]. It is observed that activation energy Q. depends on the strain rate
[104]. Apparent activation energy is close to the value for diffusion along grain
boundaries or by dislocation pipes at low temperature [105]. Table 2.3 summaries the

activation energy for creep determined from the creep data for different materials.
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Table 2.3. Activation energy for creep of different metals.

Metal Q. (kJ/mol) References
Be (99.7%) 271.96 106
142.26to

Al (99.99%) 150 62 107, 109

Al - Mg 150.62 108, 109

Al — Cu Solid 150.62 108, 109
Al (99.99%) 150.62 110
Ti (99.6%) 251.04 111
Ni (98.7%) 273.63 112
Cu (pure) 184.10 113
Nb (99.8%) 313.80 114

The activation energy reported for the lattice diffusion of austenite phase is 270 kJ/mol
[115]. An activation energy for creep of 260 kJ/mol and 340 kJ/mol have been reported
for 304L stainless steel and AISI 310S stainless steel [116- 117], respectively. Yamane
et al. (1984) [118] and Ruano et al. (1985) [119] observed that activation energy for
creep increases with increase in grain size. Holmstrom (2010) [120] found that the
apparent activation energy Qapp for P91 steel at a constant stress increased with increase
in temperature. The activation energy for creep determined from power law expression
of Nb modified HP steel is 331 kJ/mol which increases to 450 kJ/mol for temperatures
above 920 °C [121].

2.5.2 Stress Exponent or Power-law Creep Index

In pure metals at high temperatures near the absolute melting temperature T,
two transitions in creep behavior are observed. Harper-Dorn dislocation creeps occur at
low stresses. The Harper-Dorn creep occurs for both high temperature creep, where
lattice diffusion predominates and for low temperature creep, where diffusion along
dislocation is predominant. In this condition, the stress exponent n. is equal to 1. At
high temperatures intermediate stresses, Coble diffusion creep or Nabarro-Herring creep
[122] dominates and occurs due to a recovery process such as high temperature climb.
In this condition, the stress exponent n. is found to be equal to 5. With further increase
in stresses, the power-law break-down and the creep prevails. At low stresses, the metal
deforms by Harper-Dorn creep [122] in coarse grained materials, whereas, in fine grain
sized materials, it is by diffusion creep and the strain rates are high [123].

TH-1394 09610307 y



Literature Survey

Mohamed and Langdon (1974) [124, 125] and Langdon (1981) [126] found that
solid solution alloys exhibit a transition from pure metal-alloy-pure metal. This
transition can explain the creep mechanism of the metal which is illustrated in Figure

2.7.
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Figure 2.7. Schematic illustration of strain rate versus stress showing
pure metal-alloy transition in solid solution alloys [127].
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It has been found that a linear correlation exist between n. and dimensionless
material parameter A [128]. The magnitude of n. depends on temperature (linear
function of 1/T) and the material and for iso-structural, iso-thermal case n. is a constant
[129, 130]. The value of n. of HP-modified Nb steel under low and high stress is 6 and
19, respectively [121].

2.6 Creep Deformation Mechanisms
Creep deformation mechanisms are generally classified as dislocation glide,
dislocation creep, diffusional creep and grain boundary sliding. Dislocation glide

mechanism occurs at high stress, /G > 107, dislocation creep (power-law behavior)

TH-1394 09610307 5



Literature Survey

occurs for 10 < 4/G < 107 and diffusion creep (linear-viscous creep) occurs for 6/G <
10, Grain-boundary sliding involves the movement of dislocations due to shear in the
direction of grain boundary by increasing the temperature and/or decreasing the strain
rate. The dislocation creep and diffusion creep are assisted by mass diffusion and follow

Arrhenius’s type expression.

2.7 Deformation Mechanism Maps

The creep behavior of materials can differ under different stress/temperature
conditions. Ashby (1972) [121] first introduced the creep deformation mechanism map.
These maps are graphical representation of regimes of various creep phenomenon on a
normalized stress- normalized temperature plane as illustrated in Figure 2.8(a). These
maps are divided into five regions of stress and temperature over which each of the
deformation mechanisms is dominant. Contours of constant strain rate are superimposed
in these maps which show the net strain rate (due to an appropriate superposition of all
the mechanisms) at a given combination of stress and temperature. The deformation
mechanism map reveals the relationship between stress, temperature and strain rate.
Any one of these variables can be determined from the map if any pair of these
variables is specified and the mechanism can be identified.

The deformation mechanism maps are divided into different fields based on the
dominant creep mechanism. The field boundaries are obtained by equating pairs of the
constitutive equations of two adjacent creep mechanisms. A deformation mechanism
map with the contour plot of strain rate for tungsten is shown in Figure 2.8(b). The
constitutive equations used for constructing these maps are given in Table 2.4.

Deformation mechanism maps for pure aluminium, UC, cobalt, silicon carbide,
alkali metal potassium, indium antimonide (InSb), IN738LC superalloy were

constructed by researchers [125-143].
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[121].

Table 2.4. Constitutive equations used for constructing
deformation mechanism maps [124, 125].

Constitutive Equation for strain rate,

Mechanism p (s'l)
4.4
Climb g‘=2.5x106D'—Gb(5j
kT \ G
DGb( o
Harper — Dorn -=1.67x10 " ——| =
arpe 0 é X = (Gj
; BQoD
Nabarro — Herrin ¢ = !
g ¢ d?kT

Coble

. 150 QodDy,
E=— —
z  dkT

2.8 Fracture Mechanism

Creep seldom occurs at low temperatures, whereas at high temperature it terminates

in fracture. In the creep curve, onset of tertiary creep is the deviation from the constant

creep rate, which ultimately results in creep failure. During the constant stress test,

tertiary stage normally precedes fracture. Tertiary creep may be caused by

(a) mechanical instability, such as the occurrence of necking which results in a

localized reduction in cross-sectional area,
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(b) microstructural instability, including grain growth or recrystallisation with single
phase materials or the gradual loss of creep strength as over-ageing occurs during
creep of precipitation-hardened alloys and/or

(c) nucleation and growth of internal micro-cracks which develop until the numbers and
sizes of the micro-cracks are sufficient to cause the creep rate to increase.

The solid may fail by transgranular creep fracture (T.C.F.) or by intergranular creep

fracture (I.C.F.) mechanisms. At temperatures approaching the melting point, many

materials undergo dynamic recrystallization resulting in rupture or necking to zero
cross-sections. At high temperature creep conditions, micro-cracks form and grow along
grain boundaries, so that failure occurs in an “intergranular” manner. Two forms of
intergranular cracking are commonly observed. Wedge-shaped cracks (w-type
cracking) or triple point cracks often found at high stresses and intergranular cracks
developing at low stresses by nucleation. These nucleated cracks grow and form round
or elliptical cavities (r-type cracks) and link-up at grain boundaries (shown in Figure

2.9) to cause the final failure. Large stress concentrations exist when the growth of these

cavities are impeded by small obstacles. The obstacles leading to cavity formation are

believed to be due to:

(i) ledges or steps formed where a slip band in one grain intersects the boundary, or

(i) non-deformable particles or hard inclusions at grain boundaries.

Voot
(@) (b)

Figure 2.9. (a) Cavitation (r-type) or voids at a transverse grain boundary and (b)
micrograph of cavities in copper [142].

Grain boundary sliding results in shear stress leading to stress concentrations large
enough to nucleate cracks at triple points. Further sliding causes the cracks to grow
predominantly along grain boundaries and normal to the tensile stress axis is illustrated
in Figure 2.10. Grain boundary sliding is responsible for the nucleation as well as the

continued growth of the cavities. At high temperature creep conditions, the grains
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within a polycrystalline material move relative to each other and form wedge or triple
point cracks. i.e., W-type cracking initiated by grain boundary sliding. Cavities grow by
diffusion when they are small, but as they increase their size, power-law creep becomes
the dominant growth mechanism. As the strain rate is decreased or the temperature is
raised, the r-type cavitation is favoured over the w-type. The relative movement of two
adjacent grains in a polycrystalline array results in deformation of the surrounding
grains, so that sliding can occur only at the rate permitted by grain deformation. The
rate of grain boundary sliding and the rate of wedge crack development are then

determined by the overall creep rate.

>‘

s

(b)
Figure 2.10. Schematic drawings of (a) the way intergranular cracks
form due to grain boundary sliding [42] and (b) wedge (or w-type)
crack formed at the triple junctions.

When a cylindrical bar of a crystalline solid is pulled in tension, it fails in one of
several ways as shown in Figure 2.11 [143]. It shows seven mechanisms of fracture in
metals and alloys viz., fracture at the ideal strength, cleavage, ductile fracture at low
temperature, transgranular creep fracture, intergranular or creep-controlled fracture,

pure diffusional fracture and rupture.
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Cleavage Intergranular Plastic growth of voids
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rittle
fracture

Intergranular Creep Growth of voids by Rupture due to
Fracture (transgranular) (intergranular) Dynamic recovery
(voids) (wedge crack) or Recrystallization

Creep Temperature > 0.3Tm | Low Temperature < 0.3 Tm

Figure 2.11. Simplest classification of creep fracture mechanisms [143].

Though the creep fracture mechanisms have been investigated in a wide range of
materials, the correlation between the minimum creep rate and rupture time at constant
temperature and stress is required for the successful design of the component. This
correlation can be obtained by the Monkman-Grant relationships which are discussed in

the subsequent sub-section.

2.9 Monkman-Grant Relationships and Creep Damage Tolerance

Factor

The Monkman-Grant relationship (MGR) correlates the minimum creep rate &,
to the time to failure t, in materials undergoing creep failure. MGR can be [144]

expressed as
&t = € 2.7
where m and C are constants. Eq. 2.6 is useful in predicting the rupture time of a
component by using short time creep test data. Available data for a wide range of alloys
indicate that the values of m and C lie in the range 0.6 - 0.95 and 3 - 20, respectively
[145-148]. Kim et al. (2000) [149] reported m in the range of 1-1.3 for type 316LN
steel. Studies have revealed C to be dependent on temperature [150]. Toscano and

Bocek (1981) [151] reported m and C are function of stress and temperature.
Considering the scatter in the experimental data, Dobes and Milicka (1976) [152]
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introduced a failure strain & term in Eq. 2.7 and proposed the modified Monkman-Grant
relation (MMGR) in the form

. m/
S

T (2.8)
&r

where m’ and C’ are constants. MMGR was validated for different alloys by
investigators [147,153-165]. When m =m’ =1, Eqg. 2.7 and EqQ. 2.8 can be represented

as
€.ty = Cug (29)
and
t
gS'Et = CHWA4G (2'10)

Eg. 2.9 indicates that the rupture time is inversely proportional to the minimum creep
rate whereas the Eq. 2.10 indicates an inverse relationship of minimum creep rate with
&s/&f. Since, Cymc Was found to be more sensitive to cavity growth, the residual creep
life could be predicted more accurately using Cyme compared to that by Cyg [166].
Monkman-Grant relationship is based on the creep damage following first order
kinetics and is valid for all the three creep stages [159, 162, 167-169]. Phaniraj et al.
(2003, 2005) [157, 170] referred the Monkman-Grant Ductility (MGD) as the product
of secondary creep strain rate €, and rupture time t;. Since the MGD is the secondary
creep strain contribution to total creep strain, it can be considered as the minimum creep
ductility for materials undergoing creep deformation. Time to reach MGD tygp, the
time for attaining a critical level of damage, is the useful creep life of the component.
Based on continuum creep damage mechanics (CDM), Kachanov (1958) [52] and
subsequently Rabotnov (1969) [51] considered creep damage as an internal state
variable w. CDM approach was further extended [171-176] to describe the coupling
between creep deformation and damage by introducing a creep damage tolerance factor

. A was defined as the ratio of g to Monkman-Grant ductility &,t, , expressed as

1= (2.11)

éstr
From Eq. 2.10 and Eq. 2.11 it is evident that 4 is the reciprocal of Cyms [157] and is a

useful parameter to assess the creep ductility of a material [172, 177]. Based on critical
damage criterion, Phaniraj et al. arrived at a universal relationship between t, and tygp

in the form
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(2.12)

tI\ZGD =1- ()L%l)l = Constant = fcpu
Eqg. 212 is applicabTe to materials where the mechanism of creep failure is dominated
by cavitation. As the creep time approaches tucp, the cavity attains a critical value and
the deformation enters the tertiary stage [170]. During tertiary creep, the creep rate
increases at a faster rate by void growth and coalescence resulting in final failure of the

component.

2.10 Creep Rupture Models

Creep strength is an important consideration for the life of structures which are
to be exposed to elevated temperatures and stresses for extended periods of time. In
order to maintain the creep strain well below the creep rupture strain, stringent
conditions on the allowable stress are placed at locations where creep is a potential
problem. In applications where weight is not of importance, this is often achieved by
overdesigning the structure to minimize creep.

The creep life of structural components can be determined from the standard
creep curve. However, it is unrealistic to perform creep tests for the exact service life of
the structure because that would take almost more than a decade of uninterrupted creep
testing for a single test. There are many recognized methods for extrapolating creep
data. Acceleration of creep tests is generally carried out to reduce the test time to a
reasonable level. These techniques uses stress and temperature levels significantly
higher than the service stresses and temperatures to reach the limiting strain faster. The
design life is again determined by developing a number of creep curves at constant
stress and temperature and extrapolation of the thus generated data to the design life.

Extrapolation techniques for establishing correlations involving temperature T,
time to rupture t;, and stress ¢ using data developed from short time tests exists. These
are generally based on the Arrhenius type of relationship between creep rate and
temperature. This necessitates a number of time—temperature parameters to be
determined for the prediction of creep life to longer periods. There are several
uncertainties involved in using the accelerated creep test data due to which parametric
models have been developed. In these techniques, it is assumed that no change in the
structure occurs in the domain consisting of experimental as well as extrapolated region.

Since the experimental conditions, viz., stress and temperatures, are much higher than
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the application conditions, these predictions are assumed to be safe. The various time-
temperature parameters presently in use are Larson-Miller parameter, Manson-Hafred
parameter, Orr-Sherby-Dorn parameter, etc. These are explained briefly in the

subsequent sub-sections.

2.10.1 Larson-Miller Parameter [10]

Larson and Miller, based on the earlier Hollomon-Jaffee (1945) [178] expression
for tempering of steel, first introduced the correlations between rupture time and
temperature. For a given material, a plot of stress versus Larson-miller parameter (P v
or L-M parameter) resulted in a single plot, regardless of the time—temperature
combination. A value of Larson-Miller constant C,.y = 20 was initially proposed, but
optimized values between 10 and 40 have subsequently been found to be suitable
depending on the material. In common usage, T is taken in absolute unit (in K) and t; in
hours. This parameter can be readily derived from the stress and temperature
dependence of the creep rate or time to rupture. Larson—Miller parameter P .\ can be

expressed as:

P = f(6) = T(logao tr + Ciw) (2.13)

where C,.v is a constant. The detail derivation of Larson-Miller parameter is given in
Appendix-|.
A plot of logip tr vs. 1/T for constant stresses, as shown in Figure 2.12(a), results in
straight lines which are assumed to intersect at a point C,.y where 1/T approaches zero.
The slope of the iso-stress lines (Q./2.3R) is a function of stress. In the analysis, the
value of C_.v in Eqg. 2.13 is always taken as constant and depends on the material. The
time can either be the time to creep rupture or the time to a given creep strain level. A
stress vs. Larson-Miller parameter master curve is obtained which is used for predicting
the creep life of the material. A typical master curve obtained for 35Ni-25Cr-1Nb-Ti
steel is shown in Figure 2.12(b).
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Figure 2.12. (a) Schematic representation of constant stress lines for P,y and
(b) plots of P,y against stress for 35Ni-25Cr-1Nb-Ti steel [23].

2.10.2 Manson—-Haferd Parameter [12]

The Larson-Miller parameter clearly indicates that at a given stress the
parameter [T(C_.w+logioty)] = constant, then a plot of logso t; versus 1/T should result in
a straight line for a constant stress. The value of (- C..m) was the value of logso t; at point
where the value 1/T is zero. A careful investigation would reveal that these lines are not
intersecting at a single point. Manson and Hafred proposed a technique in which all iso-
stress lines intersect at a point (Ta, 10910 t) When plotted on a logig t; - T plane. The
Manson-Haferd parameter Py.y (or M-H parameter) in this case is expressed by the
relationship:

(T - To) (2.14)

Py_y =f(o) =
u- = /(0) (logyo t — logyg ta)
The detail derivation of Manson-Haferd parameter is given in Appendix-Il. The

constant logig t; and T, are the coordinates of the point of intercept, as illustrated in
Figure 2.13(a). The Py.4 is plotted against stress to get a linear relationship as shown in
Figure 2.13(b). From this master plot the rupture time at a constant stress and

temperatures can be determined.
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Figure 2.13. (a) Schematic plot of iso-stress lines for finding constants t; and T, and (b)
plots of for stress vs. Py. for 1Cr-0.5Mo steel [179].

2.10.3 Orr-Sherby-Dorn Parameter [11]

From the fundamental relationship in creep

£=f(6,0) (2.15)
where, ¢ is the total creep strain, o is the initial stress and & is the temperature-

compensated time [9 =texp (— é)] where, t is the time to reach the strain ¢, T is the
temperature in absolute degrees, R is the universal gas constant and Q. is the
experimental activation energy. The Eq. 2.15 appears to be reasonably valid up to the
point of stress-rupture including the region of formation and growth of micro-cracks.
Assuming that the strain damage depends on the applied stress and the creep strain, the

Orr-Sherby-Dorn proposed the parameter Po.s-p

Q
Po_s_p = logqoty — ﬁ (2.16)

where Po.s.p is the Orr-Sherby-Dorn parameter and Q. characteristic activation energy
for the process which is a function of o. The detail derivation of Orr-Sherby-Dorn
parameter is given in Appendix-I1l. Figure 2.14(a) shows the plots of logo t; vs. 1/T as
parallel lines for different stresses. The slope of these lines (-Q./2.3R) remains constant.
Stress versus Orr-Sherby-Dorn parametric curve is shown in Figure 2.14(b). From this

master plot the rupture time at a constant stress and temperatures can be determined.
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Figure 2.14. (a) Schematic representation of constant stress lines for Po_s p
and (b) plot of stress versus Po s p [180].

Among parametric models, prediction of creep life by Larson—Miller parameter
is widely used by engineers. The advantage is that this technique can be used by
extrapolating short time data and predicting life of a material. However, prediction of
the creep life by all the above mentioned techniques is not very accurate compared to
the actual life. The inaccuracy in prediction using P .y technique is mainly in choosing
the value of the constant “Ci .y in the Eq. 2.12. Engineers use this as a constant value
independent of stress. It appears that the C..y value should be stress dependent for
accurate prediction.

Scientists found there is a huge variation in the constant value of P, [181-191]
which is equal to 20 as proposed by Larson and Miller (1952) [10] for extrapolating
rupture-lives from 1000 hours to greater than 10° hours. Subsequent investigation by
various investigators revealed C_ y value lying in the range 8 and 57 [191]. A deeper
investigation would also reveal that the value of C, y is dependent on the applied
constant stress [192]. Woodford (1977) [54] proposed C._u to be a function of ¢ and

modified the P, _y as:

2000

This expression was found to be reasonably accurate compared to the Eq. 2.12. Furillo
et al. (1977) [192] derived Py using C__m(T) using power-law creep function, elastic
modulus normalized applied stress [¢/E(T)] and arrived at an expression for C__y in the

form:

TH-1394 09610307 28



Literature Survey

_ 8
C-m(T) = 10gw (2.18)

The material degradation for in-service high-temperature components was
estimated by a Larson-Miller parameter which was calculated from aging temperature
and aging time [193, 194]. Sobrinho and Bueno (2005) [180] presented that hot tensile
data can be used to determine parametric master curves.

Shlyakman et al. (2010) [195] derived a method for determining constant C,.y in
the Hollomon temperature-time parameter [178]. The effect of carbon content on C,.y
value in pearletic heat resistant steel was analyzed based on the Empirical Electron
Theory of Solid and Molecules [196, 197]. Service condition-creep rupture property
interference (SCRI) model based on Z-parameter method was used by various
investigators to determine creep rupture life of materials [198-203].

Reports regarding the creep life assessment by various investigators reveal that
the Larson-Miller master curve obtained are different even for same materials. This is
due to the fact that the studies were carried out on materials service exposed at different
conditions. Ray et al. (2003) [204] estimated remaining creep rupture life of 2 year
service exposed HK40 micro-alloyed steel tube by extrapolating Larson-Miller
parametric technique. In this a value of C_y = 22.9 was found to be suitable. Study by
Shannon and Jaske (2003) [205] on HK40 alloy found the value of C_y = 15 as
suitable. Jahromi and Naghi Khani (2004) [206] investigated remaining life of failed
HP40Nb modified steel tube at 870 °C/13.4 MPa by Larson-Miller technique in which
Ci-m value used was 17.459 and found the remaining life as 9.2 years. Swaminathan et
al. (2008) [29] investigated the remaining life of service exposed HP40Nb micro-
alloyed steel tube by Larson-Miller technique. In that the remaining life of the tube was
found to be 5 years at 900 °C/22.5 MPa. Their calculation was based on a C .y value of
22.9. Ray et al. (2011) [39], by using a C..v value of 23 found the remaining life of
service exposed HP40Nb micro-alloyed reformer as 3.75 years at 950 °C/19 MPa.

2.11 Artificial Neural Network (ANN) Modeling

A number of physics based models have been successfully applied to solve wide

range of engineering problems. These techniques require the precise relationship
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between the input-output variables and boundary conditions. When the number of
variables is large and the relationships are nonlinear, the solution by these techniques
becomes very complicated and difficult to solve. In the past few decades, soft
computational techniques viz., artificial neural network (ANN), fuzzy logic and
evolutionary algorithm has emerged as powerful tools for solving complex engineering
problems. Artificial neural network technique has successfully been used for solving
complicated engineering problems in areas such as metal working, traditional and non-
traditional machining, deformation processing, hot working, welding, etc. The
advantage of ANN is that it is a data driven model, which is based on analyzing the data
about a system, by finding connections between the system state variables (input,
internal and output variables). The connections between the state variables can be
established in availability of the sufficient input-output data sets, even if the exact
physical behaviour of the system is not known. In addition, the solution by ANN is very
faster compared to the physics based models.

In 1943, an ANN was first presented by neurophysiologist W. McCulloch and
logician W. Pits. A neural network is a biologically inspired computational model
which is similar to that of the human nervous system. An artificial neural network
(ANN) can be defined as a mathematical technique that models complex linear and non-
linear relationships by reasoning similar to the human brain, where a large amount of
information can be stored and processed simultaneously by each neuron along the entire
domain. This is basically a connectionist system, in which various nodes called neurons
are interconnected. A typical neuron receives one or more input signals either externally
or from other neurons and passes it through transfer or activation functions and provides
an output signal. This output is transferred to connected neurons in varying intensities,
the signal intensity being decided by the weights assigned. Once the ANN architecture
is fixed, the output for any combination of input variables can be predicted.

Among the various neural network models, the feed forward back-propagation
neural network (BPNN) is widely used especially when sufficient data sets are
available. This architecture consists of three distinct layers: the input layer, the hidden
layer(s) and the output layer. Each layer consists of a number of neurons. The output
from the neurons of one layer is transferred as input to neurons of the succeeding layer.

The first layer, called an input layer, receives data from the outside world. The second
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layer, called the hidden layer, does not have any direct contact with the outside world.
Hidden layer is essential since it allows the network to learn the relationships in the data
by extracting higher-level features and facilitate generalization of outputs. Depending
upon the complexity of the problem and data sets, one or more hidden layers with
several neurons in each layer may be required. However, most of the engineering
problem solutions were achieved by one hidden layer architecture. The last layer is the
output layer, which sends information out to users.

The back propagation algorithm is a variation of a gradient descent optimization
algorithm that minimizes the error between the predicted and actual output values. This
algorithm involves two passes. In the forward pass, the input signals propagate from the
network input to the output. In this pass, the input vector data are fed to the network at
the input layer and propagated with weights and activation functions to the output layer
to provide an output. Once the data at the output layer is reached, this value is compared
with the actual output value of the input-output data set. The error between the predicted
and actual values is computed and the error signals are sent backwards. These error
signals propagate backwards from the output layer to the input layer through the hidden
layer during which the weights and bias at each neurons are modified to minimize the
error. This process is referred to as training. Any efficient optimization method can be
used for minimizing the error through weight adjustment. Several different back-
propagation training algorithms such as Levenberg-Marquardt (trainlm), Bayesian
regulation (trainbr), scaled conjugate gradient (trainscg), resilient (trainrp), gradient
descent (traingd), gradient descent with momentum (traingdm), etc. have been applied
for training of different pattern recognition and functional approximation problems.
Hegan and Menhaj (1994) [207] tested Levenberg-Marquardt algorithm on several
function approximation problems and found the algorithm is very efficient.

Once the network has been trained according to the assigned learning rule, it is
capable of computing the output values associated with new input vectors. The trained
neural network has to be tested by supplying testing data. If the testing error is very high
compared to the training error, the network is said to over-fit the data. A properly fitted
network will give nearly equal training and testing errors. A summary of previous
research work on ANN prediction of mechanical properties are given in the subsequent

paragraphs.
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Jones and MacKay (1996) [208] modeled yield and ultimate tensile strength for
a range of commercial, wrought, and polycrystalline Ni based superalloys as a function
of alloy chemistry and temperature. In a review paper, Bhadeshia (1999) [209]
established the application of neural network model for predicting mechanical
properties, phase transformation, machining variables, etc. Dumortier and Lehert (1999)
[210] used ANN technique to predict yield strength, ultimate tensile strength and
elongation of carbon and micro-alloyed steel. Datta et al. (1999) [211] applied ANN
technique to predict the mechanical properties of HSLA steel using composition and
thermo-mechanical process parameters as the input variables. The yield strength of
superalloy as a function of composition and temperature was predicted by ANN
modeling by Warde and Knowles (1999) [212, 213]. Huang and Blackwell (2002) [214]
explains the process of using an ANN to developed a constitutive relationship for
Inconel 718. Haque and Sudhakar (2002) [215] used ANN back-propagation model to
predict fracture toughness and tensile strength of DP steel. ANN has also been
successfully applied to predict the mechanical properties of materials based on the
manufacturing process parameters [216-218].

Recently the application of ANN modeling has also been extended by few
authors to predict the creep rupture life of materials [219-226]. Gupta et al. (2007)
[227] predicted creep behaviour of a rotating disc made of Al-SiC particulate composite
using particle size, particle content and temperature as input and stress and strain rates
as output parameters. Sarkar et al. (2014) [228]developed a neural network model to
predict diametral creep rate in Zr-2.5%Nb pressure tube using alloy composition
(concentration of Nb, O, N and Fe), mechanical properties (yield strength, ultimate
tensile strength and percentage elongation), temperature and average flux as an input
variable.

Literature reveals the capability of ANN for predicting creep rupture life, creep
rate and creep damage classification of high temperature materials. In general, the
existing techniques for the prediction of the creep life of materials are by either
constitutive relationships or by parametric techniques based on the data generated by
carrying out limited creep tests. The prediction capability of these techniques depends
on the number of available data. As mentioned in earlier sections, creep tests are very

time consuming. The fact that a creep curve is a superimposition of three different creep
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stages having different relationships in each stage complicates the process of generating
physics based relationship between the time dependent creep strain, applied stress and
temperature. Report regarding prediction of creep curves under various combination of
applied stresses and temperatures is so far not available in the literature. Prediction of
creep curves by ANN modeling with reasonable accuracy would be a major step in the
area of creep of engineering materials. ANN modeling is capable of generating creep
curves from limited accelerated creep tests and the data thus generated can be utilized
for predicting the remaining creep life of materials by the parametric extrapolation
techniques. The present work was therefore carried out to carry out accelerated creep
test of HP40Nb micro alloyed steel and to establish the creep deformation behaviour by

various models.

2.12 Technical Gaps

Based on the literature survey, the following areas have not been addressed or
investigated by researchers.

1. Results of systematic investigation of the temperate dependent mechanical
properties and fracture of HP40Nb micro-alloyed reformer tube and its correlation
to the microstructure are not available in the literature.

2. The creep behaviour and damage mechanism in this material has so far not been
reported. The creep curves for this material for further investigation is also not
available in the open literature.

3. Investigation of the creep behaviour of HP40Nb micro-alloyed reformer tube by
constitutive relationships has not been studied.

4. The validity of Monkman-Grant relationships in HP40Nb micro-alloyed reformer
tube has so far not been established.

5. Modeling of a complete creep curve of metallic materials with reasonable accuracy
has not been reported in the literature. It appears that modeling by data driven
technique like ANN can predict the creep curve with reasonable accuracy.

6. Larson-Miller parameter technique for predicting the creep life of materials needs to
be critically reviewed. Reports reveal that for simplicity, the term C .y is always
considered as constant and was arrived at by trial and error method. A large

variation in the value of C,.y has been reported for the same materials by various
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authors. However, it appears that that C, .y is a function of applied stress and hence
modification in the Larson-Miller parameter technique needs to be carried out.
Comparison of the creep rupture life by different established parametric techniques

and constitutive modeling in metallic materials has so far not been carried out.

2.13 Research Objectives

The main objectives of the thesis are as follows.

1.

To investigate the tensile creep behavior of HP40Nb micro alloyed reformer tube at
different temperatures and stresses.
To develop creep constitutive equations, validate the Monkman-Grant relationships
and determine the creep damage tolerance factor for the steel.
To generate a model and therefore predict creep curve at different stresses and
temperatures as a function of applied stress o, temperature T and time t of the
investigated steel by ANN and forecasting creep life of the tube by Larson-Miller
parametric technique.
To compare the predictability of the creep life of the above material by parametric
techniques viz., Larson-Miller parameter, Manson-Haferd parameter and Orr-
Sherby-Dorn parameter.
To investigate whether the term C_.y in the Larson-Miller parameter technique for
prediction of creep life should be a constant or a function of stress.

In order to meet the above objectives, the investigation carried out as per the

following activities:

1.
2.

TH-1394 09610307

Design and development of a constant creep testing setup.

Evaluate the mechanical properties at room and elevated temperatures and its
fractography.

Carry out creep experiment on HP40Nb micro-alloyed steel at different stress levels
varying from 45 MPa to 120 MPa and temperatures varying from 650 °C to 1050 °C
and generate creep data at various conditions.

Study the microstructure of the material before and after creep test using optical
microscope, XRD, SEM, TEM, and EDX.

Modeling the creep strain by ANN technique and establish its usefulness in

predicting creep curves.
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6. Modeling of creep behavior by constitutive equations and by existing parametric
techniques. An attempt was also made to modify the constant C.y in the expression
for Larson-Miller parameter as a function of applied stress and compare the results
with the case where C .y is considered a constant.

The present chapter presents the literature summary related to the thesis topic. The main

research gaps in the area of elevated temperature creep of metallic materials has been

highlighted and the objectives of the work have been identified. The methodology

adopted for meeting the objectives is presented in detail in the subsequent chapter.
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CHAPTER 3

RESEARCH METHODOLOGY

3.1 Introduction

This chapter presents the methodology adopted for meeting the objectives of the
thesis work. The experimental procedures and techniques of analysis of the results are
highlighted. This includes design and development of the creep testing set up, creep
testing procedures, microstructural characterization of the test samples using optical
microscopy (OM), scanning electron microscopy (SEM), field emission scanning
electron microscopy (FESEM), transmission electron microscopy (TEM), energy
dispersive X-ray (EDX) analysis and X-ray diffraction (XRD) technique. The creep
analysis was carried out by constitutive and parametric models and the creep curve was
predicted using artificial neural network modeling. Finally, the creep life of the material
was determined by a modified Larson-Miller technique using the ANN predicted creep
curve. The detailed procedures are explained in the subsequent subsections.

3.2 Experimental Procedures
3.2.1 Raw Material

The raw material used for the investigation was HP40Nb micro-alloyed
austenitic stainless steel reformer tube having an inside diameter of 106 mm and 15 mm
wall thickness, and supplied by Numaligrah Refineries Ltd., India. The reformer tube
was manufactured by Doncasters Paralloy Limited, England by centrifugally casting.
The reformer tube was used for hydrogen generation where the hottest part was exposed
to 995 °C at a pressure of 2.5 MPa gas pressure. The tube was having an inner diameter
of 106 mm and wall thickness of 15 mm. The chemical composition of the steel
determined by Optical emission spectrometer (Make: Thermo Fisher Scientific Inc.,
Model: ARL 3460) indicted that the alloy composition was as per the ASTM A297 and

that confirmed with the specification of the manufacturer.

3.2.2 Metallographic Sample Preparation
Specimens for microstructural investigation were prepared by standard
metallographic specimen preparation technique. Transverse section of the reformer tube

was sliced by wire cut electrical discharge machining (WEDM). The sliced specimen of
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5 mm thickness was mounted in thermosetting resin using a hot mounting press (Make:
Buehler, Model: Simplimet-2) at 20.7 MPa and 150 °C. The specimens were then
polished in a grinder/polishing machine (Make: Buehler, Model: Ecomet-6). The
grinding /polishing was carried out using SiC coated polishing discs with grit sizes 240,
320, 600, 1000 and 1500 in sequence. The lubricant used was water. Subsequently,
cloth polishing was carried out using 0.5 pm sized alumina suspension dispersed in
distilled water at a disc speed of 120 rpm. The polished specimens were then
ultrasonically cleaned in acetone for 5 minutes, dried and preserved in a vacuum

desiccator.

3.2.3 Optical Microscopy
The metallographically polished samples were etched using freshly prepared glyceregia
solution (10 ml glycerol + 15 ml HCI + 5 ml HNO3). After proper etching, the samples
were washed in running water and dried. The etched specimens were observed under an
upright optical microscope (Make: Carl Zeiss, Model: Axiotech) under monochoromatic
light. The digital images were captured and analyzed by Axio Vision Rel.4.2 software.

The grain size of the specimen was determined by line intercept method. A grid
of parallel lines of known length was superimposed on the micrograph taken at 10X
magnification. The number of intercepts (intersections with grain boundaries) per unit
length I, was determined. The average grain size d is the mean intercept length Iwhich
can be expressed as

i=T=1 (3.1)

l
p
Grain size was measured at three different locations, such as near inner surface, near

outer surface and at the middle of the wall thickness. At each location ten observations

were taken and averaged to get average grain size.

3.2.4 Scanning Electron Microscopy

Unetched polished samples were gold coated using a plasma sputter coater and
were observed under SEM (Make: LEO, Model: 1430 VP) and FESEM (Make: Zeiss,
Model: Sigma). Images were captured by secondary electron (SE) detector and
backscattered electron detector (BSD).Majority of the SEM imaging were carried out

with accelerating voltages in the range of 10-20 kV and working distance of 15 mm.
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The composition of various phases present in the matrix were analyzed using energy
dispersive X-ray spectroscope EDX (Make: Oxford, Model: INCA X-Sight) attached
with electron microscopes. Quantitative analysis of constituent phases was carried out
using high purity cobalt as the reference standard. Qualitative distribution of various
elements in the specimen matrix over specific area was obtained by X-ray elemental

mapping technique.

3.2.5 X-ray Diffraction

The crystal structure of the steel and various phases present were identified by
X-ray diffraction (XRD) technique. Samples of sizel0 mm x 10 mm x 3 mm was
sectioned by WEDM and cleaned with acetone. XRD analysis was carried out (a) in as-
received condition and (ii) after a heat treatment. For the case of (ii), the sample was
heated in air at 1000 °C for 72 hour in a muffle furnace followed by quenching in water
at room temperature. Prior to carrying out the XRD analysis, the samples were polished
using standard metallographic technique. Since the quantity of fine precipitates present
in the alloy was very less, one set of samples were immersed in glyceregia solution to
dissolve away iron. By this technique, only the iron was dissolved in the solution. By
this all the fine second phase particles present in the alloy matrix formed a fine
suspension in the glyceregia solution. These precipitate / particles were filtered and
cleaned with isopropyl alcohol and dried for XRD analysis.

X-ray diffraction was carried out using Cu Ka radiation (1 = 1.54 A) at a tube
rating of 40 kV and 40mA in a commercial powder X-ray diffractometer (Make:
Rigaku, Model: RINT 2500TRAX-1I1). XRD pattern was obtained for 20 in the range
30-80°. The reflected X-rays were collected by a scintillation X-ray detector at an
interval of 0.03° and a step-time of 0.3 second. The possible phases present in the
powder and solid samples were identified by comparing the peak position and intensity
with JCPDS database.

3.2.6 Transmission Electron Microscopy

The crystal structure of the samples were investigated using a 200 kV TEM
(Make: JEOL, Model: JEM 2100TEM). The powder particles obtained for carrying out

the XRD analysis was used for the TEM study. The powder samples were taken on a
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400 mesh carbon coated copper grid and then the copper grid was placed in the sample
holder of the TEM. Selective area diffraction (SAD) patterns were obtained which were
then indexed to identify the structure of the particles. Inter-planar spacing of the crystal

was evaluated from the HRTEM images.

3.3 Mechanical Property Test

Details regarding evaluation of the tensile properties at room and elevated

temperatures and creep testing are discussed in the subsequent sub-sections.

3.3.1 Tensile Test

Flat tensile specimens having gauge section of 25 mm length and cross-sectional
area of 6.5 x 3 mm? were machined from the reformer tube by WEDM. The specimens
were prepared such that the axis of each specimen was parallel to the longitudinal axis

of the reformer tube. The geometry of the flat tensile specimen is shown in Figure 3.1.

fe—— 25 —
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151.6

R12.5

All dimensions in mm
Figure 3.1. Schematic of the flat tensile test sample.

Tensile tests were carried out using a 100 kN capacity servo hydraulic controlled
universal testing machine (Make: INSTRON, Model: 8801). A split-type two-zone
resistance heated split type high temperature furnace (Make: INSTRON SFL, Model:
SC 1706) attached with the machine was used for the elevated temperature tests. The
specimen was heated to the test temperature and the test temperature was controlled
with an accuracy of £ 1 °C using the PID controller attached with the furnace set up. To
ensure uniform temperature across the specimen gauge section, the sample was soaked
for 10 minutes before the tensile load was applied. Tensile loading of the samples were
carried with a constant actuator speed of 0.05mm/min till failure. A high temperature
extensometer (Make: Epsilon Technology Corporation, Model: 3548H1-025M-010-HT)

TH-1394 09610307 -



Research Methodology

attached to the specimen was used to measure the displacement across the 25 mm gauge
length. During the test, the load vs. extension data were acquired and recorded by the
UTM (Merlin) software available with the UTM. Tensile testing was carried out at
room temperature (27 °C), 200 °C, 400 °C, 600 °C, 800 °C, 1000 °C and 1200 °C.

From the load vs. extension data, the stress-strain curves were plotted. The
Young’s modulus E, ultimate tensile strength (UTS) and fracture strain & were
determined for the steel. 0.2 % off set strength was taken as the yield strength (YS) of
the material. The true stress-true strain (o -¢) plot obtained, was assumed to follow the
Holloman-Ludwig equation which is of the of the form ¢ = K €™ [229] where, o is true
stress, K the strength coefficient, ¢ the true plastic strain and n is the strain-hardening
exponent. The strain hardening exponent, n for various test temperatures were
determined using the expression [230]:

B d(logao)
n= [au—g)] £2)

The tensile fracture surfaces were observed under SEM to study the failure mode
during the tensile tests. The specimen were also sliced longitudinally followed by
metallographic polishing. The polished surfaces were also investigated under the

microscope to investigate defect nucleation and growth during the tensile tests.

3.3.2 Creep Test

The reformer tube used for the present investigation was having outside
diameter of 136 mm with a wall thickness of 15 mm which can be considered as a thin
cylinder. Since the tube was designed for an internal gas pressure of 2.75 MPa, the hoop
stress and axial stress in the tube during service corresponded to 4.86 MPa and 2.43
MPa, respectively. The creep tests were carried out on flat specimen machined as per
the orientation and geometry illustrated in Figure 3.2.

It was decided to carry out longitudinal creep tests. A creep testing set up was
designed and developed for carrying out the creep test under constant true stress
conditions. The details regarding the design and development of the creep test set up are

given in the subsequent sub-section.
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Figure 3.2. (a) Flat creep specimen machined from reformer tube and (b)
schematic of the flat creep test specimen (all dimensions are in mm).

3.3.2.1 Design and Development of Constant Stress Creep Test Set-up
The following assumptions were made for the creep set up design.

a) During creep deformation, the volume of the gauge length will remains

constant.

b) Transverse strains assumed negligible.

c) The creep set up to be designed for a gauge length extension of 15 mm

corresponding to a true strain of 0.4.

During the longitudinal creep strain, since the cross section continuously
decreases for maintaining the constant volume relationship, the area of the gauge
section continuously decreases with gauge length extension. To maintain a constant true
stress condition, it is required that the external load on the specimen will have to
continuously decrease with increase in gauge length extension. The load vs. gauge
length extension for a constant stress ¢ at any instant can be obtained as follows:

Let, Lgauge, Wo and to be the initial length, initial width and initial thickness of the
gauge section of the sample, respectively. The instantaneous load F; on the specimen,

Fi = 0 X Ai (33)
From the constant volume relationship, the instantaneous area of the gauge section A; is

related to change in gauge length A and initial area A, by the relationship:
L X A,

Ai — gauge (34)
Lyquge + A
Combining Eqg. (3.3) and Eq. (3.4), we get
L X A
Lgauge + 4

TH-1394 10307
394_0961030 39



Research Methodology

Figure 3.3 shows the load vs. elongation plot for constant true stresses of 120
MPa, 80 MPa, 68 MPa and 47MPa, for a gauge length of 25 mm. The figure indicates
that load vs. elongation plots are non-linear. Close observation of the curves indicates
that for constant stresses of 47 MPa, 68 MPa and 80 MPa, the curves can be almost
approximated as straight lines with different slopes.
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2500 - —e— =80 MPa
_'\.\. —A— o =68 MPa
2000 - "‘l\.\ —*— g =47 MPa
l\.\.
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* *-*«tu*h*H*_* N
U
500 - ke
1 1 1 i 1 1 1

0o 3 6 9 12 15
Elongation (mm)
Figure 3.3. Load vs. elongation plots required for constant stresses.

Figure 3.4 shows the curves superimposed with the fitted strain lines. During the
specimen gauge length extension of up to 15 mm, the maximum deviations from the
required values were estimated to be within =5 %. Since an error of + 5 % deviation in
load during the creep test can be acceptable for these experiments, it was decided to
conduct the creep tests assuming a linear relationship for the between the load and the
gauge length extension. For a constant true stress testing with 120 MPa stress, the load
deviation from the required values were found to be higher when approximated with a
straight line fit.

Figure 3.5 shows the experimental set up designed and fabricated for carrying
out the longitudinal creep tests. The set up consists of a load frame, impedance heater
set up, infrared (IR) pyrometer, high definition video camera, data acquisition system
for measurement and recording of specimen temperature and load acting on the
specimen. The detailed descriptions of each are as follows:

a) Load frame: The load frame consists of a steel frame with a top plate and a bottom

plate connected rigidly using four vertical cylindrical columns. A power screw
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attached with a nut at the top end passes freely through the top plate. The bottom end
of the screw is fixed to a mild steel disc as shown in the figure. Rotation of the nut

1600

.
1400
1200

1000

Load (N)

800

600

2 4 6 8 10 12 14
Elongation (mm)

Figure 3.4. Load vs. elongation plots required for constant
stresses with straight line fit.

facilitates axial movement of the power strew and the disc. The rotation of the disc is
constrained by means of 4 guide rods fitted to the top plate and passing through 4
brass bushes inserted in to the disc. A tension spring is connected to the steel disc and
the upper extension rod by means of pin joints. The specimen is held between the
upper extension rod and the lower extension by means of pins. Lower end of the
lower extension rod is attached to an S-type load cell which is fixed to the bottom
plate of the load frame through extension rods. Rotation of the nut results in axial
movement of the power screw thereby loading the spring to the required value and
elastic energy is stored in the spring. During the tensile extension of the specimen, a
part of the stored energy is released thereby reducing the external load on the spring.
Single springs with spring constants of 22.4 N/mm, 33.7 N/mm and 42 N/mm were
used for carrying out creep tests at constant stresses of 47 MPa, 68 MPa and 80 MPa
respectively. The detailed calculations of the spring constants are given in Appendix-
IV. Since, the load vs. extension plot for the creep test with constant stress of 120
MPa was highly non-linear, use of a single spring results in higher deviation of load
from the required value. Hence, the set up was modified using inclined tension
springs with spring constant of 59.39 N/mm to achieve the desired nonlinearity. The

design details for regarding this modification are given in Appendix -V.

TH-1394 09610307 m



Research Methodology

/ER SC .
PQ:?IEIF_ . RE&"‘ GUIDE ROD
= = cEE ¢ 20mm & 300mm
TOP PLATE NUT 1 280mm length lenoth
850mm - 850mm - 20mm =T S
DISC
15mm thick &
VERTICAL COLUMN L~"¢ 500 mm
¢ 60mm - 3mm thick INERT GAS
& 870mm length ™ ) _~CHAMBER
TENSION — H /SPE(‘.H\[EN
SPRING Nt ]
CONTROL PAMIL §_§ VIDEO CAMERA

OVERLOAD OVER TEM. I TRANSFORMER

([ ] ([ ]
o

BOTTOM PLATE g

Figure 3.5. Schematic diagram of low stress creep apparatus.

b) Impendence heater system: Heating and maintaining the specimen at the required

temperature was carried out using an impedance heater system. The schematic
diagram of the heater assembly is shown in Figure 3.6. The creep specimen was held
in the testing setup by means of extension rods (Part-J). The test specimen was
heated to the required temperature by the impedance heater (Part A). Specimen
temperature was measured using IR pyrometer (Part H) and the specimen
temperature was precisely controlled by manual control of the input current to the
transformer by means of a highly sensitive potentiometer. The specimen was
enclosed in a stainless steel (SS) chamber having quartz windows for observation and
capturing digital video images of the specimen during the experiments. Inert gas was
maintained in the chamber by purging with high purity (99.9% pure) argon gas.

c¢) Infra-red pyrometer: The temperature of the specimen was continuously monitored

by an IR pyrometer (Make: Accurate Sensors Technologies Ltd., Model: AST 250).
d) Video camera: A high definition video camera (Make: Sony, Model: HVR-Z7P)
was used for the digital video capturing of the specimen images during the creep

tests. Digital video frames were used for the determination of the gauge length
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extension of the specimen during the creep deformation by image analysis

technique.

e) Data acquisition system: The external load on the specimen was measured using an

S-type load cell (Make: Precision Electronic Instruments Co., Model: LC34810

500R). Specification of the load cell is shown in Appendix-VI. The load on the

specimen was monitored by a digital load indicator which was connected to a data
acquisition (DAQ) system (Make: VPL Infotech & Consultants, Model: 1 7018). The
DAQ was interfaced to the computer system through RS 232 cable. The load on the

specimen was continuously acquired and stored by the DASYLab®8.0 data

acquisition software. Load acquisition rate was the average of every 5 seconds

interval.

The extension rods connected to the creep specimen were INCONEL 718.

Figure 3.7 shows the arrangement of constant stress creep testing apparatus with

impedance heater, pyrometer, load indicator, video camera and inert gas chamber.

TH-1394 09610307

CONTROL PANEL
VOLTAGE CURRENT
R D e
FID ONOYY DISFLAY
Q- (08 E
= -
® 2. ©
G T §F
O

A — Specimen
B — Copper strip

C — Extension rods to be connected
to the creep testing machine
D - Pin joint to engage specimen

with extension rod

E — Pyrometer

F — High tension cable

G — Control panel

H — Transformer for impedance heating

I - UPS system

43

Figure 3.6. Schematic of the impedance heater assembly.



Research Methodology

~JABLE LAMP |
" — | \ -
£V INERT GAS CHAMBER

—r
STAINLESS _
STEEL WIRE

Figure 3.7. Arrangemen of low stress creep testing apparatus with impedace
heater, pyrometer, load indicator, video camera and inert gas chamber.
The load cell, pyrometer, and strain measurements by video imaging were
calibrated. The load vs. gauge length extension for each constant stress experiment was
also checked and was found satisfactory. Details regarding the calibration are discussed
in the subsequent sub-sections.

3.3.2.2 Calibration of Load Cell

The S-type load cell (Figure 3.8(a)) used for the measurement of the creep tests
was calibrated using the UTM mentioned in section 3.3.1. The S-type load cell along
with the digital display unit and DAQ system was fixed to the grips of the UTM through
the extension rods. The load cell was loaded monotonically in the UTM at a machine
cross head speed of 0.5 mm/minute. The load vs. time data from the UTM and the DAQ
system of the S-type load cell were continuously recorded and compared. Figure 3.8(b)
shows the plot of the load recorded by the UTM vs. the S-type load cell DAQ system.
The results indicated that the load cell value obtained from the DAQ system was as per
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the calibration chart provided by the supplier and was deviating from the UTM load

cell values by only +1.32 %.
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Figure 3.8. (a) S-type load cell and (b) variation of load on load cell indicator
vs. load on UTM machine for 500kg load cell.

3.3.2.3 Calibration of Strain Measurement System

It was expected that the gauge length extension during the creep tests would be
around 15 mm. The maximum travel length for the commercially available high
temperature extensometers are of the order £ 5 mm. Hence, it was decided to determine
the creep strains by image analysis of the digital frames obtained by video capturing of
the gauge length during the experiment. A high speed digital HD video camera (Make:
Sony, Model: HVR-Z7P) was used for capturing the specimen gauge length extension
during the creep tests. The accuracy of the strain measurement technique was required
to be ascertained. For this tensile tests were carried out on 3 mm thick flat tensile
specimen made out of aluminium. Tensile loading was carried out in the same UTM
mentioned earlier. Two parallel lines corresponding to 25 mm gauge length were
marked on the flat surface of the tensile specimen for the measurement of sample
extension. For comparison purpose, a 25 mm gauge extensometer (Make: INSTRON,
Model: 2620-601) was attached on the opposite face of the specimen at points
corresponding to the two parallel lines. The specimen was loaded in tension with the
actuator speed of 0.5 mm/minute. The specimen extension vs. time plot from the
extensometer was recorded during the tensile loading. Simultaneously, the digital video

recording of the two parallel lines were also carried out. From the video frames, the
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distances between the two parallel lines were determined by image processing. The
change in length between the parallel lines gave the specimen extension across 25 mm
distance. The time dependent specimen extension was plotted. From the above data, the
specimen extension values obtained by the image analysis were plotted against the
extensometer reading. Figure 3.9 shows plot of specimen extension by image analysis
vs. extensometer reading. The plot indicates a straight line fit with a slope of 1 with
coefficient of determination R? of 0.998, indicating a very high confidence level in the

strain measurement by the video recording followed by image analysis technique.

N w L (4]
T T T
#

By image analysis technique (mm)
#

4 5
By extensometer (mm)

Figure 3.9. Plot of specimen extension by image
analysis vs. extensometer reading.
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Figure 3.10. Photographs of (a) impedance heating system and (b) non-contact IR
pyrometer.

3.3.2.4 Creep Testing Procedure
The tensile creep specimen was attached to the load frame as shown in Figure

3.11. The particular spring for achieving the required load vs. displacement plot for the
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particular constant true stress test was used for each stress level. Sample was connected
electrically to the impedance heater and heated to the required temperature within 30
seconds and maintained constant within + 3 °C by manually controlling the input
current of the heating system. The required ampere for each temperature was pre-
determined before the start of the actual experiment. Temperature of the specimen was
measured continuously by the IR Pyrometer. The video recording was also carried out

continuously till failure of the specimen.

Upper extension rod

Copper strip

Electrical calbles
to the impedance
t __ heater unit

Lower extension rod

Figure 3.11. Schematic diagram of the specimen attachment.

Gauge length elongation was measured by image analysis technique. From the
digital video recording picture frames at regular time interval of testing was separated
by image capture software (Make: Video LAN, Version: VLC 2.1). From each such
frame, elongation of gauge length was measured between the parallel slots provided in
specimen by image analysis technique. The elongation was determined in terms of pixel
by picture manager (Make: Microsoft Corporation, Version: Picture Manager 4).
Finally, pixel value was converted to engineering unit by comparing with image taken
prior to loading and engineering strain and true strain was determined.

Initially, the required load vs. displacement plot for each constant stress test was
verified by carrying out a trial experiment using a mild steel sample as dummy. Only
after achieving the full confidence in the experiment, the actual experiment on the
HP40ND steel was conducted.
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3.3.3 Creep Test Matrix

experiments at high stresses and temperatures and from these date the creep life of the
material would be determined by extrapolation techniques. The experimental matrix for

the present investigation is shown in Table 3.1. Due to the long duration of tests, it was

In the present methodology, it was decided to carry out accelerated creep

decided to carry out only one experiment under each test condition.

after creep tests in order to identify fracture behavior and deformation mechanism of the

Fracture surface and microstructural observation of the samples were carried out

material.

Table 3.1. Creep-rupture test experimental matrix (“\N” indicates the

experiments carried out)

Temperature Constant true stress (MPa)
C) 120 80 63 47
650 N
700 V
750 v V v
800 v \ \ v
825 \
850 \ \ v
900 l v V
925 \
950 V V v
1000 v
1050 v

3.4. Analysis of Creep Test Data

The data obtained from the creep tests were used for

1. development of constitutive equation for steady state creep rate
2. verifying the Monkman-Grant relationships

3.
4

parametric study for obtaining the creep life of the material

modeling the creep curve for various combinations of stress and temperature by

artificial neural network (ANN) technique.

The details are shown in the subsequent sub-sections.

3.4.1 Constitutive Modeling of Creep Behaviour

power law creep (Eq. 2.2) for steady state creep rate were determined from the
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experimental creep data. The value of creep stress exponent n. was determined from the
slope of double logarithmic straight line plot of minimum creep rate vs. applied stress
for constant temperatures. The existence of creep threshold stress oy, Is a stress below
which creep cannot be measured at a given temperature, was verified graphically.
Threshold stress oy, at constant temperatures were determined from a bilinear plot of
minimum creep rate to the 1/n. power (&;)/< vs. applied stress o. The value of oy, for a
particular temperature was obtained by extrapolating linear fit of the creep data to the
stress axis where the value of (¢,)/"¢ is equal to zero. The apparent activation energy
for creep Qapp at constant stress was determined graphically by plotting In(é) vs. the
inverse of the absolute temperature. The slope of the plot of constant stress lines is
equal to - Qapp/R. The value of nc and Qap, Were used to identify creep deformation
mechanism(s) by comparing with microstructure and creep fractography. The material
constants Az, Az, As, N, f and a of Eq. 2.2, Eq. 2.3 and Eq. 2.4 were determined by the
method of least squares. Values of minimum creep rate were calculated using these
constants for combination of stress and temperature and compared with experimental &

values.

3.4.2 Monkman-Grant Relationships

Analysis of the creep data by Monkman-Grant relationship was carried out from
the creep curve data. The notations used for the data analysis are shown schematically
in Figure 3.12. The minimum value of the slope of the creep curve was used as the
minimum strain rate & and that corresponded to the slope of the secondary creep
region. The tangent to the creep curve at the point corresponding to the minimum creep
rate was extended to intersect the strain axis at t = 0 and t = t, at points A and B
respectively. The primary creep strain &, and the secondary creep strain &, corresponded
to distance OA and BD-OA respectively. Since, the total rupture strain was &, the
tertiary strain 3 was determined as e—(e1t¢2). The time tos was assumed to be the time
required for the onset of secondary creep, whereas time t; = t, - t,; was taken as the creep
time during the tertiary creep deformation, where t, is the time to rupture and to; is the
time at the onset of tertiary creep. The Monkman-Grant ductility (MGD) was taken as
the secondary creep strain &, which was the product of minimum strain rate and rupture

time (&.t,). The time to reach Monkman-Grant ductility tyep was the time taken to
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reach the tertiary strain. From Eq. 2.10, minimum strain rate &; and strain to failure &,

were expressed in terms of creep damage tolerance factor A.

=£t=MGD

&
&

+ Creep strain (g)

o

tos Time (t) tot tuc; ntr
Figure 3.12. Typical creep curve showing different material

parameters used for explaining creep behavior of the steel.

3.4.3 Artificial Neural Network Modeling

The creep data obtained from the experiments were used for the artificial neural
network. The ANN modeling was carried out by the multiple layer precipitation (MLP)
feed forward back propagation network. Figure 3.13 shows a typical Neural
Interpretation Diagram (NID) for feed-forward back propagation hierarchical artificial

neural network.

Input layer

Hidden layer Output layer

Figure 3.13. The neural network architecture.
During the creep deformation, the creep strain ¢ is dependent on three

independent parameters o, T and t. Hence, the input layer in the present network

consisted of three neurons representing these parameters. The output layer consisted of
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one neuron representing the creep strain. Training of the neural network was done in
MATLAB® (Make: Math Works Inc., Version: R2010a) software using trainlm
function. By the trainlm training function the weights and bias values in a back
propagation algorithm is updated as per the Levenberg-Marquardt optimization
algorithm, which is a highly efficient method for solving non-linear optimization
problems.

22 creep experiments were carried out till failure under different combinations
of stress and temperatures as shown in Table 3.1. From these 22 experiments, a total of
1262 input—output data sets were obtained for the ANN modeling. Out of these, it was
decided to use 732 as training data, 376 as testing data and 154 as validation data. All
the values of stress, temperature and time were mapped to lie between 0.1 and 0.9.

To decide the best neural network architecture and processing function, a
number of numerical experiments with single hidden layer neural networks and tansig
and logsig processing functions were carried out by varying the number of neurons in
the hidden layer. The tansig and purelin processing functions were found to be most
suitable for the input to hidden layer and hidden to output layer respectively. The tansig

function gives the output in the manner

e—CI 26
eCl+o—CI (3.6)

eCI_
Output of the neuron =

where 1 is the net input to the neuron and C is a constant. The purelin function gives the

output in the manner

Output of the neuron = ClI (3.7)

The root mean square functional error used as a measure of performance as given by

[231]
RMS! = /Z(EALIT_ZPJZ (3.8)

where E; is the experimental value, P; is the predicted value and N is number of data set.
Both training and testing error were calculated separately. Effective error for training

and testing data is given by

Effective error = maximum of [RMS,{TT of training data, RMSQT of testing data]  (3.9)
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A maximum deviation in error of + 15 % was considered as a second error norm during
the training and testing.

The training error goal for the creep strain was varied between 10 and 10°. An error
goal of 10 was found to give the best results. After a number of trials with various
initial weights and biases, one hidden layer neural network with 15 neurons in the
hidden layer was frozen with an error of 33.6 % in predicting the creep strain for the
entire 732 input-output data sets. The trained network model showed an error of 31.9 %
while testing with the 376 data sets. Table 3.2 shows the details of the frozen ANN
architecture.

Table 3.2. ANN architecture used for the simulation.
Number of input layer units 3

Number of hidden layers 1

Number of hidden layer units 15

Number of output layer units 1

Total data set used 1262

Training data set 732

Testing data set 376

Validation data set 154

Activation function tansig and purelin
Performance goal fixed 10

Epochs required to attain goal 7373

The predictability of the trained ANN model was verified via employing
standard statistical parameters such as correlation coefficient (R.:), average absolute
relative error (AARE) and average root mean square (RMS) error. They are expressed

as.
Y (E;—E)(P,—P)
Ree = - = (3.10)
\/Zlivzl(Ei —E)2 XL (P —P)?
1N (E;—P;
AARE (%) = _Z i l| % 100 (3.11)
(%) N2 E
1 N
RMS error = j_z (E, — P)? (3.12)
N £uj=

where E; and P; are the experimental and predicted value, respectively, E and P are the
average values of E; and P;, respectively and N is the total number of data used in the

investigation.
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The relative importance of each input variable on the output variable was
determined based on the ANN weight matrix and Garson’s algorithm [232]. Garson
(1991) proposed a method of partitioning the neural network weights to determine the

sensitivity of each input variable in the neural network and is expressed as [233]:

L Tz (Jwim] + ZNL |wika|) x Iwia]) (3.13)

= Nl{ m= Nh((l + YRL(wik ) x [wis, )}

where 1; is the relative importance of the j™ input variable on the output variable, N; &

Np are the number of input and hidden neurons, respectively, w are connection weights,
the subscripts ‘i, ‘h’ and ‘0’ refer to input, hidden and output layers, respectively and
subscripts ‘k’, ‘m’ and ‘n’ refer to input, hidden and output neurons, respectively.

Once the ANN architecture was frozen, the fitted neural network was tested with
the 154 validation input-output data sets. This validation data set was not used earlier
for the training or testing purpose. The neural network was also checked by simulating
the creep curves under the 22 experimental conditions mentioned in Table 3.1.

The ANN model was also used to generate further creep curves under various
combinations of stress, temperature and was used for estimation of the creep life by

Manson-Haferd parameter, Orr-Sherby-Dorn parameter and Larson-Miller parameter.

3.4.4 Parametric Study for obtaining the Creep Life of the Material

3.4.4.1 Manson-Haferd Parameter

The Manson-Haferd constants T, and logio(ta) of Eg. 2.14 were determined
graphically from the plot of logio(t;) vs. temperature T at constant stresses. The
intersection point of extrapolated iso-stress lines corresponded to the value of T, and
logio(ta). The arithmetic mean of the converged points of paired iso-stress lines was
determined and used to calculate Manson-Haferd parameter. The master curve for
Manson-Haferd model was developed based on the relationship shown in Eq. 2.14.
Applied stress vs. Manson-Haferd parameter was plotted. The master curve was used to

predict the remaining creep life of the steel.

3.4.4.2 Orr-Sherby-Dorn Parameter
The applied stress o vs. Po.s.o master curve was obtained using Eq. 2.16. Orr-

Sherby-Dorn constant Q. was determined by trial and error where the coefficient of
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determination R? for the linear fit of the master plot was maximum. The master curve
for Orr-Sherby-Dorn parametric technique was developed based on the relationship
shown in Eq. 2.16. The master curve was used to predict the remaining creep life of the

steel.

3.4.4.3 Larson-Miller Parameter

The Larson-Miller constant C_. of Eg. 2.13 was determined graphically from
the iso-stress plot of logso(t;) vs. inverse of temperature (1/T). By extrapolating linear fit
of the iso-stress creep data to the logio(t;) axis where the value of 1/T was zero, the
constant value of C,.v was determined. The constant value of C.. was also considered
as 20 to compare creep life of the investigated steel. The master curves for Larson-
Miller parametric technique were developed based on the relationship shown in Eq.
2.13. Applied stress ¢ vs. Larson-Miller parameter P,y was plotted. The master curves
were used to predict the remaining creep life of the steel. In general, creep failure in
engineering materials occurs at around 15 % elongation. Creep life of the steel
considering the time to 0.15 creep strain (16.2 % gauge length elongation) were

compared between different parametric techniques.
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CHAPTER 4

RESULTS & DISCUSSION

4.1 Introduction

The results of the experiment outlined in chapter 3 are presented in this chapter along
with the discussions. The microstructure of as received micro-alloyed HP40NDb steel is
discussed. The results of the tensile tests at various temperatures, the tensile fracture
characteristics and results of the accelerated creep tests are discussed. Creep behaviour
and life assessment of the steel is carried out supported by constitutive modeling and
different parametric models. The results of ANN modeling for the prediction of creep
curves are also presented and discussed.

4.2 Composition and Microstructure

4.2.1 Chemical composition of the Steel
Chemical composition of as received material is shown in Table 4.1 along with the
manufacturer’s specification. The results indicate that the material is conforming to the

HP40Nb micro-alloyed austenitic steel.

Table 4.1. Chemical composition in weight percentage of the alloy given in ASTM
A297 standard and by manufacturer.

C Mn Si P S Cr Ni Mo Nb Ti
Manufacturer 0.4 1 15 - - 25 35 - 1.2 -
Spectrometer  0.41 - 1.25 - - 2356 3495 0.037 0.81 0.037

4.2.2 Microstructure of the Alloy

Figure 4.1(a)-(f) shows the optical microstructure of the reformer tube taken at
three different magnifications. Low magnification micrographs shown in Figure 4.1(a)
and (b) reveal dendritic structure. A network of second phase particles is observed at the
inter-dendritic regions. Microstructure of the sample near the inner wall surface reveals
equiaxed grains with a continuous network of carbides at grain boundary regions
(Figure 4.1(c)) whereas the carbides at the grain boundaries were in discontinuous form
at regions near to the outer wall of the tube (Figure 4.1(d)). High magnification
observation reveals two types of second phase particles at the grain boundary regions
(Figure 4.1(e) and (f)). One is a light colored phase having laminar type (or skeleton

TH-1394 09610307



Results & Discussion

form) features whereas the other is dark colored having fine particle like features.

Similar features have also been reported in the literature [39, 234].

(e) ( 5
Figure 4.1. Optical micrographs of the steel at different magnifications. (a), (c) and (e)
are for near inner-wall surface and (b), (d) and (f) are for near outer-wall surface.

Figure 4.2 shows the variation of the average grain size of the steel across the
wall thickness. The figure shows an increase in grain size from 67 um at the inside
surface to 73 um at the outside surface of the tube. Almeida et al. (2002) [28] and
Alvino et al. (2010) [27] reported coarse grains at the outer surface of the tube
compared to the inside surface in similar steels. The present steel under investigation
was service exposed at 650 °C at the outer surface for prolonged period. The relative
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coarse grains observed at the outer wall surface can be attributed to the slow rate of
grain coarsening at the tube outer surface compared to the inner wall surface.

T2

Grain size (pm)
N
o
T

(-]
(-]
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N 1 " 1 "
0 5 10 15
Distance from inner wall (mm)
Figure 4.2. Variation of average grain size across the wall

thickness of the reformer tube.

Figure 4.3 shows the SEM photomicrograph of the same specimen. SEM
observation under back scattered mode reveals three different particles at the grain
boundary regions of the austenitic matrix: (i) a dark gray phase (Phase-A) having a
laminar (or skeleton type feature) type morphology, which was the major constituent of
the second phase particles at the grain boundary region, (ii) a white phase (Phase-B)

segregated at grain boundary and (iii) small quantities of very fine phase white particles
(Phase-C).

Figure 4.3. SEM backscatter electron image of as-received
steel with phase A, phase B and phase C in matrix.

From the EDX spectrum shown in Figure 4.4, phase-A, phase-B and phase-C are
identified as Cr-rich carbide, niobium rich carbide and (Nb,Ti) rich carbide,
respectively.
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Figure 4.4. EDX spectrum of the (a) phase-A, (b) phase-B and (c) phase-C in the as-
received steel.

Figure 4.5(b) shows the variation of results of the X-ray line scanning of Cr, Fe,
Ni, C, and Nb across the line shown in the micrograph of Figure 4.5(a). The large
second phase particle is identified as chromium carbide, whereas the small precipitate
like phase on the right hand side of the micrograph is Nb rich carbide.

Figure 4.6 shows the distribution of Fe, Cr, Nb, Ti and Si obtained by X-ray

elemental mapping confirming the results obtained by the X-ray line scanning.

4.2.3 X-ray Diffraction

Figure 4.7(a) shows the XRD pattern of the as-received steel sample. A
comparison of the peaks with the JCPDS data indicates the presence of y- Fe, Cr;Cs,
NbC, TiC and CrxCs. The crystal structure of these phases are FCC (a = 3.6 A),
orthorhombic (a=7.014 A, b =12.15 A, ¢ =4.532 A), FCC (a=10.65 A), FCC (a= 4.4
A) and FCC (a = 4.6 A), respectively. Earlier investigation by Soares et al. (1992) [33],
Voicu et.al. (2009) [38] and Yan et al. (2011) [32] also revealed similar phases.

The XRD pattern of the second phase particles obtained in the powder form by
the technique mentioned in section 3.2.5 is shown in Figure 4.7(b). The second phase
particles are identified as consisting of Cr;Cs, Cr,3Cs, NbC and TiC. Table 4.2 shows
the 26 values and its corresponding planes for these phases obtained in the carbide

precipitates.
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Figure 4.5. Elemental lines scan at a random region on as-
received steel specimen.
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Figure 4.6. Elemental mapping of as-received steel.
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Table 4.2. 20 values and its corresponding planes for Cr;Cs,
Cr3Cs, NbC and TiC phases taken from JCPDS file.
Cr:Cs Cr3Cs NbC TiC
20 hkl 20 hkl 20 hkl 20 hkl
39.19 150 37.74 420 3530 111 33.72 111
4255 112 4151 422 4099 200 39.13 200
4417 151 4415 511 59.36 220 56.54 220
4470 060 48.30 440 7099 311 6747 311
50.19 222 50.67 531 74.67 222 7091 222
51.44 442
75.72 660

The XRD pattern of the heat-treated steel specimen is shown in Figure 4.7(c).
The pattern exhibits peaks corresponding to y- Fe (FCC), Cry;3Cs (FCC) and NbC
(FCC). The figure does not reveal the presence of Cr;Csin the steel matrix after heat

treatment (exposure at 1000 °C for 72 hours followed by water quench).
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Figure 4.7. (a) XRD pattern of as-received steel.
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Figure 4.7. XRD patterns of (b) cag(t;)ide precipitates of as-received steel
and (c) heat treated steel sample at 1000 °C for 72 hours.

4.2.4 Transmission Electron Microscopy

The TEM picture of the fine particle showing the morphology along with
selective area diffraction (SAD) pattern is shown in Figure 4.8. The micrograph reveals
the average size of the particle as around 43 nm. Indexing of the SAD pattern confirmed
these fine particles as orthorhombic Cr;Cj crystal structure with lattice parameters a =
7.014 A, b=12.15 A and c = 4532 A.
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The high resolution TEM (HR-TEM) image of Cr-rich phase present in the as-
received steel is shown in Figure 4.9. The Inverse Fast Furrier Transform (IFFT) image
shows a crystalline structure of the carbide precipitate. The study confirmed that the

particle as Cr;C3 where the inter-planar spacing of (0 8 1) plane was measured as 1.442

A

2
| e— |

(b)
Figure 4.8. (a) Bright-field TEM image and (b) corresponding indexed SAD
pattern of the fine precipitate identified as Cr;Cj; in the as-received steel.

Figure 4.9. HR-TEM image of a Cr-rich fine precipitate.
Measurement of the lattice spacing indicated the precipitate is Cr;Cs.

Figure 4.10 shows the TEM image and the SAD pattern of the carbide
precipitate obtained from the steel heat-treated for 72 hours at 1000 °C. The size of
these particles is determined to be around 292 nm in length and 137 nm wide. Analysis

TH-1394 09610307 62



Results & Discussion

of the SAD pattern of Figure 4.10(b) reveals the particle as face centered cubic

structured Cr,3Cg with a lattice constant of 4.6 A.

2 inm
| —

@ (b)
Figure 4.10. (a) TEM bright-field image and (b) corresponding SAD pattern of the
coarse precipitate identified as Cr,3Cg in the heat-treated steel for 72 hours at 1000 °C.

Figure 4.11 shows the HR-TEM images of the particle. Measurement of the
interplanar spacing at the selected areas revealed 1.875 A and 3.777 A which
corresponds to (4 4 0) and (2 2 0) planes of Cr,3Cs. In this sample, the presence of
Cr,Czand NbC were not observed.

Investigation of the microstructure by OM, SEM-EDX, XRD and TEM reveals
the presence of Cr;Cs;, NbC, TiC and Cry3Cs at the grain boundary regions of the
centrifugally cast austenitic steel matrix. The Cr;C; particle dissolves in y-iron when
heat treated above 1000°C. The high strength of the material at elevated temperatures is
attributed to the presence of the carbides. The strength of the steel is expected to

decrease with dissolution of the carbides at elevated temperatures.
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Figure 4.11. HR-TEM images indicated interatomic layer spacing found by Fourier

transform of a Cr-rich precipitate in the heat-treated steel for 72 hours at 1000 °C.
Measurements of the lattice spacing indicated the Cr,3Cs precipitate.

4.3 Mechanical Properties of the Steel
4.3.1 Hardness Properties

Variation of Vickers hardness (HV) of the steel across the wall thickness of the
reformer tube is shown in Figure 4.12. Though the hardness of the investigated steel
was found to be higher than that reported in the literature [29, 39, 204, 235], only a
marginal increase in the hardness (~4.5%) is observed across the tube thickness. The
high hardness obtained for the present steel is due to the fact that the literature reported

values are for the steels that have failed by creep deformation.
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Figure 4.12. Variation of Vickers hardness across
the wall thickness of the reformer tube.
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4.3.2 High Temperature Tensile Properties

Table 4.3 shows the results of the tensile tests at various temperatures.

Table 4.3. Tensile test results of the steel at elevated temperatures.

Tem('?,%r;"t“re E(GPa) YS(MPa) UTS (MPa) E'O'(]%“O”

27 1678 213 364.9 6.5
200 178.4 152 299.5 5

400 171.9 148 316.3 6.8
600 165.4 130.2 331.1 11.4
800 141.3 86.2 119.1 17.8

1000 72 31.7 42.9 38.9

1200 38.2 20.2 21.3 7.8

Figure 4.13(a)-(c) show the plot of Young’s modulus E, yield strength (YS) and
ultimate tensile strength (UTS) of the steel tested at various temperatures. Due to
unavailability of standard data, the test results are compared with the values of the as-
cast material reported by the manufacturer [236]. Figure 4.13(a) shows a marginal
decrease in E value when the test temperature was raised from 27 °C to 600 °C. A rapid
and continuous decrease in Young’s modulus is observed as the test temperature 1S
raised from 600 °C to 1200 °C. The service exposed steel shows higher value up to a
test temperature of 800 °C compared to the manufacturer’s reported value of the as-cast
steel. With further increase in the test temperature Young’s modulus is found to be
lower than that of the as-cast steel. At 800 °C test temperature, Young’s modulus of the
investigated steel was found to be 31% higher than the as-cast steel reported. However,
above 1000 °C, a reverse trend was observed. At 1000 °C, Young’s modulus value of
the as-cast steel is 32 % higher than that of investigated steel.

Figure 4.13(b) indicates a continuous decrease in YS with increase in
temperature. The lower value of YS is observed for the service exposed steel at all test
temperatures compared to the manufacturer’s data. At 800 °C, the YS of the as-cast
steel reported by the manufacturer is 58 % higher than that of investigated steel. From
Figure 4.13(c), the ultimate tensile strength (UTS) of the steel is found to decrease
marginally when the temperature is increased up to 600 °C. With further increase in test
temperature, a rapid decrease in UTS is observed. The UTS values reported by the
manufacturer are 19 %, 54 % and 63 % higher than that for the investigated UTS value
at test temperature 27 °C, 800 °C and 1000 °C, respectively. The decrease of E, YS and
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UTS value with increase in temperature compared to as-cast indicates that the material
has become degraded due to prolonged service exposure. Ductility of the steel at lower
temperature is low and increased with increase in temperature up to 1000 °C. However,
the percentage elongation decreased from 22.6 % to 7.8 % with increase in temperature

from 1000 °C to 1200 °C.

180~ 250 lo o Experimental data
n o o o Manufacture's data
F1s0] o
a o g 200
P =
- £
5120 o B1s0f ° o
90 o »
) - 100 o
2 o g 3
3 60} > o
> | o Experimental data 50 - a9
O Manufacturer's data o L o
30 o
L 1 N 1 1 1 0 1 2 1 ) 1 L 1
0 300 600 900 1200 0 300 600 900 1200
Temperature (°C) Temperature (°C)
(@) (b)
500
o Experimental data
© o Manufacture's data
400 |-
o
a [u}
© 300 - o
o
= o
2 200
= (o]
100 | "0
[}
[n}
[n]
o ) 1 1 1 1
0 300 600 900 1200
Temperature (°C)
(c)

Figure 4.13. (a) Young’s modulus, (b) yield strength and(c) ultimate tensile
strength as a function of temperature.

True stress-true strain curves and strain to failure obtained for the steel at
various test temperatures are shown in Figure 4.14(a)-(b). The flow stress of the steel is
strongly dependent on the test temperature. Figure 4.14(b) indicates low failure strains &
for the material at lower temperatures up to 600 “C. Within this temperature region, the

onset of plastic deformation is accompanied by high strain hardening rate do/de, which
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decreases with increase in strain. At a test temperature of 800 °C, the onset of plastic
deformation was accompanied by a strain hardening region up to a true strain or around
0.015, beyond which effectively no strain hardening was observed. The material
undergoes a large amount of plastic deformation at a constant stress, prior to failure. At
1000 °C, the material behaved as if perfectly plastic material. The true plastic strain to
failure at 1000 °C was 0.21. However, above 1000 °C, the steel was perfectly plastic.
However, the material was characterized by sharp loss in ductility. At 1200 °C, the yield

strength of the material was 20 MPa with a true strain to failure value of 0.075.
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Figure 4.14. (a) True stress-true strain curves at various test temperatures and (b)
strain to failure as a function of temperature.
The plot of strain hardening exponent n versus temperature is shown in Figure 4.15. The
value of n increase with increase in the test temperature up to 600 °C. After reaching a
maximum value of 0.284, n is found to decrease sharply with increase in test
temperature. At 1200 °C, the value of n was determined to be 0.05 which indicates
negligible work hardening.

Figure 4.16 shows the photographs of the tensile specimen after fracture. The
specimen tested up to 600 °C illustrates that the fracture occurred in the direction almost
perpendicular to the specimen axis. At the test temperature of 800 °C and 1000 °C
necking was observed. The specimen tested at 1200 °C shows that the fracture surface is

inclined at an angle to the transverse axis of the specimen.
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Figure 4.15. Strain hardening exponent as a function of temperature.

Figure 4.17(a)-(j) show the SEM fractographs of the specimen, tensile tested at
different temperatures. Low magnification observation of the sample tested at 27 °C
reveals quasi cleavage features. A few number of large void like features can be seen on
the fracture surface as shown in Figure 4.17(a). Observation at high magnification as
shown in Figure 4.17(b), reveals trans-granular cleavage features and micro-cracks on
the fracture surface indicating the dominant failure as a brittle failure. Similar features
are observed in samples tested at temperatures up to 600 °C as shown in Figure 4.17(c)

and (d).

Figure 4.16. Photographs of fractured tensile specimens tested at (a) 27 °C, ‘(b)' 200
°C, (c) 400 °C, (d) 600 °C, (e) 800 °C, (f) 1000 °C and (g) 1200 °C.
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The fractographs of the sample tested at 800 °C are shown in Figure 4.17(e) and
(f). The features indicate extensive plastic deformation of the grains before final failure.
Since, the microstructure of the material revealed carbides present at grain boundary
regions, during the tensile loading at temperatures up to 1000 °C, the main mechanism
of failure can be due to the deformation of the grains by multiple slip rather than by
micro-void coalescence. Figure 4.17(g) & (h) show SEM fractograph of the sample
tested at 1200 °C, indicating inter-granular failure. Low magnification observation
indicates the presence of large voids. Observation at high magnification shows voids

and micro-cracks at particle-matrix interface and grain boundary regions.
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Figure 4.17. SEM fractographs of tensile tested samples at (a) & (b) 27 °C, (c)
& (d) 600 °C, (e) & (f) 800 °C, (g) & (h) 1000 °C and (i) & (j) 1200 °C at lower

and higher magnification.

=MD geun

OM observation (Figure 4.18) of the longitudinally sectioned and the polished surface
of the samples tested at 1200 °C revealed voids nucleated at the carbide-matrix
interfaces at regions of grain boundaries. The propagation of the voids is along grain
boundary regions. The features indicate coalescence of the micro-voids nucleated at the
particle-matrix interface and the fracture path is along the grain boundaries. The low

ductility exhibited by this steel at 1200 °C is due to inter-granular failure.

Figure 4.18. Opcal micrograph of longitudinal gauge
section of the specimen tensile tested at 1200 °C.
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4.3.3 Creep Test

The results of the creep tests carried out on the steel are presented and discussed
in the following sub-sections. The development and the analysis of load-displacement
behavior during creep test, creep behavior, constitutive equations for creep, creep
mechanism, fracture behavior during creep, Monkman-Grant and modified Monkman-
Grant relationship, creep damage tolerance factor, different creep rupture
parameterization techniques and creep life of the steel are discussed.

4.3.3.1 Load-Displacement Behavior

The load vs. displacement plot obtained from creep tests on HP40Nb micro-
alloyed steel at various temperatures and stress levels are shown in Figure 4.19.
Maximum percentage deviation and RMS error for 700 °C/120 MPa, 850 °C/80 MPa,
800 °C/68 MPa and 950 °C/47 MPa are given in Table 4.4 and indicating satisfactory

values.

4.3.3.2 Creep Curves

Creep curves obtained from all the 22 experiments are shown in Appendix-VII.
The nature of the creep curve depends on the test temperature and stresses. From the
creep curves, the following observations are made:
e The total time to failure decreased with increase in temperature at a
particular applied stress
e The total time to failure decreased with increase in applied stress at a
particular temperature
e The three well defined creep stages are found only for combinations of
low or intermediate applied stresses and temperatures.
e At high temperatures and / or applied stresses, steady state creep region

was almost absent.
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Fig. 4.19. Load vs. displacement plot for (a) 700 °C/120 MPa, (b) 850 °C/80
MPa, (c) 800 °C/68 MPa and (d) 950 °C/47 MPa.

Table 4.4. Maximum percentage deviation and RMS
error for various true stresses and temperature.

True Stress  Temperature ~ Maximum  RMS error
(MPa) (°C) deviation (%) (N)
120 700 o 49.10
80 850 2o 31.37
68 800 e 13.10
47 950 P 8.66

Few of the creep curves obtained for the steel at constant stress and temperatures plotted

on linear scale are shown in are shown in Figure 4.20 and Figure 4.21 respectively.

TH-1394 09610307

72



Results & Discussion

Figure 4.20(a) illustrates creep curves of the steel tested at 47 MPa stress and at 800 °C,
900 °C and 1000 °C. At 800 °C, the primary creep region was followed by a long

constant creep rate region. The tertiary creep region was reached after a strain of 0.075,

and the final failure occurred at a strain of around 0.112. The failure strain increased

with increase in temperature. The tertiary creep strain decreases with increase in

temperature. The steady state creep rate increased with increase in test temperature.

Similar trend is observed in creep curves obtained when tested at 68 MPa, 80 MPa and

120 MPa.
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Figure 4.20. (a) Creep curves at stresses of 47 MPa for different
temperatures.
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Figure 4.21. (a) Creep curves at stresses of 80 MPa for different
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Figure 4.21. (b) Creep curves at(t;)tresses of 120 MPa for different
temperatures.

Figure 4.22(a) shows the effect of temperature on the creep curve at an applied
constant stress of 80 MPa. Figure 4.22(b) shows the effect of applied stress on the creep
curve at 900 °C. At high stress and high temperature the extent of primary stage is
reduced and eliminates the secondary stage. Under these circumstances, the creep rate
accelerates almost from the beginning of the creep test and the tertiary creep stage is
reached at the early stages of creep deformation. At lower temperatures and stresses,
creep curves with three well defined stages are found. The well-defined second stage
creep is pronounced under conditions that favor very slow creep rate.

Figure 4.23(a) to (d) show the plot of creep strain rate vs. strain plots for the four
stresses. At lower stress or temperature, the creep curves show long and well defined
secondary creep region. The initial stage of creep deformation is characterized by a
continuous decreasing strain rate. This is since at lower temperatures or stresses, the
dislocation motion becomes extremely difficult since the density of dislocation and
other lattice defects increase with increase in strain. Since the material is at elevated
temperature, the thermal activation may allow the flow of metal to take place. The

combined effect of the above phenomenon results in continuous decrease in strain rate
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Figure 4.22. Cre(:Z) curves at (a) constant stress of 80 Még)and (b) constant
temperature of 900 °C.

in the primary creep region. The process continues till the rate of work hardening is well
balanced by the rate of metal flow and softening due to recovery. Under these
conditions, the creep deformation enters the secondary stage (or steady state creep
region) where the strain rate attains a constant minimum value. The total strain in the
secondary creep region contributes to the effective creep life of the material. In the
range of temperature and stresses where recovery occurs, defects like void nucleation at
grain boundary region and inter-crystalline fracture can occur with prolonged time.
Void nucleation results in decreased effective cross sectional area carrying the load i.e.
effectively the stresses are increased. Under this condition growth of the voids is liable
to occur thereby accelerating the creep rate and the deformation gradually enter the
tertiary creep stage. Once the tertiary stage is reached, the void growth accelerates,
resulting in increased creep rate with increase in strain leading to the final failure.

At higher temperatures the thermal activation permits softening and the metal
flow at a faster rate. The work hardening rate reduces with increase in temperature due
to annihilation of dislocations or vacancies resulting in metal softening. The combined
effect of the two phenomenon results in acceleration of the creep rate almost from the
beginning of the creep test and hence, as evident from Figure 4.22 and 4.23, the
secondary creep region is almost absent at high temperatures. At 47 MPa, 68 MPa, 80
MPa and 120 MPa the strain range for minimum creep rates at the investigated
temperatures lies between 0.0007 - 0.28, ¢ = 0.017 - 0.21, ¢ = 0.0077 - 0.22 and ¢ =
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0.0032 - 0.19 respectively. The creep strain for most of the combination of stresses and

temperature was found centered around 0.2.

10"

-
o
R
|

Strain rate (s™)

)
=

-1

Strain rate (s

*E \_/ 1050°C

[

-
(-]

[

- = -
(-] (-] o
& &

-
=]
4

-
=,

-
S
[
I

&

'S

- -
o o

-
o
&

0-7'.|.|.|.|.|

o =47 MPa

- 1000°C
I 950°C

900°C

[ 850°C

E 800°C

[ i 1 . 1 .
0.1 0.2

I
0.0

0.3
Creep strain

(@)

¢ =80 MPa

0.00 005 0.10 0.15 0.20 0.25 0.30
Creep strain

(©)

Strain rate (s™)
=

['S

10" ¢

-
o
[

S,
o

“1

Strain rate
o
['S

-
S
&

-
S
&

107

0.1 0.2 0.3
Creep strain

(b)

: 7

3 700°C

¢ =120 MPa
900°C

50°C

0.00

0.05 0.10 0.15 0.20
Creep strain

(d)

Figure 4.23. Variation in creep strain rate & with increasing creep strain at

stresses (a) 47 MPa, (b) 68 MPa, (c) 80 MPa and (d) 120 MPa for different

temperatures.

4.3.3.3 Creep Strains and Rupture Time

Figure 4.24(a) & (b) show semi-logarithmic plots of the strains (e, and &;) and

relative strains &/e; (where i = 1, 2 and 3) vs. minimum creep rate &, obtained from all

the experiments. The maximum value of strain to rupture and secondary strain were

found to be 0.28 and 0.26, respectively. As shown by the trend lines, the strains (e, and

&) tend to decrease with increasing minimum creep rate. Figure 4.24(b) indicates high

scatter in the experimental data for the relative secondary strain e,/e;and tertiary strain
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e3/er. The trend lines shown in Figure 4.24(b) indicate an increasing trend for the relative
secondary strain vs. minimum creep rate whereas the relative primary and tertiary
strains show a decreasing trend. Average values for the relative secondary strain and

tertiary strain are 60 % and 18 % respectively.
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Figure 4.24. Effect of (a) strain to rupture, secondary strain and (b) relative
strain for three creep regions on minimum creep rate of the steel.

Figure 4.25(a) shows the plot of &, and & vs. applied stress, obtained from tests
carried out at 750 °C and 900 °C. For both cases, ¢, and & decrease with increase in
stress. Figure 4.25(b) shows the plot of relative secondary strain vs. stress. The relative
secondary strain &,/c; decreases with increase in stress. Similar trend was observed at all
temperatures investigated.

Figure 4.26(a) shows the plot of &, and & vs. T at 47 MPa and 80 MPa. The
figure indicates a large scatter in the data. The figure shows a marginal increase in &
with increase in temperature, whereas, the rupture strain decreased with increase in
temperature. Figure 4.26(b) indicates the contribution of secondary strain to the total
rupture strain. The relative secondary strain increases with increase in temperature up to
1000 °C at constant stress. The results also indicate that the contribution of secondary

strain increases with the increase in stress up to 900 °C.
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Figure 4.25. Effect of stress on (a) strain to rupture, and secondary strain and
(b) relative strain in secondary region, of the steel at temperatures of 750 °C

and 900 °C.
1.0
- —&—¢,at47 MPa —m—¢g /g at47 MPa
--®--g at 47 MPa 08 --®--g /g at 80 MPa
-8B €,at 80 MPa ’
0.3 [ *
; --0--¢,at 80 MPa .eo'" n
0.6 - . e
W 9‘;’—’—.—,—//’
w02 [ - g
04
= [ |
01 [ 02l
0.0 0.0 I L I L 1 N
700 800 900 1000 1100 700 800 900 1000 1100
T (°C) T(C)
(@) (b)

Figure 4.26. (a) Strain to rupture and secondary strain and (b) relative secondary
strain as a function of temperature at stresses of 47 MPa and 80 MPa.

Figure 4.27(a) shows the plot of In(s) vs. In(t;) at test temperatures of 800 °C,

850 °C and 900 °C. The figure indicates a decrease in rupture time as the applied stress

is increased. The minimum rupture time of 19 second is obtained when tested at 900

°C/120 MPa and whereas the maximum time of 441728 second (122.7 hours) was

obtained when tested at 800 °C/47 MPa. The variation of rupture time with temperature

is shown in Figure 4.27(b). It is evident from the figure that the rupture time decreases

with increase in temperature for all stresses. At a constant temperature, the rupture time

increases with decrease in applied stress.
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Figure 4.27. Plot of (a) stress vs. rupture time, (b) rupture time vs. temperature
for the steel.

Figure 4.28(a) & (b) shows the plot of & vs. o and T, respectively. It is observed
that the & increases with the increase in stress at a constant temperature. The value of &,
is also increased with increase in T at a constant o. At a stress of 47 MPa, the &, at 800
°C is two orders of magnitude higher that that at 900 °C, whereas it is only around one
order magnitude higher when tested at 120 MPa.
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Figure 4.28. Plot of minimum creep rate vs. (a) stress and (b) temperature for the steel.

4.3.4 Constitutive Modeling

As discussed in section 2.4, the creep constitutive equations relating to minimum

creep rate € with temperature T and stress o can be expressed as any of the following:
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& = Ajo™exp (— %) (4.1)
& = Ayexp(Bo)exp (— Q;;’f’) (4.2)
& = As[sinh(ao)]exp (— Q;;p) (4.3)

where A1, A, A; are pre-exponential factors nc, g, a are constants, Qqpp IS the apparent
activation energy for creep and R is the universal gas constant (= 8.314 J K™* mol ™) and
T is the temperature in Kelvin. Pre-exponential factors, n., f and o are physical
constants which can be determined from the creep test data. The constant n. is also
known as creep stress exponent. The observed activation energy for creep depends on
the operating mechanism of creep. Depending on the combinations of stress and
temperature, there may be different mechanisms operating which cannot be alienated
out from the experimental data. Therefore, the activation energy obtained from
experimental data is referred to as apparent activation energy for creep Qapp.

The stress exponent n. for this steel is determined from the log(é;) vs. log(o)
plot for different temperatures as shown in Figure 4.29(a). The slope of the linear fits
for the plots yielded n. values in the range from 2.6 to 16.8 with an average value of 8.9.
The plot of n. as a function of temperature is shown in Figure 4.29(b) indicates a non-

linear relationship between n. and T.
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Figure 4.29. (a) Determination of creep stress exponent n. and (b) effect of T
on n, for the steel.

The value of n. is related to T by a second order polynomial equation of the form
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ne = 0.0002T2 — 0.4994T + 323.6 (4.4)

where T is the test temperature expressed in Kelvin. The value for the stress exponent n.

is comparable to values reported in the literature for austenitic stainless steels [115,
237].

The threshold stress oy, for a particular temperature was determined from the

corresponding n¢ value from the (¢,)1/™ vs. ¢ plot as mentioned in section 3.4.1 where

the linear intercept at which £,2/™ = 0 is taken as oy, Modifying equation (Eq. 4.1) by
incorporating the threshold stress into the analysis, the equation becomes

& = A (0 — o) exp (— —Q;;p) (4.5)
Table 4.5 gives the oy, value with coefficient of determination R?, for three different
temperatures, obtained from Figure 4.30. Since, the threshold stress values are very

small compared to the applied stress the oy, in EQ. 4.5 is neglected for further analysis.
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Figure 4.30. Determination of threshold stress for
creep.

Table 4.5. Computed threshold stress for the creep test.

Temperature, T Threshold stress, Coefficient of
(°C) o (MPa) determination, R?
800 0.0354 0.982
850 0.0123 0.985
900 0.0382 0.999

The apparent activation energy of the power-law creep equation was determined

from plot of In(&,) vs. 1/T corresponding to each stress as shown in Figure 4.31(a). The
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Qapp for the stresses 120 MPa, 80 MPa, 68 MPa and 47 MPa are 252.4 ki/mol, 335.4
kJ/mol, 409 kJ/mol and 492.1 kJ/mol respectively, with an average value of 372.2
kJ/mol. The plot of Qqpp as a function of ¢ shown in Figure 4.31(b) indicates a non-
linear relationship between Qapp and o. An empirical relation between Qapp and stress

obtained by a polynomial fit is of the form:

Qupp = 0.02850% — 8.11460 + 814.26 (4.6)
where Qapp iS the apparent activation energy in kJ/mol and o is the applied stress in
MPa.
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Figure 4.31. (a) Determination of apparent activation energy Qapp and (b) effect
of & on Qapp.

Large scatter in the creep data is observed due to nonlinear behavior of the creep
deformation. Since, nc is a function of temperature and Qapp IS a function of stress, a
precise determination of constant A; is difficult. A least squares fit technique was used
for determining the creep constitute parameters. The constitutive parameters obtained
by the least squares fit are shown in Table 4.6 for Eq. 4.1 to 4.3.

Table 4.6. Creep constitutive parameters of Eq. 4.1, 4.2 and 4.3 and
correlation coefficients.

Eq. 4.1 Ay Qapp (kI/mol) Ne R
- 9.42 x 10°° 321.67 8.3 0.98
Eq. 4.2 A, Qapp (kI/mol) B R?
T 5.66 x 10° 295.7 0.1038 0.95
Eq. 4.3 As Qapp (kJ/mol) P R
T 8.53 x 10° 290.04 0.1174 0.77
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Based on the data shown in Table 4.6, the following constitutive relationships are
obtained for the &;:

312670
g =9.42 x 10"5553exp (— ) (4.7)
RT
295700
£s = 5.66 X 10%exp(0.1038 o')exp (— - ) (4.8)
290040
¢, = 8.53 x 105[sinh(0.1174 o)]exp (— - ) (4.9)

From the value of coefficient of determination R? shown in Table 4.6, the best
creep constitutive equation is the power law equation (Eq. 4.7).

Figure 4.32(a) shows the plot of & vs. 1/T obtained experimentally and using
Eq. 4.7 for different stresses. The plot of & vs. o obtained experimentally and using Eq.
4.7 for different temperatures are shown in Figure 4.32(b). In terms of the trend in
variation of & with 1/T (or o), both figures show that there is a good agreement between
calculated values and the experimental data. A variation of one order of magnitude in
the value of & between experimentally obtained value of & and that obtained by
constitutive equation is generally accepted for modeling of creep deformation [116].
Hence, the constitutive relationship obtained by Eq. 4.7 is acceptable for the creep

deformation of the investigated steel.
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Figure 4.32. Variation of experimental &, and calculated & using Eq. 8 with
(a) 1/T and (b) o.
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4.3.5 Creep Mechanism and Fractography

The longitudinal section of the specimen after creep failure was
metallographically polished and observed under the optical microscope. Figure 4.33 and
4.34 show the micrographs of the specimen tested at 650 °C / 120 MPa and 900 °C / 68
MPa, respectively. Low magnification micrographs reveal presence of a large
population of voids near the fracture surfaces. These voids are present at grain boundary
region. Observation under high magnification reveals nucleation of voids at the carbide-
matrix interface regions. The size and morphology of the voids indicate considerable
growth after nucleation during deformation at high temperature. Since, the carbides are
present at the grain boundary regions, the path of void growth is found to be along the

grain boundaries.

@) ) )
Figure 4.33. (a) Low magnification and (b) selected area high magnification
optical micrograph of longitudinal rupture section after creep test at 650 “C/120
MPa

Figure 4.34. (a) Low magnification and (b) selected area high magnification

optical micrograph of longitudinal rupture section after creep test at 900 "C/68
MPa.
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Similar features are observed (Figure 4.35) when specimen tested at 850 °C / 47
MPa and studied using SEM. The SEM micrographs reveal the size of the voids away
from the fracture surface as around 3-8 um. The features reveal the failure mechanism
by nucleation of voids in the vicinity of carbides, its subsequent growth along the grain

boundaries and coalescence resulting in the final failure.

100pm
— EHT=1000kV WD= 15mm Mag= 150X  Signal A= SE1 — EHT=10.00kV WD= 15mm Mag= 3.00KX Signal A= SE1

Figure 4.35. SEI\SIa)images at (a) low and (b) higher maggti)lzication of cracks

along the longitudinal section after fracture at 850 “C/47 MPa.

Figure 4.36 shows the images of x-ray elemental mapping for Fe, Cr, Ni, Nb, Si
and Ti at regions near to the fracture surface of creep tested specimen. The figures
reveal nucleation of micro-voids in the vicinity of Cr-rich carbides.

Figure 4.37(a) & (b) show the SEM images of the fractured surface of the
specimen tested at 650 °C/120 MPa. Image obtained at low magnification (Figure
4.37(a)) reveals fracture surface of specimen failed at ductile mode of failure. High
magnification image reveals dimple features along with interface micro cracks at the
particle matrix interface regions. At some regions cleavage features are also observed.
Fractographs of specimen tested at 900 °C/120 MPa shown in Figure 4.38 (a) & (b)
reveal the failure of the sample in fully ductile manner. Almost the entire surface shows
dimple feature characteristics of micro void nucleation and coalescence.
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-~
Silicon Titanium
Figure 4.36. X-ray elemental mapping (Fe, Cr, Ni, Nb, Si and Ti) on creep
tested specimen at 650 °C/120 MPa.
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Figure 4.37. (a) Low magnification and (b) high magnification fractographs of
creep tested samples at 650 °C/120 MPa.
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_ () . _ _(b)
Figure 4.38. (a) Low magnification and (b) high magnification fractographs
of creep tested samples at 900 °C/120 MPa.

4.3.6 Monkman-Grant Relationships

The Monkman-Grant and modified Monkman-Grant relationships (Eg. 2.6 and
Eq. 2.7, respectively) are useful in determining the creep rupture time of the material.
Detailed description regarding these relationships is highlighted in section 2.8. Figure
4.39(a) shows the plot of rupture time t; vs. & for all the tests carried out at different
temperatures and stresses. Figure also shows a straight line fit with coefficient of
determination, R? =0.97. From the figure, the value of Monkman-Grant exponent m and
constant C in Eq. 2.7 are 0.99 and 0.096, respectively. Since it is reasonable to assume a

value of m as unity, Eq. 2.7 can be written in the form

E.t, = Cye = 0.096 (4.10)
Figure 4.39(a) indicates that rupture time t. is inversely proportional to the minimum
creep rate and the Monkman-Grant relationship can be used for predicting the rupture
time of the investigated steel.

Figure 4.39(b) shows the plot of g/t; vs. & for the material. The plot shows a
straight line fit with a coefficient of determination R?= 0.98. From the figure, the values
for m” and C’ in the modified Monkman-Grant relationship (Eq. 2.8) are found to be
1.06 and 0.254, respectively. Approximating the value of m’ equal to unity, the
modified Monkman-Grant expression can be obtained as

sS.Z—; = 0.254 (4.11)
This indicates that the &/t, is directly proportional to the minimum creep rate. i.e. the

modified Monkman-Grant relationship expressed in the above form can be used for
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predicting the rupture time from the minimum creep rate and fracture strain of the of the
investigated steel with reasonable accuracy. From the values of coefficient of
determination for the Eq. 4.10 and Eq. 4.11, one can conclude that both Monkman-
Grant and modified Monkman-Grant relationships can be successfully used to correlate

the rupture time and steady state creep rate for the investigated steel.

10° ¢ 10’
. 10°;
10° |-
10"
‘ —
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— — -3
w10° - 10
10t
10° |
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PT) L TR R W T BN L 10° . _,,.-1, '“'4' ,,,,-5, _,,,4, ,“,-3, '“'.z' -y
10® 10”7 10® 10° 10* 10° 10* 10" 10° 10" 10° 10° 10" 10° 10° 10
g, (") £,6")
(a) (b)

Figure 4.39. Variation of (a) rupture time with & and (b) &/t; with &;.

In line with the MMGR, Choudhary et al. (2010) [162] proposed relationships
correlating &, with time for onset of secondary creep, t,s and time for onset of tertiary

creep t.. Time tys can be obtained using the relationship
g5 g (4.12)

where a and K; are constants. A logarithmic plot of tos/& vs. & obtained using the creep
data is shown in Figure 4.40(a). From the straight line fit the values for a and K; are
determined as 0.998 and 0.65 respectively, with R?> = 0.992. In the present case,

assuming a =1, Eq. 4.12 can be expressed as
t
& 2 =0.65 (4.13)

&1
Following similar procedure [Choudhary et al. (2010) [162]], the time for onset of

tertiary creep, to; can be obtained by the relationship

t
e'sb.git =K, (4.14)
3
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where b and K;’ are constants. From a logarithmic plot of ty/e; vs. &, shown in Figure
4.40(b), b and K;’ were determined to be 0.997 and 0.82, respectively. Assuming b =1,
Eq. 4.14 can be written in the form

t
és.gi; = K} = 0.82 (4.15)

101 -I IIII 1 IIII 1 IIII 1 IIII 1 IIII 1 IIII 1111 101 -I IIII 1 IIII 1 IIII 1 IIII 1 IIII 1 IIII 1111
10° 107 10° 10° 10* 10° 10® 10" 10° 107 10° 10° 10 10° 10* 10"
£, (s") g, (s")
_ @ _ (b)
Figure 4.40. Variation of (a) tos/e1 With & and (b) t/ & with &;.

It appears that the time spent in the tertiary region is some fraction of the total
time of rupture. A plot of to vs. t; for all stress levels is shown in Figure 4.41. From the
straight line fit an expression correlating the to; and t; is obtained as

t,e = 0.668.t, (4.16)

This indicates that only 33.2 % of the total rupture time is spent for the tertiary creep
strain.

III 1 1 III 1 1 III 1 1 III 1 111
10' 10° 10° 10* 10° 10
t (s)
Figure 4.41. Plot of time to onset of tertiary creep vs.
rupture time.
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To investigate whether the time spent in tertiary creep is dependent on the stress
level, analysis was carried out for two stress ranges: lower stress in the range 47 MPa to
68 MPa and higher stress in the range 80 MPa to 120 MPa.

For stresses in the range 47-68 MPa, the expression obtained as

t,e = 0.814t, (4.17)

and for stresses in the range 80-120 MPa, the expression obtained as

t,e = 0.53 ¢, (4.18)
Eqg. 4.17 reveals that, the time spent in tertiary creep is around 18.6 % of the total
rupture time for low stress levels, whereas, from Eq. 4.18, it is found that higher time

(around 47 %) is spent for the tertiary creep region at higher stresses.

4.3.7 Creep Damage Tolerance Factor

Components used at elevated temperature are designed for a particular allowable
stress based on the stress necessary to achieve a certain strain in a given time. In this
approach the creep ductility is not considered while arriving at the allowable stress. The
Monkman-Grant relationship is based on the fact that creep deformation and damage are
interrelated. In materials where the creep damage is by growth of the cavities and the
creep fracture is strain controlled, the creep damage grows along with the creep curve.
The cavity attains a critical size at tygp, as shown in Figure 3.12. As per the continuum
damage mechanics (CMD), the critical damage criterion is defined and can be arrived
by Eq. 2.11.

A double logarithmic plot of average creep rate vs. minimum creep rate [(&f/t;)
vs. €] from the entire the creep test data is shown in Figure 4.42. From the plot, the
value for A in Eq. 2.11 is found to be 1.53. It may also be noted that the value of 1 in the
stress range 47-68 MPa and 80-120 MPa are 1.29 and 2.54 respectively. This is in
agreement with the trend reported for different steels [162-170]. In few cases, the high
reported values for 1 are due to the lower test temperatures compared to the present
work. A strong dependency of damage tolerance factor A, with stress has been reported,
based on experiments using foil specimen [165]. However in bulk samples, 1 is in the
range 1.5 to 10 [170] where higher values are for lower stress conditions. Nucleation of

micro cracks and cavities during creep generally occur towards the end of the secondary
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creep region. Presence of these defects at the grain boundary region plays an important

role in the deformation during the tertiary creep.

1 Y. SR T RS T B R
10° 107 10° 10° 1104 10° 10* 10"
€ (s")
Figure 4.42. Var_ia_tion of ;w_arage creep rate with
minimum strain rate.

Low values of 1 between 1.5 to 2.5 are attributed to creep damage due to growth
of cavities by diffusion in the power law creep region [165, 238]. Singh and Kamaraj
(2009, 2010) analyzed creep ductility A for rotor steel and observed A was governed by
the type of voids which nucleate and grow along grain boundaries till failure of the
material [239, 240]. However, the acceleration of creep damage due to degradation of
microstructure by coarsening of particles and substructure results in higher values of A.
Micrograph of creep rupture specimen and the value of A < 1.53 suggests that the
tertiary creep is caused by nucleation and growth of inter-granular cavities.

Figure 4.43 illustrates the tyep Vs. t; plot for the investigated steel. For the entire
set of experiments the value of fcpm of EQ. 2.12 is determined as 0.804. However, the
values of fcpw for stresses in the range 47-68 MPa and 80-120 MPa are found to be
0.927 and 0.684, respectively. It is also to be noted that the value of fcpm evaluated
using Eq. 2.12 for A = 1.53 for the present steel is 0.8025, which almost equal to value
obtained from Figure 4.43. This indicates that the fcpm obtained by Monkman-Grant
ductility relationship is in good agreement with that obtained by CDM technique.
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Figure 4.43. Variation of time to reach MGD with
rupture time.
In conclusion, the creep curve can be divided into two regions. The first region
Is a safe region which is up to the point of tyep. In this region, creep damage is a slow
process and almost at a uniform rate. The second region, lying in the range tuep to t; is
considered to be unsafe due to localized creep damage resulting in acceleration of the
creep process. A transition exists between these two regions [241] during which the
cavity size reaches a critical value resulting in accelerated creep rate. fcpm quantifies the
degradation of the material during service and can be used as a creep design criterion
[242, 243] for engineering components. From the present investigation, the value of

fcom equal to 0.804 can be used as a factor of safety in creep design for the steel.

4.4 Artificial Neural Network Modeling of Creep Curve
Modeling of creep curve was carried out by predicting the time dependent creep strain €

by artificial neural network (ANN) technique. The modeling was based on the concept

e=f(o,T, b (4.19)
where, o is the applied stress, T the temperature and t the time.

Creep curve at any temperature and stress was predicted by ANN using the
limited experimental data. The methodology followed for the ANN modeling is
presented in section 3.4.3. The ANN architecture in the present study consists of an
input layer, one hidden layer and an output layer. The input layer consists of three

neurons, each representing o, T and t. The output layer consists of one neuron
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representing €. The intermediate hidden layer consists of N neurons. With this
architecture, the network is trained by providing data in the form of several input and
output pairs. During the training process, the network adjusts its weights to minimize
the error between the predicted and actual outputs. To ensure proper weights and bias
during the training process, the model was simultaneously tested with a set of testing
data. The network is said to over-fit the data when the testing error is much higher than
the training error. When the training and testing errors are almost equal the network is
considered to be properly fitted. The values of ¢, T and t were transformed to lie within
the range of 0.1 and 0.9 before feeding the data in to the network. Training was carried
out using the trainlm training function of MATLAB® software. For the network
training, a number of numerical experiments were carried out with single hidden layer
neural network using tansig, logsig, hardlim and purelin transfer functions with varying
number of neurons in the hidden layer. During the numerical trail experiments, the best
neural network architecture was frozen based on (i) functional RMS error during
training and testing which should be minimum (ii) 98 % of the data which could be
predicted within a deviation error of £ 20 % and (iii) atleast 95 % of the data which
could be predicted within a deviation error of + 15 %. From the numerical experiments,
the best network architecture and processing function was arrived at.

After a number of numerical experiments, the final architecture was arrived with
single hidden layer with j = 15 neurons as shown in Figure 3.13. The transfer function at
the input to hidden layer was tansig and at the output layer was purelin function.
During the training with the 732 input-output data sets, the RMS error was 0.0064 with
a maximum deviation error of 33.6 %. The corresponding errors during the testing with
376 data sets were 0.006 and 31.9 %, respectively.

Figure 4.44(a) & (b) show the plots of neural network predicted vs. experimental
value of creep strain during training and testing, respectively. A diagonal line inclined at
45° from horizontal is shown in both the figures. The plot (Figure 4.4(a)) shows most of
the data points during training lie very close to the inclined line indicating good
prediction. 92.8 % and 97.3 % data points lies within a deviation error of + 10 % and £
15 %, respectively during the training. The correlation coefficient R and average
absolute relative error (AARE) for the training data set are 0.994 and 0.18 %,
respectively. As shown in Figure 4.44(b), during the testing, 90.2 % and 96.8 % of the
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data points could be predicted within a deviation error of + 10 % and = 15 %,

respectively. The R.. value and AARE for the testing data set were determined as 0.995

and 0.09 %, respectively.
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Figure 4.44. Correlation between experimental and predicted creep strain
data after (a) training and (b) testing of artificial neural network.

The frequency counts vs. relative error histogram plots are shown in Figure
4.45(a) & (b) for training and testing, respectively. The relative error of the ANN model
shows a typical Gaussian distribution. It is observed that the relative error obtained from
the ANN model vary from -30.7 % to 33.6 % and -22 % to 31.9 % for training and
testing, respectively. Figure 4.45(a) & (b) show that 71.7 % training data sets and 66.8
% testing data sets of the relative error of ANN model are within £ 5 %.
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Figure 4.45. Relative error between experimental and predicted creep strain
data after (a) training and (b) testing of artificial neural network.
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Figure 4.46(a) & (b) show the distribution of the residual values about zero
mean for training and testing, respectively. The randomized distribution of residual
values about zero mean signifies that no systematic error exists in the development of
the of the ANN model. The propagation of the residuals on both sides of zero indicates
that the developed model is unbiased and the predictive capability of the ANN model is
good. The main source of prediction error may be due to noise in the experimental data

which cannot be wholly attributed to the predictability of the neural network model.
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Figure 4.46. Plot between residuals and predicted values after (a) training

and (b) testing of artificial neural network.

LI'he relative importance of the each input variable on output was quantified
using Eg. 3.13. The importance of the input variables given by weights method
proposed by Garson [232] is shown in Figure 4.47. The contribution of the input
variable is in the range from 22 % to 52 %. The figure shows that among the three input
variables, applied stress has higher dependency on creep strain, followed by
temperature.

The fitted neural network model was validated independently for 154 data sets

which were not used earlier for the purpose of training or testing. Figure 4.48(a) shows
the plot of neural network predicted and experimental value of strains.151 out of 154
data (i.e. 98%) could be predicted within a deviation error of + 10 % during validation.
The RMS error, correlation coefficient R and AARE for the validation data set are
0.0062, 0.992 and -0.91 %, respectively. Figure 4.48(b) shows the plot of frequency

counts vs. relative error histogram for validation. It is observed that the maximum

TH-1394 10307
394_0961030 9%



Results & Discussion

relative error during validation is 18.9 %. Figure 4.48(b) indicates that 79.2 % and 98 %
of the predicted strains are within =5 % and + 10 %, respectively.

Y [+ 2]
o o
T T

Relative importance (%)
S
T

|

Stress Temperature Time
Input variable

Figure 4.47. Relative importance of each input variable to simulate artificial
neural network of creep curve based on Garson’s algorithm.

Figure 4.48(c) shows the uniform distribution of the residual values about zero mean for
validation. The prediction using the 154 independent data sets establishes the
confidence in the predictive capabilities of the neural network model.

Having gained confidence in the neural network architecture, creep curves were
obtained by ANN simulation under the 22 experimental conditions of stress and
temperature. The simulations were carried out up to the rupture time obtained from the
experiments. Figure 4.49 shows the comparison of the ANN simulated and experimental
creep curves for six conditions of stress and temperature. In the figure, the continuous
lines represent the simulated curves. Plots for the remaining 16 experimental conditions

are shown in Appendix-VIII. The predictions are found to be very good.
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Figure 4.48. (a) Correlation, (b) relative error between experimental and predicted
strain data and (c) plot between residuals and predicted values after validation.
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Figure 4.49. Comparison between experimental and predicted creep curves.
Creep curves at (a) (1) 800 °C/120 MPa, (2) 900 °C/68 MPa, (3) 950 °C/47
MPa and (b) (1) 650 °C/120 MPa, (2) 750 °C/80 MPa, (3) 750 °C/68 MPa.
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Simulation of creep curves were also carried out under various combinations of
stresses and temperatures other than the experimental conditions. Figure 4.50(a) & (b)
show the plot of the simulated creep curves up to a strain of 0.3.
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Figure 4.50. Predicted creep curves at various stresses and temperatures.

For validating the authenticity of the simulated creep curves, one creep test was
carried out at 68 MPa / 850 °C up to 20000 seconds. During the experiment the time to
rupture was found to be 7337 seconds. Figure 4.51 shows the plots of the ANN
simulated creep curve and the experimentally obtained creep curve for time up to 7337
seconds. The experimental result shows that the creep curve enters the tertiary stage just
before rupture, whereas this was not reflected in the simulated creep curve. It is also
evident that the deviation between ANN predicted and experimental strain in the tertiary
creep region is high. The creep deformation in the tertiary region is not of much
importance from the point of view of industrial safety since the maximum design creep
life is at the onset of tertiary creep. Literature indicates that the strain to failure in
metallic materials undergoing creep deformation is generally in the range 0.15-0.20.
[244, 245], though few cases are reported with strains of around 0.3 [164, 246]. From
the curves shown in Figure 4.51, the correlation coefficient R, and AARE between
experimental and predicted strain values are found to be 0.994 and 23 %, respectively,
indicating good prediction of the creep curve up to a strain of 0.2. It can be concluded
that ANN modeling can be used as a powerful tool for prediction of creep curves using

data obtained from limited experiments.
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Figure 4.51. Comparison between experimental
and predicted creep curve at 850 °C/68 MPa.
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4.4.1 Comparison of Minimum Creep Rate

The minimum creep rate & during creep deformation for various combinations
of stress and temperatures are determined from (i) the creep experiments, (ii) power law
constitutive equation (Eq. 4.8) and (iii) ANN predicted creep curves. The & vs. 1/T plot
obtained by the above three methods are shown in Figure 4.52(a). Plot of & vs. o
obtained by these methods are shown in Figure 4.52(b). The plots indicate that the strain
rate predicted by the constitutive model (Eqg. 4.8) deviates by one to two orders of
magnitude compared to the experimental value whereas the ANN predicted &, values
are comparable to that of the experimental values. Table 4.14 compares the values of &
obtained by the three methods. The data indicates that the ANN predicted &, are close to
the experimental values with reasonable accuracy.

Table 4.7 summarizes the predictability of minimum strain rate values obtained
from power law equation (Eq. 4.8) and ANN predicted creep curve. Minimum strain
rate values determined from ANN predicted creep curve show closer values than the &
values calculated using power law constitutive equation.

From the above analysis it can be concluded that ANN model is a powerful tool
for prediction of & within the domain of experimental conditions of temperature and

stresses compared to the constitutive model.
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Figure 4.52. Comparison of experimental, calculated using power law and
ANN predicted &, with (a) 1/T for constant stresses and (b) ¢ for constant T.

Table 4.7. Comparison of the minimum strain rate obtained from the
experimental, calculated using Eq. 4.8 and predicted by ANN technique.

Minimum strain rate (s™)

Stress Temperature 5 —
(MPa) (°C) . y constitutive
Experimental model (Eq. 4.8) ANN

120 800 1.03 x 103 3.81 x 10* 1.28 x 103
120 750 1.84 x 10 6.54 x 10 2.95 x 10™
120 700 2.88 x 10 9.37 x 10 2.89 x 10°
80 950 3.61x 10™ 1.09 x 10’3 3.77 x 10™
80 925 1.37 x 10 5.66 x 10™ 1.53 x 10™
80 900 5.05 x 10 2.84 x 10™ 4.96 x 10™
68 950 492 x 10™ 2.84 x 10™ 6.14 x 10
68 900 1.38 x 10 7.37 x 10° 1.40 x 10™*
68 825 1.50 x 10 7.75 x 10° 1.45 x 10°
47 1050 1.21 x 107 1.44 x 107 1.24 x 107
47 1000 411 %10 458 x 10 3.52 x 10™
47 900 7.21 x 10°° 3.43x10° 9.73 x 10°®
68 850 2.29x 107 1.70 x 10° 2.88x 107

@ from the experiment carried out for the validation of the ANN technique
and this data is not included for the development of constitutive parameters.
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4.4.2 Creep Life Prediction by Parametric Techniques

In the parametric techniques, creep failure time of the material at particular service
conditions of temperature and pressure is determined. The advantage of these
techniques is that the long time life of the material can be predicted using data obtained
from short time accelerated creep tests. In the present work, the data obtained from the
accelerated creep test experiments is used to compare the creep life based on Manson-
Haferd, Orr-Sherby-Dorn and Larson-Miller parametric techniques. For design purpose,
only the creep life of the material up to the end of the secondary creep region is of
importance, though designers considers the total rupture time. Creep curve data
available from the literature indicates that most of the creep rupture occurs for strains
less than 0.2. However, from the application point of view, a component can be
considered as failed even if the creep strain is 0.15. In the present analysis, the creep life
(rupture time) is taken as the time necessary to reach a creep strain of 0.15. The rupture
time for a creep strain of 0.15 for various combinations of stress and temperatures were
obtained by ANN simulated creep curve. The subsequent sub-sections discuss the creep

life predicted by three parametric techniques.

4.4.2.1 Manson-Haferd Technique

For prediction of the creep life by Manson-Haferd parameter Py, l0gio(ty) vs. T
is plotted for different constant stresses. The Manson-Haferd constants, T, and 10gio(ta)
are determined from the intersection point of the extrapolated iso-stress lines. Using
these constants, the o vs. Py.y master plot is developed. The creep life of the material
for a particular stress and temperature is obtained by extrapolation of the master curve.

Figure 4.53(a) shows the logio(ty) vs. T plot for the investigated steel at constant
applied stresses. The value of Manson-Haferd constants, T, and logio(ta) were
determined to be 1520 K and -7.8, respectively. Figure 4.53(b) shows the Manson-
Haferd master curve. The plot indicates a linear fit with the coefficient of determination
R?equal to 0.978.
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Figure 4.53. Plot of (a) logo(ty) vs. T to determine T, and logio(ta) and (b)
Manson-Haferd master curve.

The Pu.y values for stresses in the range from 5 to 45 MPa obtained by linear

extrapolating the curve shown in Figure 4.53(b) are given in Table 4.8.

Table 4.8. Py values for various stress values.

Stress (MPa) Pu-H

5 -25.34
10 -27.14
15 -28.94
20 -30.74
25 -32.54
30 -34.34
35 -36.14
40 -37.94
45 -39.74

The creep life t; is determined using the equation

ol o (420

Figure 4.54(a) & (b) show the creep life of the investigated material plotted for
different stresses and temperature, respectively. The plot indicates that the creep life at
constant stress (or temperature) increases with decrease in temperature (or stress), which

is the expected trend.
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Figure 4.54. Plot of (a) temperature-predicted creep life and (b) stress-predicted
creep life for Manson-Haferd parameter.

4.4.2.2 Orr-Sherby-Dorn Technique

In this, the Orr-Sherby-Dorn parameter Po.s.p was determined using Eq. 2.15.
The master curve for the Orr-Sherby-Dorn parametric technique is obtained by the o vs.

Po.s-p plot. The liner relationship between the stress and Po.s.p can be expressed as:

o=ay+ a1Pp_s_p (4.21)

The Posp values were found to be different when different values of Q. are

used in Eg. 2.16. Plot of best stress o vs. Po.s.p master curve is obtained when the

optimum value of Q. was chosen. The optimum value of Q. is corresponding to the case

where R? for the linear fit of the stress & vs. Po.s.o master curve is maximum. Figure

4.55(a) shows the variations of coefficient of determination with the constant Q. by trial

and error. From this plot, the best fit is obtained for a Q. value of 556 kJ/mol for which

R? = 0.968. The corresponding values of constants ao and a; in Eq. 4.21 are respectively
-18.56 and -404.16.

The Po.sp value for stresses outside the domain of investigation is obtained by

linear extrapolation of the master curve. The creep life for any combination of

temperature and stress is determined using the expression

b = 10l(Fo-s-0+5%) @22)
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Figure 4.55. Plot of (a) Variation of coefficient of determination for linear fit
with Q. and (b) Orr-Sherby-Dorn master curve.

Figure 4.55(b) shows the o vs. Po.s.o master plot obtained for the steel. Values
of Po.s.p determined from the master curve for various stresses are given in table 4.9.

Table 4.9. Po.s.p values at different stresses.

Stress (MPa) Po-so
5 -22.05

10 -22.32

15 -22.59

20 -22.86

25 -23.13

30 -23.40

35 -23.67

40 -23.94

45 -24.21

The creep life at any temperatures and stress was determined using the expression
556X1000
t, = 10[(P0‘5‘D+ 2.3RT )] (4.23)

Figure 4.56(a) & (b) shows the creep life of the HP40Nb steel at constant
stresses and temperatures. The creep life of the steel determined by Orr-Sherby-Dorn
parameter, using Eq. 4.23, increases with the decrease in temperature at a constant
stress. Figure 4.56(b) also reveals that at a constant temperature, the creep life decreases
with increase in stress.
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Figure 4.56. Plot of (a) temperature-predicted creep life and (b) stress-
predicted creep life for Orr-Sherby-Dorn parameter.

4.4.2.3 Larson-Miller Technique

Larson-Miller parameter is widely accepted by industries to predict creep life of
materials. As described in section 2.9.1, the Larson-Miller parameter P, .y is expressed
in the form

Py =T(Cp_py + logiot,) x 1073 (4.24)
where T is the test temperature, t; is the total rupture time and C_.y is a constant obtained
graphically as discussed section 2.9.1. Figure 2.12 shows the typical plot of logi(t;) vs.
1/T for constant stresses. The Larson-Miller parametric technique is under the
assumption that these iso-stress lines, when extended, intersects the vertical axis at 1/T
= 0 at a particular point, the value of which is taken as the value of C,.y. Using the o
vs. PL.v master curve, the creep life at any temperature and stress is estimated by the
expression:

t, = 10[(1000x=E5)—c, ] (4.25)

A close observation would reveal that the logio(t;) vs. 1/T plots for different
applied stresses indicates that the iso-stress curves when extended intersect the vertical
axes at different points, each point correspond to different value of C_.y. A plot of C.y

vs. o indicates a straight line fit which can be expressed as:

CL—M =a, + aso (426)
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where a, and a3 are constants and can be determined from by a least square fit. By

substituting Eq. 4.26 for the C_.y in Eq. 4.24, the Py relationship can be modified as:

P,_w(0) = T(logiot, + (az + az X 0)) x 1073 (4.27)
Figure 4.57(a) & (b) show the plots of logio(t;) vs. L/T for different constant
stresses. From the figure (Figure 4.57(b)) it is evident that the iso-stress lines, when
extended, are intersecting the logio(t;) axis at different points indicating different C.y
values. The value of C_.y is found to lay between 11 - 20 for the stress in the range 47
MPa - 120 MPa. The plot of C_.y vs. o shown in Figure 4.57(c) indicates a linear
relationship between C..y and o. The constants a, and ag in Eq. 4.26 are determined as -
0.122 and 25.438, respectively.

5
2
X il /
= 1+ ';//.
= | £ s
=0t 47 MPa = m 47 MPa
i 52 MPa =2 e 52MPa
58 MPa S0} s 58 MPa
AF 68 MPa [ v 68 MPa
L 71 MPa ¢ 71 MPa
2 80 MPa 15 e 80 MPa
[ 110 MPa 110 MPa
i 120 MPa * 120 MPa
20 F
_3 1 1 1 1 " 1 " L 1 1 1 n 1 L 1 L 1
0.7 0.8 0.9 1.0 1.1 00 02 04 06 08 10
1000/T (K") 1000/T (K")
(@) (b)
22
20| *

- - -
'S » (-}
' T ' T

Larson-Miller constant (C, )
o

[ C,, =-0.12185 + 25.438
10k R*=0.9818
8 | 1 2 1 i 1 L 1
40 60 80 100 120
Stress (MPa)
(©)

Figure 4.57. Plot of (a) logio(t) vs. 1000/T, (b) logio(tr) vs. 1000/T with
extrapolated curves up to 1000/T =0 and (c) CL-.m VS. o.
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For austenitic steels, the C_.y value proposed by Larson and Miller for obtaining
the o vs. P_.v master plot is 20 [10]. The o vs. P_.u plots for the reformer tube is shown
in Figure 4.58(a) indicating linear relationships. In the figure, continuous line
corresponds to the case where C. =20 and the other dotted line corresponds to the case
where C.y is a function of o (i.e C..m(0)). The figure indicates large scatter in the data
points when Cp.y is considered as constant compared to the case where C.y(o). The R?
value for the former case is 0.84, whereas for the latter case it is 0.92. Hence, the master
plot considering C..v(c) appears to be more realistic for the prediction of long-term
creep rupture life of the investigated material. Figure 4.58(b) shows the plot of o vs.
average P plots for each stress with C .y =20 and C_.u(c). The coefficient of
determination R? for curve with Cy=20and C_.u(c) are found to be 0.948 and 0.992,
respectively.
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Figure 4.(5‘2. Plot of (a) o vs. Py and (b) o vs. av((le)zage PLw.

For the creep life prediction of the material at low stress levels, the Py value is
obtained by extrapolating the master curve to low stress values. The extrapolated values
of P_.m determined for stresses in the range 5 MPa - 45MPa for the service exposed
reformer tube are given in Table 4.10 for both cases.

The creep life of the reformer tube for both the cases, i.e., C..y =20 and C_.u(0)
is determined by Eq. 4.28 and Eq. 4.29, respectively.

A 10[(1000xPLT‘M)—20] (4.28)
=
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£ = 10[(1000><PLT‘1"’)—(—0.122><cr+25.438)] (4.29)

Table 4.10. P,.v and C .y values at different stresses.

PLwm for

Stress _ PL.m for Cr.m (0)

T N
5 25.83 24.83 30.66
10 25.60 24.22 29.79
15 25.36 23.61 28.91
20 25.12 23.00 28.04
25 24.88 22.39 27.16
30 24.65 21.78 26.29
35 24.41 21.18 25.41
40 24.17 20.57 24.54
45 23.93 19.96 23.66

It is evident from Figure 4.59(a) & (b) that the creep life decrease with increase
in temperature. Table 4.11 compares the creep life (i.e. time to attain a creep strain of
0.15) of the material predicted for different combinations of stresses and temperatures,
by considering C..y =20 and C_.u(0). It is clear from Figure 4.59 and Table 4.11 that
the creep life of the materail predicted by considering C..» = 20 is higher compared to
that predicted by considering C,.v(o). Figure 4.60(a) & (b) shows the plot of ¢ vs. creep
life of the investigated steel. Both the figures show that the creep life decreases with
increase in stress. At 790 °C and 1 MPa, the estimated creep life of the steel is 3.5 years

and 1.8 years for the case C..y = 20 and C, (o), respectively.
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Figure 4.59. Temperature-predicted creep life for (a) constant C, .y and
(b) CL-m(o) up to creep strain 0.15.
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Table 4.11. Creep life at a creep strain of 0.15 of the reformer
tube for different stress and temperature combinations.

Stress  Temperature Creep life (years)
(MPa) (‘O CLm=20 CLwm(o)
5 800 1.36 0.64
10 780 2.32 1.33
15 760 4.04 2.72
20 740 7.18 5.41
25 720 13.07 10.44
30 700 24.38 19.55
- 650°C, o 700°C| = 650°C, ° 700°C
80 - a 750°C, =+ 790°C : 4 750°C, =+ 790°C
60
gso- 5
= H
£ a0 2l
(72}
20 20

P | 1 L o L
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Life (Years) Life (Years)

Figure 4.60. Stregpredicted creep life for (a) constant élz),v. and (b) C_.v as
a function of stress up to creep strain 0.15.

For the three parametric techniques discussed in this work, the strain to failure
criteria is considered as 0.15 (i.e an engineering strain of 16.2%). A comparison of the
creep failure time predicted by these three parametric techniques are presented in Table
4.12. 1t is evident from the table that the creep life determined by Mansion-Hafred
method and Orr-Sherby-Dorn method gives highly overestimated values. The creep life
determined by L-M technique considering C..» = 20 is higher than that predicted
considering Cp.w(o).

Figure 4.61(a) shows the plot of T vs. creep life of the HP40Nb steel at 5 MPa
and 30 MPa obtained by the Larson-Miller method considering C_. =20 and C.u(0).
At 800 °C and 5 MPa, the estimated creep life of the steel is 1.34 years and 0.64 years
for the case C..my = 20 and C_.m(o), respectively. At 710 °C / 30 MPa the respective
creep lives are found to be 13.4 years and 10.4 years. Variation of predicted creep life at

650 °C and 750 °C considering C_. as a constant and as a function of stress is shown in
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Figure 4.61(b). At 650 °C and 70 MPa, the estimated creep life of the steel is 5 years
and 1.1 years for the case C..m = 20 and C.u(o), respectively. At 750 °C / 6 MPa the
respective creep lives are found to be 18.4 years and 14.2 years.

Table 4.12. Comparison of creep life at a creep strain of 0.15 between different
parametric techniques.

Temperature (°C)

Applied  Creep

stress life Larson Miller ~ Larson Miller ~ Manson-  Orr-Sherby-
(MPa)  (Years)  Method with method with ~ Haferd Dorn
C.m=20 CL-m(0) method method

5 1 806 793 949 845
5 2 793 782 941 833
5 5 776 768 931 816
5 10 763 757 924 804
10 1 796 785 928 834
10 2 783 773 920 821
10 5 766 759 909 805
10 10 753 749 901 793
15 1 786 776 907 822
15 2 773 765 898 810
15 5 756 750 886 795
15 10 743 740 878 783
20 1 776 767 886 812
20 2 763 756 876 800
20 5 147 741 864 784
20 10 734 730 855 773

The creep life prediction by Larson-miller parameter is sensitive to the C .y
value. It may be noted that under constant stress test condition, the iso-stress lines in the
logio(ty) vs. 1/T plot are not meeting at a single point leads to inaccurate results. Since,
the C_.w value depends on the applied stress, this modification is required to be
incorporated in the L-M method. The result obtained from the analysis indicates lower
creep life by considering C_-u(s) compared to a constant C,. value. The creep life

determined by considering C,.u(o) is more conservative from the design point of view.
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Figure 4.61. Comparison of (a) temperature and (b) stress vs. predicted creep
life for C_.v as a constant and C_.w(o).

Summary

The experimental results from microstructural analysis, elevated temperature
tensile tests and creep tests on service exposed HP40Nb micro-alloyed stainless steel
are presented in this chapter. The relationship for determining the minimum creep rate
was developed by constitutive modeling. Relationship between minimum creep rate and
creep rupture time were verified by Monkman-Grant relationships. Creep curves for the
material within the test domain were generated successfully by ANN modeling and
simulation where 98 % of the data could be predicted within a deviation error of + 10
%. Comparison of the minimum creep rate estimated by the constitutive modeling and
ANN modeling revealed that the value obtained by ANN technique was closely
matching with the experimental results. Creep life of the material was estimated by
Larson-Miller technique, Manson-Haferd technique and Orr-Sherby-Dorn technique and
the results compared. The creep life determined by Manson-Haferd method and Orr-
Sherby-Dorn method were found to be highly over-estimated. The creep life estimated
by Larson-Miller method is sensitive to the C_.y value. It is proposed that the C .y in

the P_.m expression be modified by stress dependent function.
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CHAPTER 5

CONCLUSIONS & SCOPE FOR FUTURE WORK

5.1 Conclusions

The experimental methodology, the modeling studies performed on micro-
alloyed HP40NDb austenitic stainless steel, their results and discussions were presented
in the earlier chapters. The experiments were mainly investigating the microstructure,
elevated temperature tensile tests and creep testing of the investigated steel. The
modeling studies revealed the importance of analysis of creep deformation and failure
by various existing techniques. Artificial Neural Network (ANN) was used successfully
for modeling creep deformation of the steel. The creep life prediction of the steel was
carried out by various existing techniques and compared. These investigations revealed

many new findings, which are highlighted below:

® Microstructure of the HP40Nb steel consists of equiaxed austenitic grains with
continuous network of carbides at grain boundary regions. The grain boundary
carbides are Cr;Cs, Cra3Cs, NbC, (Nb,Ti)C. The Cr;C3 carbides dissolve in the
matrix with concomitant increase in Cry;3Cs when the steel is exposed to

temperatures above 1000 °C.

® The Young’s modulus, yield strength and ultimate tensile strength of the steel
decreased and percentage elongation increased with increase in temperature.
Dissolution of Cr;C; particles resulted in sharp decrease in strength of the steel.
The strain hardening exponent of the steel increased with the increase in

temperature up to 600 °C and decreased with further increase in temperature.

® Up to 600 °C, the failure in the material was by brittle fracture. Between 600 °C to
1000 °C the failure was dominated by ductile failure mechanism. i.e. by micro-
void nucleation, growth and coalescence. At 1200 °C, the material failure was by

inter-granular fracture.

® Strain to failure and secondary strain decreased with increase in minimum creep
strain. Both these strains decreased with increase in applied stress above 900 °C.
For constant stresses, secondary strain increased and strain to failure decreased

with the increase in temperature.
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® Minimum creep rate at a constant temperature increases with the increase in
stress. Rupture time at a constant stress decreases exponentially with the increase

in temperature.

® Stress exponent and apparent activation energy for creep decreases non-linearly
with the increase in temperature and stress respectively. Power-law creep

expression shows better result among different constitutive equations.

® Nucleation of voids in the vicinity of Cr-rich carbide, its subsequent growth and

coalescences is the main creep failure mechanism of the steel.

® At lower temperature, fracture is quasi-brittle failure where as at elevated

temperature, the material failure is by ductile fracture.
® The threshold stress during the creep test is negligible.

® Both Monkman-Grant and modified Monkman-Grant relationships were found to

be valid for the steel.

® | ow value of the creep damage tolerance factor A, indicates large creep strain

accumulation during secondary creep region.

® Time to reach Monkman-Grant ductility tugp was found to be 80 % of the rupture
time of the steel confirming secondary strain as the major contributor to the total

strain.

® Time dependent creep strain for various combinations of stresses and
temperatures was simulated successfully for the first time. The comparison of the
creep curves simulated by ANN technique with the experimentally determined
curves show good prediction capability by ANN modeling.

® The minimum creep rate obtained by ANN simulation was found to be more

accurate than that obtained by the constitutive modeling technique.

® Creep life prediction by various parametric techniques reveals prediction by
Larson-Miller parameter as the most suitable prediction technique compared to

Manson-Hafred and Orr-Sherby-Dorn technique.
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® |t is proposed that C,.y in the P_.y equation should be modified as a function of
stress rather than considering it as a constant. While considering C_.u(o) the
scatter in the master plot is reduced. The creep life prediction considering Ci-u(o)

gives conservative result compared to when considering C_.y as constant.

5.2 Main Contribution of This Work
The two major contribution of this thesis are:

a. The work demonstrates that creep curves can be predicted by ANN modeling
using limited experimental data, within acceptable accuracy. Though the creep
failure norm used in this work considering the practical condition of creep failure
strain as 0.15, the technique can be extended to higher failure strains depending
upon the material and test conditions.

b. A modification in the Larson-Miller parametric technique for the prediction of
failure time is proposed by considering Larson-Miller constant C,.y as a function
of stress. The creep life prediction by the proposed modification leads to

conservative results useful from the design point of view.

5.3 Scope for Future Work

The present investigations were focused on investigating the high temperature
tensile and creep failure of the HP40Nb steel. The work also demonstrated the
capability of artificial neural network technique in simulating creep curves from the data
obtained from limited experiments. These investigations have not only yielded many
interesting results but have also pointed towards several possible directions of further
research. Some of these are enumerated below:

» The present work was concentrated in austenitic stainless steel where the
material undergoes no phase transformation. The present methodology may be
extended to a variety of materials with different crystal structures.

» The present work was limited to the creep data of HP40Nb steel. Further
investigations may be carried out to study the cavitation and its effect on the

creep deformation of this material.
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»  Further investigation of this steel under high resolution TEM would throw more
light on the nature of the various phases present under various heat treatment
conditions.

» The high temperature fracture toughness, corrosion resistance and thermal
fatigue resistance of this material would help in assessing the potential of this
steel for a wide range of application.

> Application of ANN technique may be extended to predict the creep life of
material exhibiting phase transformations during different conditions of creep
tests.

» The proposed modified Larson-Miller parameter technique for predicting the

creep failure time may be validated for other materials.
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Appendix-I

Larson-Miller parameter
In 1952, F.R. Larson and J. Miller proposed that creep rate adequately governed by the

Arrhenius type equation i.e.

& =Ayexp (— %) (1.1)

where € is the minimum creep rate or the rate at a constant strain, A is a constant, R is
the universal gas constant, T is the absolute temperature, Q. is the activation energy for

the creep process.

Since, the rupture time depends on the creep rate by ¢, (%) = constant, the Eq. I.1
min

may be written

ti = Aj exp (— I%‘) (1.2)

where t; is the time to rupture.

Taking the natural logarithm of both sides of Eq. 1.2

Q
—1In(t,) = In(4,) — ﬁ (1.3)
With some rearrangement
Qc _ (1.4)
& = [(n(4o) +In(t;))
The final relation becomes
T(Cp_p + logyo(t,)) = 2% = P.v = Constant (for constant stress) (1.5)

where C_.y = 10g10(Ao) = constant and Py is Larson-Miller parameter.
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Appendix-II

Appendix-I1

Manson — Haferd parameter

In 1953, S.S. Manson and A.M. Haferd proposed a parametric technique based on the
assumption that the temperature T depends on time to rupture t; which follows an

exponential relation in the form

t, = Ay exp(Q.T) (11.1)
where A; is a constant and Q. is a stress dependent function. Taking the common
logarithm of both sides of Eq. 11.1

Q.T
loglO(tr) = 10g10(A1) + ( 263> (“2)
Since, iso-stress plots of logio(t) vs. T intersect at a fixed point given by T, and
logio(ta),
QT
log10(ta) = logyo(4;) +( 2C3“> (11.3)

On subtracting Eq. (11.3) from Eq. (11.2) and with some simplifications one obtain

logo(t;) —logyo(t,) = S—; (T —T,) (11.4)

The final relation becomes

e = 35 P 1.4
loglo(tr)_logm(ta) - 2.3 _PM'H - Constant ( )

where Py.y4 is Manson-Haferd parameter.
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Appendix-111

Orr-Sherby-Dorn parameter
In 1954, R.L. Orr, O.D. Sherby and J.E. Dorn proposed a parametric technique based on

Arrhenius type equation i.e.

& = Ay exp (— %) (1I.1)

where &, is the minimum creep rate, A; is a constant, R is the universal gas constant, T is

the absolute temperature, Q. is the activation energy for the creep process.

Since, the rupture time inversely proportional with minimum creep rate by (tr o l)

s
the Eq. 111.1 may be written

t, = A; exp (%) (111.2)

where t; is the time to rupture and Az=1/A,.
Taking the common logarithm of both sides of Eq. 111.2

Q
loglo(tr) - loglo (Ag) =P (ﬁ) (|||3)
With some rearrangement
_ Qc (111.4)
log,0(43) = logyo(t) 3R
The final relation becomes
log1o (t,) — —— = Posp (111.5)

2.3RT
where Po.s.p is Orr-Sherby-Dorn parameter.
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Appendix-1V

Calculations of the spring constants

Spring unit for constant stresses 47 MPa, 68MPa and 80 MPa was calibrated. At
the starting of each calibration test, the top plate was kept at a position by rotating
power screw nut where maximum load acting on a specimen for zero displacement of
gauge length. Displacement of the top plate was measured from a reference point. By
reverse rotation of the nut, load was released by spring as well as on specimen and top
plate came down. For each millimeter displacement load was noted from the load
indicator. Maximum percentage deviation and RMS error for 47 MPa, 68MPa and 80
MPa are given in Table 1V.1.

Table I1V.1. Spring stiffness, percentage deviation and RMS error for
different stresses.

True Stress Spring stiffness Maximum RMS error
(MPa) (N/mm) deviation (%) (N)
a7 22.4 e 1.64
68 33.7 e 14.39
80 42 P 46.26

The creep apparatus was commissioned by creep test at for stresses of 68 MPa
and 80 MPa at 650 °C and 860 °C respectively. The creep tests were performed on mild
steel and 316 stainless steel sample respectively. Creep tests were performed following
the procedure described above. Load vs. displacement of gauge length for both the tests
are shown in Figure IV.1la. Maximum percentage deviation and RMS error of the creep
test were determined and given in Table 1V.2. The values of percentage deviation and
RMS error indicate that the apparatus shows an acceptable result for creep testing.

Figure 1V.1b shows the creep curve obtained from these two creep test.
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Table 1V.2. Percentage deviation and RSM error for the low stress

apparatus.

Maximum RMS error
True stress (MPa) Temperature (°C g
( ) P (°C) deviation (%) (N)
+0.9
68 650 | 3.9
-0.8
+0.3
80 860 ' 3.9
-0.6
%, 80 MPa/860 °C 0.18 =
1400 - N 316 88 g
o o Required 0.15 - g
0. : 68 MPa/650 °CE
R Tested Mild Steel &

1300 ¢ “og 012 L o 80 MPa/860 °C
s r E 316 85
k 0 £ 0.09 g
% 1200 | 68 MPa/650 °C e i
- i Mild Steel o -

""" o Required 5 0.06
Tested
1100 |
0.03
[n]
1000 L+ o+ . 0.00 ® ‘ ‘ ‘
0 1 2 3 4 200 400 600
Elongation {mm) Time (Second)
(b)

()

Figure 1V.1. (a) Load vs. displacement plot and (b) creep curve tested at 68

MPa/650 °C of mild steel and 80 MPa/860 °C of 316 SS sample.
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Appendix-V

Design of modified creep set-up

The non-linear behavior of the load vs. elongation plot is taken care of by using

a set of inclined tension springs. The schematic diagram of the inclined spring
arrangement is shown in Figure V.1(a). In this case, the spring force F,(x) is a nonlinear
function of the displacement variable x as shown in the free body diagram (Figure
V.1(b)). One end of the springs is attached to the top circular plate through pin joints.

The other ends of the springs are attached to a bottom plate.

e — e S M T
o ; '''''' -
<
-
T
<
X <>
K <: F.cos@
mwl
R

(a) (b)
Figure V.1. Schematic diagram showing the (a) force and displacement of
the bottom disc and (b) free body diagram of a single inclined spring.

The total vertical load acting by ns number of springs is given by,

F,,=nsx1?s=ns><{k56\/anxi_x2 J\/T_xz )J (V.1)

Based on the above formulation, load versus elongation of creep specimen for true

strains up to 0.45 has been calculated. The gauge length (Lgauge) Of the specimen is 25

mm and the initial cross—sectional area is 19.5 mm?®.
Different tension springs were purchased from the local market with varying

spring dimensions. Stiffness of these springs was measured by carrying out tension test
on UTM. The load F, on the specimen for each millimeter displacements was computed
using Eq. V.1 by varying the number of springs (3, 4, and 6 springs) in the setup and

with different spring stiffness.
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The deviation of the computed and the required load values were determined for
each combination. The percentage deviation error and the root mean square (RMS) error
were determined by:

Percentage deviation error = Vi x - x 100 (V.2)
i
L
Root mean square (RMS)error = NZ(xl- — yi)? (V.3)
i=1

where x; is the required values, y; is the computed values and N is the number of data.
Based on the error norms (minimum percentage error and minimum RMS error), the
combination of number of springs and spring stiffness were decided. The stiffness of
spring, number of springs, maximum percentage deviation and RMS error for 120 MPa

stress were determined for creep testing apparatus and are shown in Table V.1.

Table V.1. Details of spring used for the high stress creep testing

apparatus.
True stress  Spring stiffness Number of Maximum  RMS error
(MPa) (N/mm) springs % deviation (N)
+1.06
120 59.39 4 271 39

The creep apparatus was tested by a creep test at a temperature of 650 °C and
stress 120 MPa of mild steel sample. Creep test was performed following normal
procedure described early. Variation of load acting on the sample for the creep test with
displacement of gauge length is shown in Figure V.2(a). Maximum percentage
deviation and RMS error of the creep test was determined as 0.9 % and 13.47 N which
are less than the theoretically calculated values given in Table V.1. The plot also
indicates that the apparatus shows an acceptable result for creep testing. Figure V.2(b)
shows the creep curve obtained from the creep test of mild steel sample at 650 °C and
120 MPa.
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Figure V.2. (a) Load vs. displacement plot and (b) creep curve of mild steel
tested at 650 °C/120 MPa.
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Figure V.3. Arrangement of 120 MPa constant stress creep testing apparatus
with impedance heater, pyrometer, load indicator, video camera and inert gas
chamber.
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Appendix-VI
Detailed technical specification
(a) Load Cell:
Items Load Cell
Capacity 500 kg
Model S — type (34810)
o 10 vDC -
Excitation Voltage Maximum 15 \VDC
Nominal Output / Sensitivity 3.0 mv/v

Non Linearity
Hysteresis
Non Repeatability
Creep(30 Minutes)
Zero Balance
Input Resistance
Output Resistance
Insulation Resistance
Safe Overload
Ultimate Overload
Allowable Side Load
Temperature Compensated
Range
Temperature Effect on Output
Temperature Effect on Zero
Deflection

Finish & Construction

Hole Size / Pitch
Environment Protection Class

<+0.025% FSO
<+0.02% FSO
<+0.01% FSO
<+0.03% FSO
+1.0% FSO
392+15 Ohms
350+3 Ohms
> 1000 Mega Ohms at 50VDC
150%
250%
50%

0°C to +60°C

<0.0015% FSO /°C
<0.0020% FSO /°C
<0.4mm at FSO
Electronic Nickel Plated tool
Steel Alloy
12 mm & 1.75 mm.
IP67

(b) Digital Indicator:
1) Model: T4

i) Wall mounting with 6 digit 7 segment LED display
iii) RS 232 compatible output
iv) With Tare / Zero facility

V) Battery Back up

TH-1394 09610307



Appendix-VII

Appendix-VII

Experimental creep curves

The appendix contains creep curves obtained from the creep tests at elevated
temperatures and stresses.
M Constant stress of 47 MPa:
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(©)
Fig. VII.1. Creep curves for HP40Nb micro-alloyed steel tested at 47 MPa,
(a) 800 °C, 850 °C, 900 °C, (b) 950 °C, 1000 °C and (c) 1050 °C.
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(i)  Constant stress of 68 MPa:
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Fig. VII.2. Creep curves for HP40Nb micro-alloyed steel tested at 68 MPa, ()
750 °C, 800 °C and (b) 825 °C, 900 °C, 950 °C.

(i)  Constant stress of 80 MPa:
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Fig. VII.3. Creep curves for HP40Nb micro-alloyed steel tested at 80 MPa, (a)
750 °C, 800 °C and (b) 850 °C, 900 °C, 925 °C, 950 °C, .
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(iv)  Constant stress of 120 MPa:
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Fig. VII1.4. Creep curves for HP40Nb micro-alloyed steel tested at 120 MPa,
(a) 650 °C, 700 °C and (b) 750 °C, 800 °C, 900 °C .
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Appendix-VIII

Comparison of ANN simulated and experimental creep curves
The appendix contains comparison of ANN simulated and experimental creep curves

for the remaining 16 experimental conditions.
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Figure VII1.1. Comparison between experimental and predicted creep curves
at 47 MPa. Creep curves at (a) 1050 °C, (b) 1000 °C and (c) (1) 800 °C, (2)
850 °C, (3) 900 °C.
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Figure VI111.2. Comparison between experimental and predicted creep curves
at 68 MPa. Creep curves at (a) 950 °C and (b) (1) 800 °C, (2) 825 °C.
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Figure V111.3. Comparison between experimental and predicted creep curves
at 80 MPa. Creep curves at (a) (1) 925 °C, (2) 950 °C and (b) (1) 800 °C, (2)
850 °C, (3) 900 °C.
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Figure VI111.4. Comparison between experimental and predicted creep curves
at 120 MPa. Creep curves at (a) (1) 750 °C, (2) 900 °C and (b) 700 °C.
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