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Preface

This book contains chapters with original and innovative research studies in the
issues related to the broadly defined creep effect, which concerns not only the area
of construction materials but also natural phenomena. In classical terms, creep
is defined as a process that takes place under constant load, which ensures that
stresses are usually within the Hooke’s law range, and at elevated temperature. The
loads applied to products working under creep conditions cause stresses and strains
whose values may change over time, not only as a result of overloads occurring 
during service, but mainly at the time when loading remains unchanged and result
in stresses lower than the yield strength.

In the creep of materials, both plastic and reversible strain occurs. As a result of the
process, their shapes and dimensions change constantly during service. After the
elapse of sufficient time of working under creep conditions, the components are
degraded and their further service is prevented. The degradation processes start at
the moment when the rate of strain changes from its minimum and proportional 
values to disproportional ones as it is increasing.

The development of materials for operation under creep conditions and the
related manufacture of products with improved performance are a result of the
dynamic worldwide demand for new technologies, and recently also those related 
to environmental protection. The result of the above-mentioned conditions is the
extensive investigations of the properties of new materials carried out by scientists
and researchers all over the world. This mainly concerns the components working 
under the so-called creep conditions, which are characterised by a slow change in
the shape of material due to the operation of mainly prolonged permanent stresses, 
which are lower than the elastic limit of material.

The aim of next book from the series is to provide readers, students and PhD
students, as well as research personnel and professional engineers involved in the
operation of devices with comprehensive information on their changes in perfor-
mance during work. Additionally, collection in one place of not only studies the
phenomenon of creep but also the practical application of the discussed methods on
specific examples and technological solutions. The chapters of this book will be devel-
oped by renowned and respected researchers and specialists from around the world.

Tomasz Tański and Marek Sroka
Silesian University of Technology,

Poland

Adam Zieliński
Institute for Ferrous Metallurgy,

Poland
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Chapter 1

Introductory Chapter: Creep - An
Overview of New Research Results
Adam Zieliński, Marek Sroka, Tomasz Tański
and Grzegorz Golański

1. Introduction

In classical terms, creep is defined as a process that takes place under constant
load, which ensures that stresses are usually within the Hooke’s law range, and at
elevated temperature. The loads applied to products working under creep condi-
tions cause stresses and strains whose values may change over time, not only as a
result of overloads occurring during service, but mainly at the time when loading 
remains unchanged and results in stresses lower than the yield strength [1].

A characteristic feature of creep is that after strain relief of the material in
service, the strain decreases and the so-called strain recovery takes place [2].

In the creep of materials, both plastic and reversible strains occur. As a result of
the process, their shapes and dimensions change constantly during service. After
the elapse of sufficient time of working under creep conditions, the components are
degraded and their further service is prevented [3–5]. The degradation processes
start at the moment when the rate of strain changes from its minimum and propor-
tional values to disproportional ones as it is increasing [6].

The service within the time as assumed by designers as well as the extension of
the lifetime of the materials and products made from them which have worked the
design service life are most often determined by the calculation method based on
creep strength data and positive results of comprehensive mechanical tests [7–11]. 
Among materials, the products operating under creep conditions are of particular
importance. In their evaluation, the condition assessment of their materials is
important and necessary [12–16]. It is carried out using destructive and non-
destructive materials testing the result of which is referred to the available charac-
teristics of materials both in the as-received condition and after service [17–22]. The
results of these tests, supported by the extensive material characteristics database, 
allow for good estimation of the material condition and degree of exhaustion and 
determination of the time of further trouble-free service until the next scheduled 
inspection.

However, in a number of cases, to reach the design service life for products
working under creep conditions, not only good estimation of their service life but
also its determination based on destructive tests in a selected representative test
area is required.

Yet, it is not always possible in practice. Therefore, the aspect of knowledge
(experience), frequently acquired during long-term scientific and industrial prac-
tice, and also supported by thorough cost-effectiveness calculation made for such a
procedure, is also important.

The problem in evaluation of creep resistance of materials operated under
creep conditions for a long time is the time necessary to perform creep tests for
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the assessment of performance within their design service life and frequently 
also of the residual life, i.e., the remaining time of service beyond the design 
service life.

2. Outline of this book

This study presents the results of the research into the creep effect in differ-
ent materials (ceramics, metallic materials, polymers and organic materials) and 
presents the method for using the assessment based on creep tests and numerical 
calculations to determine the actual lifetime. The publication also shows how to 
use the accelerated creep tests whose duration is reduced by changing one of the 
parameters in relation to the actual ones for such an assessment.

The development of materials for operation under creep conditions and the 
related manufacture of products with improved performance are a result of the 
dynamic worldwide demand for new technologies, and recently also those related 
to environmental protection. The result of the above-mentioned conditions is the 
extensive investigations of the properties of new materials carried out by scientists 
and researchers all over the world. This mainly concerns the components working 
under the so-called creep conditions, which are characterised by a slow change in 
the shape of material due to the operation of mainly prolonged permanent stresses, 
which are lower than the elastic limit of material.

The first part of the book entitled “Creep” concerned the creep effect and 
research methods applied for materials working under creep conditions. The 
publication consists of 14 interesting chapters developed by well-known and 
respected researchers and specialists from different countries. The editors 
received a lot of positive signals and feedback about high interest in the first 
part of the book in the scientific community. They were given numerous sug-
gestions to continue the work and not only gather the issues related to the 
creep effect in a single study but also present the information on the practical 
application of the discussed methods based on specific examples and techno-
logical solutions. This subject has relevance as a significant development of new 
materials in which the creep effect is a decisive factor for their durability within 
the design service life has been observed in recent years. Therefore, there is a 
great demand for knowledge of the actual performance of materials during and 
beyond the design service life. When continuing their work on the next part 
of the book, the editors were guided by the words of the great Pole, Stanislaw 
Staszic: “Science and skills become useful only when they are applied in practice 
for the public use.”

To recapitulate, the book aims to provide readers, including but not limited 
to MSc and PhD students as well as research personnel and engineers involved in 
operation of power equipment, with the comprehensive information on changes in 
the performance of creep-resistant materials during service.

3

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 2

Effects of Creep on RC Frame 
Subjected to Cyclic Load with 
Magnetorheological Damper
Daniel Cruze, Hemalatha Gladston, Sarala Loganathan,  
Tensing Dharmaraj and Sundar Manoharan Solomon

Abstract

The study aims to discuss about a magnetorheological (MR) damper subjected 
to cyclic load test in reinforced concrete frames (RC). Two RC frames were cast, the 
dimension and detailing were adopted as per codal provisions. The effects of stress, 
strain, displacement and load behavior for RC element with various time interval is 
studied with and without MR damper. The typical creep curve of RC frame reveals, 
the creep rate decreases with time until reaching the steady state, after the initial 
deflection. The result shows that the incorporation of the MR damper reduced the 
displacement by 49% and an increase in load carrying capacity of 55% was attained 
compared with the RC frame without damper.

Keywords: RC frames, cyclic behavior, dynamic response, creep

1. Introduction

Semi active magnetorheological (MR) damper have a note of attention in the 
use of control systems to control vibrations in structures during earthquake. There 
are various semi active control systems which attracted much attention now a days 
because it possesses the adaptability of active control system. This MR damper 
makes the viscosity to more apparent, operate in less current, which produce high 
damping force. In semi active the properties will be varied dynamically, therefore 
which is quite effective in structural control responses due to its wide range load-
ing condition [1–5]. The main advantage of semi active control device is their low 
power requirement. Particularly, the most promising device for seismic control is 
MR, MR fluid is the major constituent in MR damper which results controllable 
damper [6–9]. The characteristics of MR fluid is when applying magnetic field, 
their ability to change from liquid to semi solid state with the reaction time of less 
than 50 milliseconds. A typical MR fluid consists of 25–55% by volume of magnetic 
iron particles like carbonyl iron, suspended in an appropriate carrier liquid. The 
diameter of the particle was found to be 3–5 μm in size [10–16]. Furthermore, MR 
fluid is advantageous due to its unique phase transition property in the presence of 
magnetic field. However, the major disadvantage faced by MR fluid is sedimenta-
tion. Commonly, commercial lubricants were added to reduce gravity settling, 
which additionally enhance particle suspension [16–20].
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The focus of this paper is to experimentally demonstrate the ability of the MR 
damper to reduce structural responses. Following a description of the experi-
mental setup, cyclic load test is carried out in the RC frame with and without 
damper. The effects of stress, strain, displacement and load behavior for RC 
element with various time interval is studied with and without MR damper. The 
results indicate for seismic response reduction, MR damper is quite effective for 
wide range.

2. MR fluid

Magnetorheological fluid also called as MR fluid consist of magnetic material 
and a carrier oil influence effective under the applied magnetic field. The applied 
magnetic field have influence over most important rheological properties like as 
yield stress and apparent viscosity as shown in Figure 1. Their increased contribu-
tion in space technology, through domestic products is noteworthy. Particularly 
their applications in dampers, power steering pumps, brakes and control valves are 
significant. In automobile application, micron size particles are acceptable of the 
frequent vibrations but on move to seismic factor, since the vibrations are not regu-
larly taken place, sedimentation cause major problems. Therefore, many researchers 
notably civil engineers are currently focusing on fluid behavior in dampers for 
structures. In the present work, MR fluid was prepared with the help of Nano Fe3O4 
particle and silicone oil by 60% weight, additionally their efficiency towards MR 
damper is investigated.

2.1 X-ray diffraction studies

The synthesized nano Fe3O4 was well characterized by X-ray crystallographic 
technique and are depicted in Figure 2 using the Model (Schimadzu, LAB X, 

Figure 1. 
MR damper with and without magnetic field.
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XRD-600) using CuKα radiation. The prominent XRD peaks observed were 
indexed and analyzed using ICDD database. The JCPDS file no. 79-0417 represents 
a magnetite structure in it. The average particle size of the material was examined 
using the most intense plane (311) with the help of Scherrer equation. The average 
particle size is 12 nm.

2.2 Surface morphology studies

The surface morphology of the synthesized Fe3O4 was obtained using Scanning 
Electron Microscopy (SEM, JEOL 6390). Figure 3 depicts the SEM image of the 
synthesized compound reveals the uneven spherical like structure for the Nano 
Fe3O4.

Figure 2. 
XRD pattern of Fe3O4 iron particles.

Figure 3. 
SEM image of Fe3O4 iron particles.
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3. Experimental studies

3.1 Preparation of MR fluids

The nano sized iron particles (Fe3O4) of size 10–12 nm were used as a smart 
material and silicone oil as the carrier oil. The MR fluid was prepared by mixing 80% 
of weight of silicone oil and with 20% Fe3O4 particles. The addition of Fe3O4 was 
slow and uniform under stirring condition for about 30 minutes. Then, the above 
mixture is sonicated about 1 hour under the frequency of 0.5 Hz. During sonication, 
the major proportion dispersed with the silicon oil. Therefore, there discourages the 
gravity settling. The off-state viscosity of the MR fluid prepared at 270c is 0.822 Pa-s. 
Figure 4 depicts the schematic representation for the preparation of MR fluid.

3.2 Modeling of MR damper

For the present study, the shear mode MR damper was modeled. Figure 5a 
shows the design and configuration of the MR damper adopted. The fabricated MR 
damper using mild steel was shown MR damper was fabricated using mild steel 
shown in Figure 5b. Since the proposed MR damper was shear mode, the copper 
coil was wound around the piston with 260 no. of turns.

From Figure 5c, the reasons behind the MR damper under shear mode is clearly 
explained. In the shear mode MR damper, a thin layer of MR fluid is sheared 
between the piston and the cylinder, that space is specifically called as annular gap. 
In order to produce large force, shear mode MR damper is needed.

3.3 Cyclic load test

The dimensions and the detailing of RCC frame adopted for the present work 
are given in Figure 6. The frame was casted according to the details given in 
Figure 7. The damper was scaled to resist forces in a single bay RC frame. The 
damper was positioned diagonally on the frame. The grade of concrete used for 
the specimen is M25, The reinforcement details of beam, column and stirrups of 
8,8,3 mm. The support condition is fixed for the specimen.

3.4 Test setup

With the help of servo hydraulic actuator, in-plane lateral load was supplied to 
the specimen at the end of the top beam along its centroidal axis. The opposite side 
was supported by a strong steel reaction frame two channel section were placed 
symmetrically on both side of the beam and fitted tightly using strong bolts at 
regular intervals. The lateral load supplied to the beam using the channel section. In 
order to avoid the distraction particularly horizontal & vertical movements during 

Figure 4. 
Preparation of MR fluid.
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lateral loading, the footing was fixed firmly in the strong floor. The lateral support 
was given by the steel sections to avoid it’s out of plane movements. The test setup 
was given in Figure 8.

Figure 5. 
(a) Schematic MR damper; (b) fabricated MR damper; (c) shear mode.

Figure 6. 
Typical sketch of RC frame specimen detailing.
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3.5 Single bay frame without damper

Moreover, to estimate the efficiency of the MR damper, bare RCC frame without 
MR damper was also fabricated and tested as depicts in Figures 9 and 10. The load-
ing pattern for the present experiment was depicted in Figure 11. From the results, 
it is clear that the first crack was observed in the 10th displacement cycle at the 
load of 6 kN applied loading pattern for the test experiment. The displacement was 
found to be 9.583 mm with the crack width of 1 mm. The maximum load carrying 
capacity was found to be 19 kN.

3.6 Frame with damper

To determine the ultimate load carrying capacity for the frame with MR damper. 
The experiment was carried out by supplying 3 A current to the MR damper placed 
in the RCC frame depicts in Figures 12 and 13. In the experiment, the first crack 
was observed at 16th displacement cycles at a load of 8kN which is higher than the 
bare frame. The displacement of 5.463 mm and a crack width was found to be 1 mm. 
The load carrying capacity was increased by 55% was observed for the frame with 
MR damper than the bare frame at 37.7 kN.

Figure 7. 
Casted RC framed specimen.

Figure 8. 
Sketch of test setup.
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Figure 9. 
Photograph of bare frame without damper.

Figure 10. 
Load versus deflection for bare frame without MR damper.

Figure 11. 
Loading pattern of cyclic load test.
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Figure 13. 
Load versus deflection for frame with MR damper.

Figure 14. 
Force versus time for with and without MR damper in RCC frame.

Figure 12. 
Experimental setup of single bay frame with damper.
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Figure 14 shows the force versus time curve for with and without MR damper. 
For this creep study the maximum load and deflection values for damper with and 
without RC frame are considered. The RCC frame with MR damper has the force of 
10.24 kN. On comparing the force results for with and without MR damper, 9.79% 
of force was increased for RCC frame with MR damper.

Figure 15 shows the displacement versus time curve for with and without MR 
damper. The RCC frame with MR damper has the displacement of 19 mm. On 
comparing the displacement results for with and without MR damper, 39.85% of 
displacement was reduced for RCC frame with MR damper.

Figure 16 shows the stress versus time curve for with and without MR damper. 
The RCC frame with MR damper has the stress of 5124 N/mm2. On comparing the 

Figure 15. 
Displacement versus time for with and without MR damper in RCC frame.

Figure 16. 
Stress versus time for with and without MR damper in RCC frame.
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strain results for with and without MR damper, 9.79% of strain was increased for 
RCC frame with MR damper.

Figure 17 shows the strain versus time curve for with and without MR 
damper. The RCC frame with MR damper has the stress of 0.019. On compar-
ing the strain results for with and without MR damper, 38.09% of strain was 
decreased for RCC frame with MR damper.

4. Conclusions

Finally, it is concluded, for seismic resistance, MR damper are advantageous 
comparing to other supplementary dampers. In the present work, the developed 
MR damper with the MR fluid containing magnetic nano Fe3O4 and silicone oil as 
the carrier liquid was studied for MR damper application. On state and off state 
rheology of MR fluid was studied and its damping ability was compared. However, 
experimental investigation shows 76% of damping force was increased for the MR 
damper under on-state condition. From the cyclic load test, it is proven that 49% 
of displacement was reduced. The smart material, nano Fe3O4 was characterized 
using XRD and SEM and the average size of nano Fe3O4 was calculated and found 
to be 12 nm respectively. The experiment results reveal, the first crack was at 6 kN 
for RCC frame without MR damper and at 8 kN for the frame with MR damper. 
The ultimate value of the specimen reaches at 17 kN for frame without damper, MR 
damper it reaches a maximum load carrying capacity of 37.7 kN. The ultimate load 
carrying capacity and energy dissipation for RC frame with damper was increased 
by 55 and 45% respectively on compared to the bare frame. The effects of stress, 
strain, displacement and load behavior with respect to time for RC element with 
various time interval is observed with and without MR damper.
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Chapter 3

Asphalt Material Creep Behavior
Amir Golalipour

Abstract

Asphalt binder, as one of the load-carrying components of the pavement, is a
viscoelastic, thermoplastic material characterized by a certain level of rigidity of an
elastic solid body, but, at the same time, flows and dissipates energy by frictional
losses as a viscous fluid. Due to its complexity and importance, many studies were
conducted to understand and alleviate its performance. Creep tests have been used
to characterize asphalt materials at different service temperatures. Permanent strain
or rutting is one of the most important pavement distresses. It is believed that the
accumulated strain in asphalt binder, as a consequence of traffic, is mainly respon-
sible for the rutting of asphalt pavements. Repeated creep tests were developed to
identify non-viscous flow that contributes to the permanent deformation from the
total dissipated energy. The low-temperature cracking of asphalt pavements is a
major pavement distress mechanism in cold regions. Since asphalt is a viscoelastic
material, part of said stresses is dissipated through relaxation, but, eventually, they
build up until they reach the strength of the material, leading to the formation of
cracks to relieve these stresses. Conducting creep test at low temperatures is a
common test method to characterize thermal cracking behavior of asphalt binders.

Keywords: asphalt, pavements, creep test, permanent strain, rutting,
thermal cracking

1. Asphalt rutting resistance

Asphalt pavements are granular composites that contain mineral aggregates,
asphalt binder and air voids. The two load-carrying components of the asphalt
mixtures are the mineral aggregates and the binder. Asphalt binders are obtained
from the refining of crude oil. They are produced from the heavy residue after the
refining of fuels and lubricants. Asphalt is a thermoplastic material that demon-
strates viscoelastic properties under most pavement operating conditions [1]. It is
this fundamental property that makes them versatile binders for asphalt mixtures
with the viscoelastic characteristics of the bituminous binders directly and signifi-
cantly influencing the performance of the mixtures.

One of the distress modes of asphalt pavements is permanent deformation or
rutting that occurs at high operating temperatures, and it is believed that the
accumulated strain in asphalt binder is mainly responsible for the rutting. Rutting is
defined as longitudinal surface depressions along a pavement’s wheel paths. In
asphalt pavements, rutting is defined as the progressive accumulation of longitudi-
nal depressions in a wheel path under repetitive loading [2].

The majority of rutting problems result from plastic deformation of the surface
course. It is characterized by shear deformation inside the asphalt mixture [3]. The
permanent deformation per wheel passage correlates with the stiffness of the
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asphalt binder used, and decreases with increasing number of wheel passages [4].
Also, permanent deformation in asphalt binder is highly dependent on the stress
level. One of the most recent areas of investigation in pavement engineering is the
relationship between asphalt rheology and rutting in pavements.

Asphalt mixture is a viscoelastic material that contains mineral aggregates,
asphalt binder and air voids. Asphalt binder, as one of the load carrying components
of the asphalt mixtures, is a viscoelastic, thermoplastic material that is characterized
by a certain level of rigidity of an elastic solid body, but, at the same time, flows and
dissipates energy by frictional losses as a viscous fluid [5]. Its characteristics are
dependent on time and temperature [6]. At higher temperatures and longer loading
times, the asphalt material softens and behaves more similar to a viscous fluid. At
lower temperatures and faster loads, the asphalt material becomes stiffer and act
more as an elastic material. Because of this, rutting is more critical during the hot
season in a year and under slower moving traffic.

As the asphalt binder is responsible for the viscoelastic behavior of all bitumi-
nous materials, it plays a dominant part in determining many of the aspects of
pavement performance, such as resistance to permanent deformation. Therefore,
binder has a critical role against rutting in mixture. Also, as with any viscoelastic
material, asphalt’s response to stress is dependent on both temperature and loading
time [5]. Therefore, permanent deformation in asphalt binder is highly dependent
on the factors such as temperature, stress level, loading time etc.

1.1 Asphalt binder characterization and tests at high temperatures

Recognizing the limitation of the traditional asphalt binder characterization
procedure in 1987, the Federal Highway Administration initiated a nationwide
research program called the Strategic Highway Research Program, usually referred
to as SHRP [6]. The final product of the SHRP research program was Superpave®

(Superior Performance Asphalt Pavements). The Superpave® was designed to pro-
vide performance-related properties that can be related in a rational manner to
pavement performance [5].

The Dynamic Shear Rheometer (DSR) was introduced in 1993 by Superpave® as
a tool to measure the binder mechanical characterization. This device provided a
useful method to evaluate binder rutting resistance capability. The principle used
with the DSR is to apply sinusoidal, oscillatory stresses or strains over a range of
temperatures and loading frequencies to a thin disc of bitumen, sandwiched
between the two parallel plates of the DSR. Anderson et al. [6] assumed that
rutting is caused by the total dissipated energy as calculated from the strain-stress
curve.

Wi ¼ π ∗ τ02 ∗
1
G ∗

sin δ

(1)

where:
Wi = total energy dissipated at the ith cycle, τ0 = maximum stress applied,

G* = complex modulus, δ = phase angle.
|G*|/sin δ was introduced as the rutting parameter. Equation 1 shows that

increasing the rutting parameter |G*|/sin δ causes dissipated energy to decrease and,
as a consequence, more rutting occurs.

Using cyclic reversible loading for viscoelastic materials can be misleading
because although this test has the capability of estimation the total energy dissipated
during a loading cycle, as it is unable to separate permanent deformation and delay
elasticity in these materials. Rutting is a repeated mechanism with sinusoidal
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loading pulse in which the pavement layer is not forced back to zero deflection but
would recover some deformation due to elastic stored energy in the material of the
layers. Under this type of loading, the energy is dissipated in damping and in
permanent flow [7]. It was proposed that a creep and recovery test in the DSR could
solve the above problems [8].

1.2 Repeated creep and recovery (RCR) test

The repeated creep test is proposed as a method of separating the dissipated
energy and estimating the resistance to accumulation of permanent strain for
asphalt binders. During the NCHRP 9-10 project, Bahia et al. [8] suggested the
repeated creep recovery test (RCR) as a better tool to investigate the rutting resis-
tance of asphalt binders using the dynamic shear rheometer (DSR). The
NCHRP 9-10 project recommend a shear stress in the range of 30–300 Pa for
100 cycles at a rate of 1 (second) loading time followed by a 9 (seconds) unloading
time [8].

This project introduced a new parameter Gv to characterize the rutting resis-
tance of asphalt binders. This new parameter was derived from the four-element
Burger model, which is a combination of a Kelvin model and Maxwell model. The
total shear strain versus time is expressed as follows:

γ tð Þ ¼ γ1 þ γ2 þ γ3 ¼
τ0
G0

þ τ0
G1

1� e
�tG1

η1

� �
þ τ0
η0

t (2)

where γ (t) = total shear strain, γ1 = elastic shear strain, γ2 = delayed elastic
strain, γ3 = viscous shear strain, τ0 = constant stress, G0 = spring constant of
Maxwell model, tG1 = spring constant of Kelvin model, η1 = dashpot constant of
Kelvin model, t = time, η0 = dashpot constant of Maxwell model.

Dividing Eq. (2) by the constant stress leads to the following equation:

J tð Þ ¼ Je þ Jde tð Þ þ Jv tð Þ (3)

where Je = elastic creep compliance, Jde(t) = delayed elastic creep compliance,
Jv(t) = viscous creep compliance.

Instead of using Jv which has a unit of 1/Pa, the inverse of compliance Gv is used.
Gv is defined as the viscous component of the creep stiffness [8].

D’Angelo showed that a single stress level did not completely account for the
stress dependency of modified binders and multiple stress levels need to be used
[9]. Testing binders at multiple stress level using the RCR test would require an
extensive amount of time.

NCHRP 9-10 project recommended RCR testing using the DSR to evaluate the
rutting resistance of asphalt binders using Gv parameter showing viscous compo-
nent of the creep stiffness. This parameter has shown promising results to charac-
terize the rutting behavior of asphalt binder, especially modified binders. The main
benefits of RCR compared with the current test standard and parameter |G*|/sin δ
are described in previous work [10] and can be summarized as follows:

• Better simulation of actual loading from truck on the pavement using repeated
creep loading compared to dynamic shear procedure.

• It is simpler way to identify binder rutting resistance using permanent
deformation derived from RCR test. This method highlights the effect of
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asphalt binder and air voids. Asphalt binder, as one of the load carrying components
of the asphalt mixtures, is a viscoelastic, thermoplastic material that is characterized
by a certain level of rigidity of an elastic solid body, but, at the same time, flows and
dissipates energy by frictional losses as a viscous fluid [5]. Its characteristics are
dependent on time and temperature [6]. At higher temperatures and longer loading
times, the asphalt material softens and behaves more similar to a viscous fluid. At
lower temperatures and faster loads, the asphalt material becomes stiffer and act
more as an elastic material. Because of this, rutting is more critical during the hot
season in a year and under slower moving traffic.

As the asphalt binder is responsible for the viscoelastic behavior of all bitumi-
nous materials, it plays a dominant part in determining many of the aspects of
pavement performance, such as resistance to permanent deformation. Therefore,
binder has a critical role against rutting in mixture. Also, as with any viscoelastic
material, asphalt’s response to stress is dependent on both temperature and loading
time [5]. Therefore, permanent deformation in asphalt binder is highly dependent
on the factors such as temperature, stress level, loading time etc.

1.1 Asphalt binder characterization and tests at high temperatures

Recognizing the limitation of the traditional asphalt binder characterization
procedure in 1987, the Federal Highway Administration initiated a nationwide
research program called the Strategic Highway Research Program, usually referred
to as SHRP [6]. The final product of the SHRP research program was Superpave®

(Superior Performance Asphalt Pavements). The Superpave® was designed to pro-
vide performance-related properties that can be related in a rational manner to
pavement performance [5].

The Dynamic Shear Rheometer (DSR) was introduced in 1993 by Superpave® as
a tool to measure the binder mechanical characterization. This device provided a
useful method to evaluate binder rutting resistance capability. The principle used
with the DSR is to apply sinusoidal, oscillatory stresses or strains over a range of
temperatures and loading frequencies to a thin disc of bitumen, sandwiched
between the two parallel plates of the DSR. Anderson et al. [6] assumed that
rutting is caused by the total dissipated energy as calculated from the strain-stress
curve.

Wi ¼ π ∗ τ02 ∗
1
G ∗

sin δ

(1)

where:
Wi = total energy dissipated at the ith cycle, τ0 = maximum stress applied,

G* = complex modulus, δ = phase angle.
|G*|/sin δ was introduced as the rutting parameter. Equation 1 shows that

increasing the rutting parameter |G*|/sin δ causes dissipated energy to decrease and,
as a consequence, more rutting occurs.

Using cyclic reversible loading for viscoelastic materials can be misleading
because although this test has the capability of estimation the total energy dissipated
during a loading cycle, as it is unable to separate permanent deformation and delay
elasticity in these materials. Rutting is a repeated mechanism with sinusoidal
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loading pulse in which the pavement layer is not forced back to zero deflection but
would recover some deformation due to elastic stored energy in the material of the
layers. Under this type of loading, the energy is dissipated in damping and in
permanent flow [7]. It was proposed that a creep and recovery test in the DSR could
solve the above problems [8].

1.2 Repeated creep and recovery (RCR) test

The repeated creep test is proposed as a method of separating the dissipated
energy and estimating the resistance to accumulation of permanent strain for
asphalt binders. During the NCHRP 9-10 project, Bahia et al. [8] suggested the
repeated creep recovery test (RCR) as a better tool to investigate the rutting resis-
tance of asphalt binders using the dynamic shear rheometer (DSR). The
NCHRP 9-10 project recommend a shear stress in the range of 30–300 Pa for
100 cycles at a rate of 1 (second) loading time followed by a 9 (seconds) unloading
time [8].

This project introduced a new parameter Gv to characterize the rutting resis-
tance of asphalt binders. This new parameter was derived from the four-element
Burger model, which is a combination of a Kelvin model and Maxwell model. The
total shear strain versus time is expressed as follows:

γ tð Þ ¼ γ1 þ γ2 þ γ3 ¼
τ0
G0

þ τ0
G1

1� e
�tG1

η1

� �
þ τ0
η0

t (2)

where γ (t) = total shear strain, γ1 = elastic shear strain, γ2 = delayed elastic
strain, γ3 = viscous shear strain, τ0 = constant stress, G0 = spring constant of
Maxwell model, tG1 = spring constant of Kelvin model, η1 = dashpot constant of
Kelvin model, t = time, η0 = dashpot constant of Maxwell model.

Dividing Eq. (2) by the constant stress leads to the following equation:

J tð Þ ¼ Je þ Jde tð Þ þ Jv tð Þ (3)

where Je = elastic creep compliance, Jde(t) = delayed elastic creep compliance,
Jv(t) = viscous creep compliance.

Instead of using Jv which has a unit of 1/Pa, the inverse of compliance Gv is used.
Gv is defined as the viscous component of the creep stiffness [8].

D’Angelo showed that a single stress level did not completely account for the
stress dependency of modified binders and multiple stress levels need to be used
[9]. Testing binders at multiple stress level using the RCR test would require an
extensive amount of time.

NCHRP 9-10 project recommended RCR testing using the DSR to evaluate the
rutting resistance of asphalt binders using Gv parameter showing viscous compo-
nent of the creep stiffness. This parameter has shown promising results to charac-
terize the rutting behavior of asphalt binder, especially modified binders. The main
benefits of RCR compared with the current test standard and parameter |G*|/sin δ
are described in previous work [10] and can be summarized as follows:

• Better simulation of actual loading from truck on the pavement using repeated
creep loading compared to dynamic shear procedure.

• It is simpler way to identify binder rutting resistance using permanent
deformation derived from RCR test. This method highlights the effect of
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delayed elasticity which is very important for modified binders and allows the
binder to recover deformation during the rest period. The parameter |G*|/sin δ
is unable to directly evaluate the delayed elasticity.

It is not fully understood if testing at low stress levels is representative of binder
rut resistance behavior as happens in the field since the stresses and strains in the
binder can be very high and non-linear. Permanent deformation in asphalt binder is
highly dependent on the stress level. Determining the stress level at which the
binder is exposed in the mixture is an important matter [11]. Permanent deforma-
tion is not a linear viscoelastic phenomenon and therefore measurement of linear
viscoelastic binder properties are not likely to correlate with it [12].

The RCR test provides valuable information about the asphalt material rutting
resistance when temperature changes happen. However, since the loading on pave-
ment in the field is not consistent, multiple stresses are required to accurately
characterize the asphalt binder rutting behavior. These stresses should be selected
to capture the properties of the asphalt in linear and in nonlinear domain.

1.3 Multiple stress creep and recovery (MSCR)

The MSCR test was developed to reduce the number of samples at each stress
level and it is the following development of RCR test. The test uses 1 (second) creep
loading followed by 9 (seconds) recovery for the following stress levels: 25, 50, 100,
200, 400, 800, 1600, 3200, 6400, 12,800 and 25,600 Pa at 10 cycles for each stress
level. The test starts at the lowest stress level and increase to the next stress level at
the end of every 10 cycles, with no rest periods between creep and recovery cycles
or changes in stress level [11].

D’Angelo selected two stress levels, 0.1 and 3.2 kPa, upon correlation between
binder and mixture rutting results for performing the MSCR test. Ten cycles are run
for each stress level for a total of 20 cycles. Figure 1 shows the typical results from
MSCR test.

The average non-recoverable strain for the 10 creep and recovery cycles is then
divided by the applied stress for those cycles yielding the non-recoverable creep
compliance (Jnr). Jnr for 0.1 kPa is calculated by divided the strain after 10 cycles to
0.1 kPa. Equations (4) and (5) show the calculation method for Jnr at 0.1 kPa.

Jnr 0:1, Nð Þ ¼ ε10
0:1

(4)

Jnr0:1 ¼
SUM Jnr 0:1, Nð Þ½ �

10
for N ¼ 1 to 10 (5)

where ε10= εr—εo, εr = strain value at the end of the recovery portion (i.e., after
10.0 seconds) of each cycle strain, εo = initial strain value at the beginning of the
creep portion of each cycle.

The definition for the Jnr at 3.2 kPa is analogous. The Jnr parameter was
suggested as a measure of the binder contribution to mixture permanent
deformation [13].

Later, Shenoy [14] used non-recoverable compliance to characterize the pro-
pensity of asphalt binder to resist permanent deformation in the pavement. He
proposed measuring the non-recoverable compliance through the dynamic oscilla-
tory test using a frequency, time, strain or sweep test. Mathematical formula was
used to calculate non-recoverable compliance from the complex modulus and phase
angle. Also Shenoy showed that the unrecoverable strain in a binder that is during a
creep and recovery test could be calculated directly from the dynamic oscillatory
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test using a frequency test [15]. The percent-unrecovered strain is calculated
as follows:

%γunr ¼
100 σ0
G ∗j j 1� 1

tanδsinδ

� �
(6)

To minimize the unrecoverable strain, the following term (the inverse of the
non-recoverable compliance, %γunr/σo) needs to be maximized:

G ∗j j
1� 1

tanδsinδ

(7)

|G*|/ (1�(1�tanδsinδ)) was proposed as a refinement to the Superpave®

specification for performance grading of asphalts. The drawback of this
parameter is that at δ < 52°, the model would predict unrealistic negatives values of
(1�(1�tanδsinδ)) [15].

Bouldin et al. [16] developed a semi empirical method to predict the rut resis-
tance (R) as a function of loading (time and load) and temperature from data at
single frequency. This approach is based on the assumption that the strain accumu-
lation rate depends on the binder stiffness and viscoelastic contribution f(δ), and
these two contributions are independent

R ¼ 1=γaccð Þ tload, trestð Þ ¼ G ∗ ωð Þf δ ωð Þ½ � (8)

1=γaccð Þ ¼ k G ∗ Y0 þ a 1� exp �jδ� X0 þ bln 2ð Þ1=cj=b
h icn o� �

(9)

where k = constant, γacc = accumulated strain, δ = phase angle, Y0, X0, a, b,
c = empirical fitting parameters.

The disadvantage of this parameter is that at phase angles between 40 and 75°
this parameter does not fully capture the viscoelastic nature of many modified
binders [16].

The MSCR is proposed as a better test to evaluate modified binders and estimate
their role in pavement performance. The MSCR has received many positive feed-
backs as a good candidate for rutting evaluation and shown a great promise. How-
ever, this test has faced few challenges regarding implementation, especially in
terms of analysis of the result and interpretation.

While results of the MSCR test are promising [9, 11, 13, 17, 18], there are
important concerns about current testing and analysis protocols. It is not clear that

Figure 1.
MSCR response curve.
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delayed elasticity which is very important for modified binders and allows the
binder to recover deformation during the rest period. The parameter |G*|/sin δ
is unable to directly evaluate the delayed elasticity.

It is not fully understood if testing at low stress levels is representative of binder
rut resistance behavior as happens in the field since the stresses and strains in the
binder can be very high and non-linear. Permanent deformation in asphalt binder is
highly dependent on the stress level. Determining the stress level at which the
binder is exposed in the mixture is an important matter [11]. Permanent deforma-
tion is not a linear viscoelastic phenomenon and therefore measurement of linear
viscoelastic binder properties are not likely to correlate with it [12].

The RCR test provides valuable information about the asphalt material rutting
resistance when temperature changes happen. However, since the loading on pave-
ment in the field is not consistent, multiple stresses are required to accurately
characterize the asphalt binder rutting behavior. These stresses should be selected
to capture the properties of the asphalt in linear and in nonlinear domain.

1.3 Multiple stress creep and recovery (MSCR)

The MSCR test was developed to reduce the number of samples at each stress
level and it is the following development of RCR test. The test uses 1 (second) creep
loading followed by 9 (seconds) recovery for the following stress levels: 25, 50, 100,
200, 400, 800, 1600, 3200, 6400, 12,800 and 25,600 Pa at 10 cycles for each stress
level. The test starts at the lowest stress level and increase to the next stress level at
the end of every 10 cycles, with no rest periods between creep and recovery cycles
or changes in stress level [11].

D’Angelo selected two stress levels, 0.1 and 3.2 kPa, upon correlation between
binder and mixture rutting results for performing the MSCR test. Ten cycles are run
for each stress level for a total of 20 cycles. Figure 1 shows the typical results from
MSCR test.

The average non-recoverable strain for the 10 creep and recovery cycles is then
divided by the applied stress for those cycles yielding the non-recoverable creep
compliance (Jnr). Jnr for 0.1 kPa is calculated by divided the strain after 10 cycles to
0.1 kPa. Equations (4) and (5) show the calculation method for Jnr at 0.1 kPa.

Jnr 0:1, Nð Þ ¼ ε10
0:1

(4)

Jnr0:1 ¼
SUM Jnr 0:1, Nð Þ½ �

10
for N ¼ 1 to 10 (5)

where ε10= εr—εo, εr = strain value at the end of the recovery portion (i.e., after
10.0 seconds) of each cycle strain, εo = initial strain value at the beginning of the
creep portion of each cycle.

The definition for the Jnr at 3.2 kPa is analogous. The Jnr parameter was
suggested as a measure of the binder contribution to mixture permanent
deformation [13].

Later, Shenoy [14] used non-recoverable compliance to characterize the pro-
pensity of asphalt binder to resist permanent deformation in the pavement. He
proposed measuring the non-recoverable compliance through the dynamic oscilla-
tory test using a frequency, time, strain or sweep test. Mathematical formula was
used to calculate non-recoverable compliance from the complex modulus and phase
angle. Also Shenoy showed that the unrecoverable strain in a binder that is during a
creep and recovery test could be calculated directly from the dynamic oscillatory
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test using a frequency test [15]. The percent-unrecovered strain is calculated
as follows:

%γunr ¼
100 σ0
G ∗j j 1� 1

tanδsinδ

� �
(6)

To minimize the unrecoverable strain, the following term (the inverse of the
non-recoverable compliance, %γunr/σo) needs to be maximized:

G ∗j j
1� 1

tanδsinδ

(7)

|G*|/ (1�(1�tanδsinδ)) was proposed as a refinement to the Superpave®

specification for performance grading of asphalts. The drawback of this
parameter is that at δ < 52°, the model would predict unrealistic negatives values of
(1�(1�tanδsinδ)) [15].

Bouldin et al. [16] developed a semi empirical method to predict the rut resis-
tance (R) as a function of loading (time and load) and temperature from data at
single frequency. This approach is based on the assumption that the strain accumu-
lation rate depends on the binder stiffness and viscoelastic contribution f(δ), and
these two contributions are independent

R ¼ 1=γaccð Þ tload, trestð Þ ¼ G ∗ ωð Þf δ ωð Þ½ � (8)

1=γaccð Þ ¼ k G ∗ Y0 þ a 1� exp �jδ� X0 þ bln 2ð Þ1=cj=b
h icn o� �

(9)

where k = constant, γacc = accumulated strain, δ = phase angle, Y0, X0, a, b,
c = empirical fitting parameters.

The disadvantage of this parameter is that at phase angles between 40 and 75°
this parameter does not fully capture the viscoelastic nature of many modified
binders [16].

The MSCR is proposed as a better test to evaluate modified binders and estimate
their role in pavement performance. The MSCR has received many positive feed-
backs as a good candidate for rutting evaluation and shown a great promise. How-
ever, this test has faced few challenges regarding implementation, especially in
terms of analysis of the result and interpretation.

While results of the MSCR test are promising [9, 11, 13, 17, 18], there are
important concerns about current testing and analysis protocols. It is not clear that

Figure 1.
MSCR response curve.
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testing at a low stress levels (0.1 and 3.2 kPa) is the best way to characterize the
rutting resistance of an asphalt binder. The stresses and strains in the binder can be
high, much higher than the linear limit for the material. Permanent deformation in
asphalt binder is highly dependent on the stress level. Determining the stress level
at which the binder is exposed in the mixture is an important matter [19, 20].
Permanent deformation is not a linear viscoelastic phenomenon and, therefore,
measurement of linear viscoelastic binder properties are not likely to correlate with
it [21]. The selection of two stress levels is not necessarily based on the stresses that
asphalt binder experiences inside the pavement. The number of cycles and the time
of loading do not provide full picture of characterizing long term deformation in the
material. The recovery time may need to be longer to fully capture delayed elastic
behavior of modified binders; some binders are still recovering after 9 (seconds) of
recovery [22]. Golalipour [23] investigated these factors and provided some
improvements for the MSCR test protocol.

In the latest version of AASHTO standard T 350 standard “Standard Method of
Test for Multiple Stress Creep Recovery (MSCR) Test of Asphalt Binder Using a
Dynamic Shear Rheometer (DSR)” or American Society for Testing and Materials
standard (ASTM) 7405, the test consists of 20 cycles of 0.1 kPa stress creep and
recovery, followed immediately by another 10 cycles of 3.2 kPa stress creep and
recovery. Each cycle consists of 1 second of loading and 9 seconds of recovery upon
instantaneous unloading [24, 25].

The non-recoverable creep compliance, Jnr, and the percent recovery, R%, are
two of the parameters calculated from the measured strain under different stress
cycles [9, 11]. The Jnr parameter was suggested as a measure of the binder contri-
bution to mixture permanent deformation. Different factors can have significant
impact on Jnr value such as the duration of the creep interval, the duration of the
recovery interval, the number of loading cycles and, of course, the entity of the
applied shear stress. In other words, Jnr depends on the mechanical history of the
experiment.

2. Asphalt thermal cracking behavior

The low-temperature cracking of asphalt concrete pavements is a major pave-
ment distress mechanism in cold regions costing hundreds of millions of dollars in
rehabilitation costs to various agencies. It usually occurs in the form of regularly
spaced transverse cracks, initiating at the surface of the asphalt layer and further
propagating downward. Consequences of thermal cracking are an immediate
increase of the roughness of the pavement surface (i.e., a reduction of the comfort
and safety of the ride) and the loss of the sealing function of the pavement for the
underlying layers. However, predictions of this distress have not been accurate
enough, often resulting in premature road failures. It is believed that the excessive
brittleness due to the increase in stiffness and decrease in the ability to relax stress
leads to the buildup of thermally induced stress and ultimately cracking of mixtures
in pavements.

The prediction of asphalt pavement thermal cracking has been the subject of
numerous studies that date back to the early 1960’s [26]. In many of these
studies, attempts were made to introduce a procedure to predict pavement
cracking based on the stress-strain-time—temperature relationship. A number
of methods have been introduced throughout the years to model the viscoelastic
behavior of asphalt binders and mixtures to estimate the accumulation of thermal
stress during cooling cycles and predict the temperature at which cracking
occurs [27–29].
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2.1 Asphalt binder characterization and tests at low temperatures

It has been shown that the characteristic of the asphalt binder can significantly
impact the low temperature behavior of asphalt pavement. During the service life of
the pavement, asphalt is exposed to low temperatures, which tend to alter the
rheological behavior. Different studies have concluded that asphalt binder behavior
is the dominant component for low-temperature performance of the asphalt pave-
ment mixtures [30]. Therefore, it is very important to study the asphalt binder
characterize at low temperatures to have a clear picture of factors that affect the low
temperature behavior of pavement.

Based on the concept that asphalt binder properties play the major role in
cracking, several studies have focused on investigating the effect of rheological
and other parameters of asphalt binder on low temperature performance. A
quantitative method is necessary in order to study the complex role of asphalt
binder in the pavement and to relate its properties to low temperature cracking
phenomenon.

It is believed that thermal stresses causing cracking are due to constrained
thermal strains. When the temperature drops, the pavement tends to contract its
volume, following its thermal expansion/contraction coefficient. However, the
layer underneath opposes some resistance due to friction, therefore thermal strains
within the asphalt layer are not free to take place leading to co-active stresses
proportional to the stiffness of the material. Since asphalt is a viscoelastic material,
part of said stresses are dissipated through relaxation, but eventually they build up
until they reach the strength of the material, leading to the formation of cracks to
relieve these stresses [31].

A number of methods have been introduced throughout the years to model the
viscoelastic behavior of asphalt binders and mixtures to estimate the accumulation
of thermal stress during cooling cycles and predict the temperature at which crack-
ing occurs. Shoor et al. [32] studied the penetration measurement to investigate the
low temperatures behavior of asphalt binder. Majidzadeh and Schweyer [33] inves-
tigated asphalt low temperature properties using more fundamental approach using
viscoelastic models. They studied few asphalt binders’ behavior at the temperature
range of �9–5°C using cylindrical specimens. At the lowest temperatures, the
asphalt binders exhibited some instantaneous elastic deformation. Pink et al. [34]
used a Rheometric Mechanical Spectrometer (RMS) to make accurate low-
temperature viscoelastic measurements on asphalt down to �94°C. They developed
a methodology to construct a dynamic master curve to separate the effect of time
and temperature. Button et al., also used the RMS to measure viscosity of asphalts
from 0 to �46°C. Thus, most of the predicting low-temperature cracking methods
involve measured asphalt stiffness, predicted asphalt stiffness, or consistency and
temperature susceptibility parameters that indirectly establish asphalt stiffness [35].

During the SHRP project, several studies have focused on developing a new
device for measuring low temperature stiffness of binders. Finally, these studies led
to the development a device to determine the properties and response of asphalt
binders at low temperatures in the 1980’s. This device was later modified and
updated as part of the SHRP binder research [36]. The resulting machine was
named the Bending Beam Rheometer (BBR).

2.2 Bending beam rheometer (BBR) test

The data acquisition system of the BBR records the load and deflection test
results and calculates two parameters: (1) Creep Stiffness, S(t), which is a measure
of how the asphalt binder resists the creep loading, and (2) m-value, which is
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testing at a low stress levels (0.1 and 3.2 kPa) is the best way to characterize the
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high, much higher than the linear limit for the material. Permanent deformation in
asphalt binder is highly dependent on the stress level. Determining the stress level
at which the binder is exposed in the mixture is an important matter [19, 20].
Permanent deformation is not a linear viscoelastic phenomenon and, therefore,
measurement of linear viscoelastic binder properties are not likely to correlate with
it [21]. The selection of two stress levels is not necessarily based on the stresses that
asphalt binder experiences inside the pavement. The number of cycles and the time
of loading do not provide full picture of characterizing long term deformation in the
material. The recovery time may need to be longer to fully capture delayed elastic
behavior of modified binders; some binders are still recovering after 9 (seconds) of
recovery [22]. Golalipour [23] investigated these factors and provided some
improvements for the MSCR test protocol.

In the latest version of AASHTO standard T 350 standard “Standard Method of
Test for Multiple Stress Creep Recovery (MSCR) Test of Asphalt Binder Using a
Dynamic Shear Rheometer (DSR)” or American Society for Testing and Materials
standard (ASTM) 7405, the test consists of 20 cycles of 0.1 kPa stress creep and
recovery, followed immediately by another 10 cycles of 3.2 kPa stress creep and
recovery. Each cycle consists of 1 second of loading and 9 seconds of recovery upon
instantaneous unloading [24, 25].

The non-recoverable creep compliance, Jnr, and the percent recovery, R%, are
two of the parameters calculated from the measured strain under different stress
cycles [9, 11]. The Jnr parameter was suggested as a measure of the binder contri-
bution to mixture permanent deformation. Different factors can have significant
impact on Jnr value such as the duration of the creep interval, the duration of the
recovery interval, the number of loading cycles and, of course, the entity of the
applied shear stress. In other words, Jnr depends on the mechanical history of the
experiment.

2. Asphalt thermal cracking behavior

The low-temperature cracking of asphalt concrete pavements is a major pave-
ment distress mechanism in cold regions costing hundreds of millions of dollars in
rehabilitation costs to various agencies. It usually occurs in the form of regularly
spaced transverse cracks, initiating at the surface of the asphalt layer and further
propagating downward. Consequences of thermal cracking are an immediate
increase of the roughness of the pavement surface (i.e., a reduction of the comfort
and safety of the ride) and the loss of the sealing function of the pavement for the
underlying layers. However, predictions of this distress have not been accurate
enough, often resulting in premature road failures. It is believed that the excessive
brittleness due to the increase in stiffness and decrease in the ability to relax stress
leads to the buildup of thermally induced stress and ultimately cracking of mixtures
in pavements.

The prediction of asphalt pavement thermal cracking has been the subject of
numerous studies that date back to the early 1960’s [26]. In many of these
studies, attempts were made to introduce a procedure to predict pavement
cracking based on the stress-strain-time—temperature relationship. A number
of methods have been introduced throughout the years to model the viscoelastic
behavior of asphalt binders and mixtures to estimate the accumulation of thermal
stress during cooling cycles and predict the temperature at which cracking
occurs [27–29].
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the pavement, asphalt is exposed to low temperatures, which tend to alter the
rheological behavior. Different studies have concluded that asphalt binder behavior
is the dominant component for low-temperature performance of the asphalt pave-
ment mixtures [30]. Therefore, it is very important to study the asphalt binder
characterize at low temperatures to have a clear picture of factors that affect the low
temperature behavior of pavement.

Based on the concept that asphalt binder properties play the major role in
cracking, several studies have focused on investigating the effect of rheological
and other parameters of asphalt binder on low temperature performance. A
quantitative method is necessary in order to study the complex role of asphalt
binder in the pavement and to relate its properties to low temperature cracking
phenomenon.

It is believed that thermal stresses causing cracking are due to constrained
thermal strains. When the temperature drops, the pavement tends to contract its
volume, following its thermal expansion/contraction coefficient. However, the
layer underneath opposes some resistance due to friction, therefore thermal strains
within the asphalt layer are not free to take place leading to co-active stresses
proportional to the stiffness of the material. Since asphalt is a viscoelastic material,
part of said stresses are dissipated through relaxation, but eventually they build up
until they reach the strength of the material, leading to the formation of cracks to
relieve these stresses [31].

A number of methods have been introduced throughout the years to model the
viscoelastic behavior of asphalt binders and mixtures to estimate the accumulation
of thermal stress during cooling cycles and predict the temperature at which crack-
ing occurs. Shoor et al. [32] studied the penetration measurement to investigate the
low temperatures behavior of asphalt binder. Majidzadeh and Schweyer [33] inves-
tigated asphalt low temperature properties using more fundamental approach using
viscoelastic models. They studied few asphalt binders’ behavior at the temperature
range of �9–5°C using cylindrical specimens. At the lowest temperatures, the
asphalt binders exhibited some instantaneous elastic deformation. Pink et al. [34]
used a Rheometric Mechanical Spectrometer (RMS) to make accurate low-
temperature viscoelastic measurements on asphalt down to �94°C. They developed
a methodology to construct a dynamic master curve to separate the effect of time
and temperature. Button et al., also used the RMS to measure viscosity of asphalts
from 0 to �46°C. Thus, most of the predicting low-temperature cracking methods
involve measured asphalt stiffness, predicted asphalt stiffness, or consistency and
temperature susceptibility parameters that indirectly establish asphalt stiffness [35].

During the SHRP project, several studies have focused on developing a new
device for measuring low temperature stiffness of binders. Finally, these studies led
to the development a device to determine the properties and response of asphalt
binders at low temperatures in the 1980’s. This device was later modified and
updated as part of the SHRP binder research [36]. The resulting machine was
named the Bending Beam Rheometer (BBR).

2.2 Bending beam rheometer (BBR) test

The data acquisition system of the BBR records the load and deflection test
results and calculates two parameters: (1) Creep Stiffness, S(t), which is a measure
of how the asphalt binder resists the creep loading, and (2) m-value, which is
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a measure of the rate at which the creep stiffness changes with loading time
(Figure 2).

Thermo-mechanical properties of the asphalt samples can be measured using the
Bending Beam Rheometer to evaluate the low temperature properties based on the
ASTM D6648 and AASHTO T 313 [37, 38]. The stiffness, S(t), is a measure of the
thermal stresses developed in the asphalt pavements as result of thermal contrac-
tion. Classic beam analysis theory is used to calculate the creep stiffness of the
asphalt binder beam at 60 seconds loading time [5]. The BBR loads the beams for
240 seconds and report the stiffness values at loading times of 8, 15, 30, 60, 120 and
240 seconds. These values were chosen because they are fairly equally spaced on a
logarithmic time scale. These data points, along with the following equation, are
used to determine the shape of the stiffness (creep compliance) master curve for the
asphalt binder (Eq. (10)).

S tð Þ ¼ Aþ B log tð Þ þ C log tð Þ½ �2 (10)

where S(t) = asphalt binder stiffness, T = time (s), A, B and C = constants.
The slope of the stiffness curve, m, is a measure of the rate of stress relaxation by

asphalt binder flow. The m-value indicates the rate of change of the stiffness, S(t),
with loading time. In other words, the m-value is the slope of the log creep stiffness
versus log time curve at any time. Since the time dependency of asphalt binder
varies, the shape of the stiffness master curve as well as the stiffness at 2 hours
loading time are important to take into consideration. Therefore, the slope of the
stiffness master curve is also used for specification purposes [39].

In the current PG specification, two parameters from BBR test are used to
characterize the binder low temperature rheological behavior. Apparent stiffness, S,
and the slope of the log stiffness versus log time, the m-value are determined at a
loading time of 60 seconds. The temperature at which S(60) ≤ 300 MPa and m
(60) ≥ 0.3 is specified as the critical temperature + 10°C (Figure 3). These limits
were established based on data from previous studies as well as the data obtained by
SHRP (Bahia and [6]).

The effect of these two specification parameters, S(t) and m-value, on thermal
cracking is analogous to the effect of G* and δ on rutting and fatigue cracking. As
S(t) increases, the thermal stresses developed in the pavement due to thermal
shrinking also increase, and thermal cracking becomes more likely. On the other
hand, as the m-value decreases, so does the rate of stress relaxation. In other words,

Figure 2.
BBR test principles.
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as the slope of the asphalt binder stiffness curve flattens, the ability of the asphalt
pavement to relive thermal stresses by flow decreases. This again would increase the
propensity of thermal cracking in the pavement.
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Chapter 4

Creep Characteristics of 
Engineering Materials
Janusz Dobrzański and Adam Zieliński

Abstract

The assessment of suitability for further service of the basic material and circum-
ferential welded joints of primary steam pipelines made of 14MoV6-3 steel was made 
based on the determined characteristics of their mechanical properties and structure. 
The tests were carried out on materials after service significantly exceeding the design 
time and 200,000 h. The mechanical properties with respect to the determined class of 
structure for the basic and welded joint material were compared to the determined class 
of damage in accordance with the Institute for Ferrous Metallurgy’s own classification 
of the condition of materials after service under creep conditions. The residual life and 
disposable residual life were determined based on short-term creep tests and referred to 
the class of existing structure and the class of damage. The assessment of the suitability 
of the basic and circumferential welded joint material for further service was made.

Keywords: creep, welded joint, Cr-Mo-V steel, microstructure, residual life

1. Introduction

In the European conventional power generation, a small number of newly con-
structed units have been recorded in at least several recent years, which is caused 
by, but not limited to, a lot of factors related mainly to environmental protection. 
Therefore, the electricity producers direct their main efforts at maintaining the 
availability of existing power units while ensuring their safe service. The inspec-
tions of and repairs to the energy installations that are in use and whose design 
service life was in most cases significantly exceeded while at the same time provid-
ing the reliable efficient diagnostics seem to be the proper way for the achievement 
of these objectives.

However, the performance of periodic inspections and repairs is not sufficient to 
maintain the current level of electricity and heat production in Poland. The mod-
ernisation of the units being operated is required as well. To maintain the current 
level of production, it is estimated that each year the modernisation of units with 
a total capacity of at least 2000 MW is necessary. Therefore, the important issue to 
be resolved has become not only the condition assessment of the pressure section of 
boiler and forecast about its further safe service but also the design modernisation 
with selection and use of new materials allowing for construction and installation of 
new components [1–10]. The required increase in efficiency and extension of service 
time of the operating high-power units, i.e. 200, 360 and 500 MW, far beyond the 
design time up to the expected min. 350,000 h involves the need to replace certain 
components because of the end of their life and to modernise them. Certain critical 
components being replaced are often made of new-generation steel for the power 
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generation industry [11–20]. At the same time, these units are expected to be oper-
ated in the control system and to comply with standards of the European directive on 
limitation of harmful emissions into the atmosphere.

As part of the diagnostics, it is necessary to perform the condition assessment 
not only for the basic material of the components working under creep conditions 
but also for the material of welded joints. The condition assessment of the welded 
joint material is necessary to determine the ability of the components to transfer the 
required service loads during their further service [21–34].

If there is a need to repair or replace a part or entire component with a new one, 
the capability of the basic material of the operated component to make such a repair 
or replacement should be determined. When condition of this material after service 
allows a repair, it is necessary to develop the repair technology from time to time.

The subject matter of the testing, including non-destructive and destructive 
tests, related to the long-time operated and repair welded joints of materials after 
long-term service with materials after service or with new materials is a separate 
issue dealt with by the Institute for Ferrous Metallurgy for many years.

The developed and applied research methods and the adopted procedure allow for 
the correct condition assessment of the basic material and welded joint material (HAZ 
and weld). The test results for long-time operated as well as repair and modernisation 
welded joints obtained so far allowed expanding the material database with such data 
and proposing the procedure for making such welded joints when necessary.

Figure 1. 
The class of microstructure and exhaustion degree of the material of straight connection pipes (before the weld 
at the inlet side and after the weld at the agent outlet side) of the section of 200 MW primary steam pipeline 
unit boiler after 220 h service under creep conditions.
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2.  Condition assessment of the material of welded joints in components 
operated beyond the design time by non-destructive methods

The criterial element deciding about the suitability for further service of 
butt-welded joints of components operating under creep conditions is the 
exhaustion degree of basic materials determined based on the revealed state of 
microstructure and its determined class as well as the degree of internal damages 
and the class of damages of the heat-affected zone (HAZ) and weld material. The 
example of the results of non-destructive tests on microstructure of the primary 

Figure 2. 
Assessment of the material condition with regard to changes in the structure and occurred internal damages 
caused by creep of parent material and circumferential welded joints in the vertical section of the primary 
steam pipeline made of 14MoV6-3 steel after approximately 220,000 h service (matrix replicas, SEM).
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generation industry [11–20]. At the same time, these units are expected to be oper-
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the correct condition assessment of the basic material and welded joint material (HAZ 
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welded joints obtained so far allowed expanding the material database with such data 
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steam pipeline components after long-term service under creep conditions far 
beyond the design service time without internal damages caused by creep is 
shown in Figure 1, while those with disclosed damages in the form of voids both 
in the basic material and in the heat-affected zone and weld material are shown in 
Figure 2. The results of these tests allow to take decisions whether the test pipe-
lines can be left and only some of its components need to be replaced using the 
joining technology by welding materials with significant changes in microstruc-
ture caused by creep with new materials.

The assessment of the exhaustion degree and the degree of internal dam-
ages in the material of welded joint components allows for determination of the 
residual and disposable life of the welded joint, capability of the materials of 
welded joint components to make a possible repair to the test joint, capability 
of the test basic materials to produce a repair (old/old material) or modernisa-
tion (old/new material) welded joint and propose the appropriate welding 
technology.

To ensure that the condition assessment of the material of welded joint compo-
nents after long-term service under creep conditions by non-destructive methods is 
accurate and the estimated exhaustion degree is reliable, the results of destructive 
materials testing of these components are required. The results of these tests should 
allow the assignment of exhaustion degree to determined degrees of microstruc-
tural degradation of such joints.

The material for destructive materials testing is selected based on the results 
obtained by non-destructive method of matrix replicas, which determine the class 
of microstructure and the estimated exhaustion degree for parent material and the 
class of damage for butt components of welded joints. The material for destructive 
testing in the form of a test specimen of the component with butt-welded joint is 
taken from the areas with the highest exhaustion degree and adopted as representa-
tive for the component or installation.

3.  Condition assessment of the material of welded joints operated 
beyond the design time using destructive methods

The destructive materials testing on long-time operated welded joints are 
carried out on homogeneous butt-welded joints of thick-walled components. 
Most often, these are welded joints of steam pipelines as well as steam super-
heater chambers and temperature controllers made of the following steel 
grades: 13CrMo4-5, 10CrMo9-10, 14MoV6-3, X20CrMoV121 and sometimes 
15Mo3.

These tests include the observations of microstructure and hardness measure-
ment of different areas of joints from parent material through heat-affected zone 
and weld. The simultaneous testing of mechanical properties and residual life of the 
welded joints and parent material are used to search for relations between the state 
of microstructure and these properties. It is also important to search for correlation 
between the mechanical properties, especially residual life, of the parent material 
and welded joint.

The characteristics created based on the obtained test results are used for assess-
ing the condition and forecasting the further safe service of the parent material 
and welded joints operated beyond the design service time. Moreover, they are 
decisive in making decisions on the possibility of repairing welded joints using the 
materials after long-term service under creep conditions and developing the joining 
technologies.
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3.1  Structure assessment of the material of welded joints operated for a long 
time under creep conditions

The selected example showing the state of structure of homogeneous butt-
welded joints after long-term service compared to the structure of the parent 
material of a component after service far beyond the design service life is shown in 
Figure 3 and summarised in Table 1.

Figure 3. 
Structure of the material of homogeneous butt-welded joint components of the main primary steam pipeline 
made of 14MoV6-3 steel after approximately 200,000 h service under creep conditions parent material marked 
PM1, PM2; weld material marked WELD heat-affected zone marked HAZ1, HAZ2.
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Figure 3 reveals the images of microstructure and the results of hardness mea-
surements of components of the butt-welded joint in the main primary steam pipe-
line, whereas the description, state of microstructure of the parent material and its 
exhaustion degree as well as the class of internal damages of the heat-affected zones 
and weld for the selected example of welded joint are summarised in Table 1. The 
image of microstructure of the welded joint components after service, exceeding 

Material used in testing Description of microstructure
Material condition—exhaustion degree

Hardness 
HV10

Component
Grade of 
material
Service time

Test area

Primary 
steam 
pipeline
14MoV6-3 
(13HMF)
200,000 h

Parent material 
marked PM1

Ferritic-bainitic structure. Partially coagulated 
bainitic areas. Few precipitates of various sizes at the 

ferrite grain boundaries. Precipitates inside ferrite 
grains, mostly very fine, distributed evenly

No discontinuities and micro-cracks are observed in 
the structure

Bainitic areas: class I, precipitates: class a
Damaging processes: class O

Class 1/2, exhaustion degree: approximately 0.3

156

Parent material 
marked PM2

153

Heat-affected 
zone

marked HAZ1

Bainite with a small amount of ferrite. Significant 
number of fine precipitates in the bainitic areas and 

ferrite
No discontinuities and micro-cracks are found in the 

structure

198

Weld
marked 
WELD

Bainitic areas of various sizes with a small number of 
ferrite. Bainitic areas with precipitates of various sizes

No discontinuities and micro-cracks found in the 
structure

211

Heat-affected 
zone

marked HAZ2

Mixture of bainite and ferrite. Fine precipitates: in 
the bainite areas—distributed unevenly, in ferrite—

distributed evenly.
No discontinuities and micro-cracks found in the 

structure

181

Table 1. 
State of microstructure, degree of exhaustion and hardness of the material of homogeneous butt joint 
components of test critical pressure components of power units after long-term service under creep conditions 
beyond the design service time, based on examples.

Standard Chemical composition, %

C Mn Si P S Cr Mo V Ni

PN-75/H-84024 0.10 0.40 0.15 Max Max 0.30 0.50 0.22 Max

Cr-Mo-V 
(13HMF)

0.18 0.70 0.35 0.040 0.040 0.60 0.65 0.35 0.30

Examined 
element MR1

0.16 0.61 0.33 0.020 0.020 0.48 0.51 0.31 0.08

Examined 
element MR 2

0.14 0.51 0.29 0.018 0.019 0.52 0.51 0.28 0.09

Table 2. 
Analysis of chemical composition.
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twice the value of the design service time, most often corresponds to the exhaus-
tion degree which allows the material to be used in further service. It mainly results 
from significant difference between the design thickness and the actual thickness of 
the assessed components (go < gact), which causes that the actual operating stress is 
lower than the design one (σact < σ), the as-received condition of the test materials 
and the correct previous service. Also, the frequent small differences in hardness 
level in the individual areas of the joints are a positive phenomenon affecting the 
suitability for further service.

Table 2 presents an analysis of the chemical composition of the tested sec-
tions. The mechanical properties of the material obtained from pipeline sections 
were shown in graphical form in Figures 4–8. In order to assess the properties of 
the tested steels and their welded joints, reference was made to the requirements 
contained in PN-75/H-84024.

Figure 4. 
The comparison of test results for yield point at room (Re) and elevated (Re

t) temperature of the parent 
material and butt-welded joint of the primary steam pipeline made of 14MoV6-3 steel after 240,000 h service 
under creep conditions in relation to the as-received condition of the material.

Figure 5. 
The comparison of test results for A5t elongation at room and elevated temperature of the shell material and 
butt-welded joint of the primary steam pipeline made of 14MoV6-3 steel after 240,000 h service.
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lower than the design one (σact < σ), the as-received condition of the test materials 
and the correct previous service. Also, the frequent small differences in hardness 
level in the individual areas of the joints are a positive phenomenon affecting the 
suitability for further service.

Table 2 presents an analysis of the chemical composition of the tested sec-
tions. The mechanical properties of the material obtained from pipeline sections 
were shown in graphical form in Figures 4–8. In order to assess the properties of 
the tested steels and their welded joints, reference was made to the requirements 
contained in PN-75/H-84024.

Figure 4. 
The comparison of test results for yield point at room (Re) and elevated (Re

t) temperature of the parent 
material and butt-welded joint of the primary steam pipeline made of 14MoV6-3 steel after 240,000 h service 
under creep conditions in relation to the as-received condition of the material.

Figure 5. 
The comparison of test results for A5t elongation at room and elevated temperature of the shell material and 
butt-welded joint of the primary steam pipeline made of 14MoV6-3 steel after 240,000 h service.
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3.2  Assessment of mechanical properties of the material of welded joints operated 
for a long time under creep conditions

Another element of the materials characteristics is the mechanical properties of 
welded joints after service and their level. Most often, the level of tensile strength 
and yield point at room temperature and of tensile strength at elevated temperature 
of such welded joints after service, for a time much longer than the design time, 
corresponds to the required minimum values for the parent material in the as-
received condition, or their actual values are not much lower. The example of such 
characteristics is shown in Figure 4. The level of these properties is very important 
for the determination of the rate of start-ups and shutdowns, which is connected 
with the level of instantaneous internal stresses resulting from the temperature 
gradient, particularly of thick-walled components. It is also important to know 
the formability of the material of welded joints, which can be reflected by the 

Figure 6. 
The comparison of test results for mechanical properties of the parent material and homogeneous butt-welded 
joint of pipeline components made of 14MoV6-3 after long-term service under creep conditions for 200,000 h.

Figure 7. 
The comparison of test results for impact energy measured on V-notch test specimens depending on test 
temperature of parent material and weld of homogeneous butt-welded joint of pipeline components after long-
term service under creep conditions: (a) made of 14MoV6-3 steel, (b) made of 10CrMo9-10 steel.
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elongation in tensile test, its impact energy and brittle fracture appearance transi-
tion temperature both in the weld and the heat-affected zones. The example of 
elongation test results depending on the test temperature of welded joints compared 
to the parent material after long-term service far beyond the design service time is 
shown in Figure 5, whereas Figure 8 presents the comparison of mechanical prop-
erties of the parent material and butt-welded joint with regard to the requirements 
for the parent material in the as-received condition.

The test results for impact energy measured on V-notch test specimens 
depending on the test temperature of parent material and weld of homogeneous 
butt-welded joint of the pipeline components after long-term service under creep 
conditions are compared in Figure 7, whereas Figure 8 shows the relationship 
between the impact energy measured on V-notch test specimens and the test 
temperature of the parent material, heat-affected zone and weld of the butt-welded 
joint of the main steam pipeline made of 14MoV6-3 steel after 20,000 h service 
as well as brittle fracture appearance transition temperatures determined for the 
materials of these areas. This example illustrates how diversified the level of brittle 
fracture appearance transition temperature of the material of individual welded 
joint components after long-term service under creep conditions can be.

Figure 8. 
The relationship between the impact energy measured on V-notch test specimens and the test temperature 
of butt-welded joint components of steam pipeline made of 14MoV6-3 steel after 200,000 h service and the 
brittle fracture appearance transition temperature determined for (a) parent material, (b) heat-affected 
zone and (c) weld.
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In accordance with the results of long-term own research, for the materials that 
most often exist in the components operated under creep conditions far beyond the 
design service time, such as 13CrMo4-5, 14MoV6-3, 10CrMo9-10 low-alloy steels and 
X20CrMoV121 high-chromium steel, the highest trend towards the loss of plastic 
properties is shown by the components made of 14MoV6-3 steel and then those made of 
X20CrMoV121 steel. The knowledge of these material features is necessary for the selec-
tion of water-pressure test parameters and the method for overhaul works and repairs.

It should be noted that for components in long-term use, the leak water tests can 
only be carried out. The use of strength water test may result in destruction of the 
component being operated. Such a test can only be carried out for the new equip-
ment, and the governing standards apply to new equipment only.

It can be concluded that with an increase in the exhaustion degree, the mechani-
cal properties of the material being operated are reduced. However, no unambigu-
ous relationships between the level of properties, both strength and plastic, and the 
residual life and exhaustion degree caused by creep were observed so far. According 
to the present knowledge, such a correlation does not exist.

3.3  Assessment of residual life and disposable residual life of the material of 
welded joints operated for a long time under creep conditions

The most critical element of the materials characteristics is the creep resistance 
level of the welded joints being operated. This creep resistance is responsible for 

Figure 9. 
Residual life of parent material and butt-welded joints of components working far beyond the design service 
time based on results of short-term creep tests in the form of log tre = f(tb) at σb = const for two different main 
primary steam pipelines made of 14MoV6-3 steel after 200,000 h service. σB- test stress.
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their ability to transfer the actual service loads of the component, which occur 
under operating conditions. A measure of creep resistance is the level of residual 
creep resistance, which is able to meet these expectations. However, in the engi-
neering practice, the safe service of the welded joints operated under the preset 
temperature and pressure conditions is important. The time of safe service is the 
disposable residual life, which is part of the residual life being determined.

The examples of residual life, which is the time to rupture under the temperature 
and stress conditions equal to operating ones, determined in short-term creep tests and 
compared to the residual life of the parent material after service are shown in Figure 9.

The determined residual life and disposal residual life for the presented exam-
ples are summarised in Table 3. The comparison of the residual life and disposable 
residual life determined for the material of two primary steam pipelines made 
of 14MoV6-3 steel after 200,000 h service shows significant differences. These 
differences probably result mainly from differences in the as-received condition 
of the operated material and welded joint as well as different service history. This 
confirms the need of an individual assessment, mainly based on the assessment of 
the actual condition of the component and its material.

4. Summary

Based on many power units in use, the results of creep tests on the butt-welded 
joints after long-term service beyond the design time carried out on the parent 
material and butt-welded joints of the components operating under creep condi-
tions invalidate the generally accepted principle that the residual creep strength of 
the material of welded joint is no less than 80% the residual creep strength of the 
basic material. The principle of the relationship of residual creep strength between 
them transferred from that applicable to the basic material and welded joint in the 
as-received condition is not supported by the investigations of real cases. Also, in 
many investigated cases, the residual life of the welded joint is significantly lower 
than that obtained for the parent material. Therefore, for the components and 
materials operated far beyond the design time, it is necessary to determine the 
residual life not only for the basic material of the representative test specimen of the 
component but also for the welded joint (Table 3).

Steel grade Test area Material used in testing Adopted operating 
parameters of 

further service

Determined 
residual 

life, h

Estimated 
disposable 

residual 
life, h

Type of 
component

Service time

Dimensions 
of Dout × gn, 

mm

Stress
σr, 

MPa

temperature 
Tr, °C

14MoV6-3 Parent 
material

Primary 
steam 

pipeline
200,000 h

ϕ327 × 40 60 540 300,000 165,000

Welded 
joint

200,000 110,000

14MoV6-3 Parent 
material

Primary 
steam 

pipeline
200,000 h

ϕ327 × 40 50 540 140,000 77,000

Welded 
joint

35,000 19,000

Table 3. 
Residual life and disposable residual life based on the results of short-term creep tests on the materials of the main 
primary steam pipelines made of 14MoV6-3 steel after long-term service far beyond the design service time.
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In accordance with the results of long-term own research, for the materials that 
most often exist in the components operated under creep conditions far beyond the 
design service time, such as 13CrMo4-5, 14MoV6-3, 10CrMo9-10 low-alloy steels and 
X20CrMoV121 high-chromium steel, the highest trend towards the loss of plastic 
properties is shown by the components made of 14MoV6-3 steel and then those made of 
X20CrMoV121 steel. The knowledge of these material features is necessary for the selec-
tion of water-pressure test parameters and the method for overhaul works and repairs.

It should be noted that for components in long-term use, the leak water tests can 
only be carried out. The use of strength water test may result in destruction of the 
component being operated. Such a test can only be carried out for the new equip-
ment, and the governing standards apply to new equipment only.

It can be concluded that with an increase in the exhaustion degree, the mechani-
cal properties of the material being operated are reduced. However, no unambigu-
ous relationships between the level of properties, both strength and plastic, and the 
residual life and exhaustion degree caused by creep were observed so far. According 
to the present knowledge, such a correlation does not exist.

3.3  Assessment of residual life and disposable residual life of the material of 
welded joints operated for a long time under creep conditions

The most critical element of the materials characteristics is the creep resistance 
level of the welded joints being operated. This creep resistance is responsible for 

Figure 9. 
Residual life of parent material and butt-welded joints of components working far beyond the design service 
time based on results of short-term creep tests in the form of log tre = f(tb) at σb = const for two different main 
primary steam pipelines made of 14MoV6-3 steel after 200,000 h service. σB- test stress.
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their ability to transfer the actual service loads of the component, which occur 
under operating conditions. A measure of creep resistance is the level of residual 
creep resistance, which is able to meet these expectations. However, in the engi-
neering practice, the safe service of the welded joints operated under the preset 
temperature and pressure conditions is important. The time of safe service is the 
disposable residual life, which is part of the residual life being determined.

The examples of residual life, which is the time to rupture under the temperature 
and stress conditions equal to operating ones, determined in short-term creep tests and 
compared to the residual life of the parent material after service are shown in Figure 9.

The determined residual life and disposal residual life for the presented exam-
ples are summarised in Table 3. The comparison of the residual life and disposable 
residual life determined for the material of two primary steam pipelines made 
of 14MoV6-3 steel after 200,000 h service shows significant differences. These 
differences probably result mainly from differences in the as-received condition 
of the operated material and welded joint as well as different service history. This 
confirms the need of an individual assessment, mainly based on the assessment of 
the actual condition of the component and its material.

4. Summary

Based on many power units in use, the results of creep tests on the butt-welded 
joints after long-term service beyond the design time carried out on the parent 
material and butt-welded joints of the components operating under creep condi-
tions invalidate the generally accepted principle that the residual creep strength of 
the material of welded joint is no less than 80% the residual creep strength of the 
basic material. The principle of the relationship of residual creep strength between 
them transferred from that applicable to the basic material and welded joint in the 
as-received condition is not supported by the investigations of real cases. Also, in 
many investigated cases, the residual life of the welded joint is significantly lower 
than that obtained for the parent material. Therefore, for the components and 
materials operated far beyond the design time, it is necessary to determine the 
residual life not only for the basic material of the representative test specimen of the 
component but also for the welded joint (Table 3).
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Primary 
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pipeline
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Residual life and disposable residual life based on the results of short-term creep tests on the materials of the main 
primary steam pipelines made of 14MoV6-3 steel after long-term service far beyond the design service time.
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Abstract

This article describes the method for determination of residual life and dispos-
able residual life based on long- and short-term creep tests for different tempera-
ture levels above the operating one and stress level equal to the operating one. The
method for determination of the share of disposable life in total life and the time of
safe service beyond the design service time was proposed. These characteristics of
the steel are used for the evaluation of the structural changes and mechanical
properties of the material after long-term operation. The result of this study is the
database of material characteristics representing the mechanical properties related
to the structure analysis, and it can be used for diagnosis of the components of
pressure part of power boilers.

Keywords: microstructure, mechanical properties, short creep test, residual life,
welded joint

1. Introduction

The extension in the service time of power units which have exceeded the design
service life of 100,000 h is made using the calculation method based on the creep
strength data for 200,000 h service and the positive results of comprehensive
diagnostic tests, with particular consideration given to those of the critical pressure
components of boilers and turbines. Out of them, the components working at above
the limit temperature, that is, under creep conditions, are of particular importance.
In the assessment of these components, it is important and necessary to assess the
condition of their materials [1–7]. Such an assessment is carried out based on non-
destructive materials testing, and its result is referred to the available characteristics
of materials after service [8–15]. The results of these tests provide good estimation of
the condition of material and its exhaustion degree and allow for determination of the
time of further safe service until the next inspection [16–28].

However, to reach the level of 200,000 h service for the material of compo-
nents, not only good estimation of residual life but also its determination based
on the destructive testing on a representative test specimen is required in a number
of cases.

49



Chapter 5

The Procedure for Determining
the Time of Safe Service beyond
the Design Service Time Based on
Creep Testing
Janusz Dobrzański

Abstract

This article describes the method for determination of residual life and dispos-
able residual life based on long- and short-term creep tests for different tempera-
ture levels above the operating one and stress level equal to the operating one. The
method for determination of the share of disposable life in total life and the time of
safe service beyond the design service time was proposed. These characteristics of
the steel are used for the evaluation of the structural changes and mechanical
properties of the material after long-term operation. The result of this study is the
database of material characteristics representing the mechanical properties related
to the structure analysis, and it can be used for diagnosis of the components of
pressure part of power boilers.

Keywords: microstructure, mechanical properties, short creep test, residual life,
welded joint

1. Introduction

The extension in the service time of power units which have exceeded the design
service life of 100,000 h is made using the calculation method based on the creep
strength data for 200,000 h service and the positive results of comprehensive
diagnostic tests, with particular consideration given to those of the critical pressure
components of boilers and turbines. Out of them, the components working at above
the limit temperature, that is, under creep conditions, are of particular importance.
In the assessment of these components, it is important and necessary to assess the
condition of their materials [1–7]. Such an assessment is carried out based on non-
destructive materials testing, and its result is referred to the available characteristics
of materials after service [8–15]. The results of these tests provide good estimation of
the condition of material and its exhaustion degree and allow for determination of the
time of further safe service until the next inspection [16–28].

However, to reach the level of 200,000 h service for the material of compo-
nents, not only good estimation of residual life but also its determination based
on the destructive testing on a representative test specimen is required in a number
of cases.
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Yet, it is not always possible in practice. It can be made to assess the condition of
the material of the main steam pipeline or transfer pipeline as well as for certain
chambers and desuperheaters. However, it must be preceded by a cost-effectiveness
calculation for such a procedure.

The problem related to the assessment of creep resistance in case of materials
operated for a long time under creep conditions is the time required to carry out the
creep tests to assess the residual life and the remaining safe time of service. This
paper shows how to use long-term creep tests at the temperature and stress param-
eters corresponding to the actual operating ones, which allow for determination of
the actual residual life, to make such an assessment. The method for using short-
term creep tests for such an assessment where test duration is reduced by increasing
one of the parameters in relation to the actual ones is also presented.

2. Creep tests

2.1 Long-term creep tests

In the assessment of residual life and disposable residual life, the main source of
information is still creep tests in spite of the fact that their disadvantage is a long
time until the test results are obtained. Creep tests are usually carried out under
uniaxial tension and at strain rates from 10 to 9 to 10–12 s�1 (corresponding to the
actual service conditions) on test specimens taken directly from the material of
component after long-term service at a temperature exceeding the limit one tg
(te > tg).

Long-term creep tests can be divided into:

• Creep rupture tests without measurement of elongation during test

• Creep test with measurement of elongation during test

Based on the results of creep rupture tests without measurement of elongation
during test, the residual life can be determined using one of the two procedures:

• Lifetime fracture rule

• Extrapolation of creep rupture test results

The lifetime fracture rule relies on the assumption that changes in temperature T
or stress σ during service can be divided into degrees characterised by specific
temperature Ti and stress σi.

Thus, the lifetime fracture rule concept by Robinson assumes that

∑
i

t σ;Tð Þ
tr σ;Tð Þ

� �
¼ 1

where T is the time of stress σ at a temperature T, tr is the time to rupture under
stress σ and at temperature T, and i is the number of degrees of stress and temper-
ature T from the beginning of service until rupture of the material.

For each of these degrees, the creep rate in steady state (secondary creep) or the
time to rupture tri based on the experimental data measured under preset stress
and temperature is determined. The total creep strain is assumed to be the sum of
strains corresponding to the consecutive degrees, that is, εc ¼ ∑i εi.
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For the materials after service, the lifetime fracture rule can be presented as

ts
trs

þ tt
trt

¼ 1

where ts is the time of previous service of the material, trs is the time to rupture
under service conditions (σe, Te), tt is the time to rupture of the test specimen
determined under the accelerated creep test conditions for the material after service
(σt > σe and/or Tt > Te), and trt is the time to rupture of the material in the as-
received condition under the accelerated test conditions (σe = σt, T = Tt).

Assuming that the further operating conditions will not differ from the previous
ones, the time equal to the residual life can be determined from

trs � ts ¼ ttts
trt � tt

The need to know the time to rupture of the material in the as-received condi-
tion trt restricts the use of this method.

In the event when the test specimens for destructive testing are taken from the
operated material after two different times of service ts1 and ts2 and the creep tests
are carried out for both conditions of one material, the time to rupture of the
material in the as-received condition trt can be eliminated. Then, the knowledge of
the properties of material in the as-received condition is not required.

The use of this method is particularly useful in the modernisation of boilers
when some critical boiler components operating under creep conditions are
replaced and the basic operating parameters are recorded and controlled on-line.

The residual life can also be determined by extrapolating the results of creep
rupture tests carried out on material after service at a temperature equal to or
different from the design service temperature (Tr) and stress values equal to, but
usually higher than, those characteristic of the service conditions (σr). Obtained in
this way, the results of creep rupture tests with a time of usually approx. 10,000 h
are presented in the parametric way by expressing one variable as a product of the
function of two other variables, that is, stress and temperature and time, respec-
tively, using the Larson-Miller parameter in the following form:

H σð ÞLM ¼ T Cþ log treð Þ
where H (σ) is the stress function, σ is the stress, T is the temperature in K, C is

the material constant at 1/T = 0, and tre is the time to rupture of material after
service.

This method for determination of residual life is shown graphically in Figure 1.
Knowing the operating temperature Tr and the operating stress σr (resulting from
the component’s geometry and operating pressure pr) of further service, the time to
rupture tre can be determined following which the component destruction should
be expected. However, the determined time tre is of no practical value. The practical
value is the time to end of secondary creep, which is called disposable residual life
tre 0.6 and which is part of the residual life. This value is specific to each of the test
grades of material.

The duration of the tests allowing for determination of the residual life tre can be
reduced by carrying out the creep tests with measurement of elongation during test
in order to determine the creep rate in steady state for the properly selected creep
parameters (σb, Tb). Using the obtained curve of maximum creep rate vs.
stress = f(σ) at the constant temperature Tep of further service, the time of further
safe service can be determined, expressed by the following formula:
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tep ¼
εcdop
ε:sep

where εc acpt is the acceptable total strain (adopted based on the operating
experience and creep test results)—creep rate for parameters of further service
(εe, Te) provided that the relation εe ≤ εc acpt is met.

The method for determination of creep rate for the parameters of further service
is shown graphically in Figure 2.

The creep rupture tests with measurement of elongation during test are also
used to determine:

• The time to end of secondary creep tII and the corresponding elongation εII

• The time to rupture tr and the corresponding elongation εc

• The share υ of the time of secondary creep tII in the overall time to rupture tr
υ ¼ tII

tr

� �

The tests are carried out at a constant test temperature Tb, which is similar to
the operating one, and at stress σb values higher than those corresponding to the
operating one. As a result of each of the tests, the creep curves ε = f (t) at σb = const
are obtained (Figure 3a). The test results are plotted on the diagram in the coordi-
nate system υ = f(σ)εc = f(σ)εII = f (σ) at Tb ≈ Te = const (Figure 3b). The charac-
teristics obtained in this way allow for determination of the disposable residual life,
which is the time of further safe service for the adopted operating parameters.

Figure 2.
Relationship between creep rate ε�s in steady state of the material after service under creep conditions and test
stress for determination of the time of further safe service tep.

Figure 1.
Determination of residual life using extrapolated Larson-Miller parameter curve for creep strength of the
material after service at above limit temperature.
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2.2 Short-term creep tests

The disadvantage of the method for determination of residual life using long-
term creep tests is the time of waiting for test results, which takes at least 2–3 years.
To reduce the duration of these tests and the assessment of residual life, the so-
called short-term creep tests with a duration from a few dozen to max 3000–
10,000 h are used in the engineering practice. This opens up the possibility for
obtaining test results within a maximum of several months and providing good
estimation of residual life.

The acceleration of the creep process and the reduction in the duration of tests is
obtained in creep tests carried out under uniaxial tension on test specimens taken
from the material of a power system component and:

• Under constant test stress equal to the operating stress and at different
test temperature levels much higher than the operating temperature

• At constant test temperature equal to the operating temperature and under
different test stress levels much higher than the operating stress

Tb, test temperature; Tr, operating temperature; σb, test stress; σr, operating
stress; tr, time to rupture; Rz av, average temporary creep strength (result of long-
term creep tests); tr(r)s, time to rupture for the operating parameters obtained by

Figure 3.
The results of creep rupture tests with recording of elongation. (a) Creep curves at constant temperature
Tb = const. (b) Strain corresponding to the end of secondary creep, elongation at rupture, and ν coefficient
depending on test stress.
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short-term creep tests as a result of extrapolation; tr(r), time to rupture for the
operating parameters obtained by long-term creep tests of up to 100,000 h.

The manner of presenting results of short-term creep tests conducted under
constant stress equal to the operating one (σb = σr = const) for different levels of
test temperature Tb and at a constant temperature equal to the operating one
(Tb = tr = const) and under different levels of test stress σb as well as the reliability
of their estimation is shown graphically in Figures 4 and 5.

Based on at least 40 years’ experience of the Creep Test Laboratory of the
Institute for Ferrous Metallurgy in comparing results of short-term creep tests and
extrapolating them with results of long-term tests of even up to 100,000 h, they
were found to be useful for and applicable to the estimation of life and residual life.
The determination of residual life for the material after service does not require
knowledge of its history and previous operating conditions, and the only require-
ment is to define the operating parameters of its further service (σrp, Trp). Strong
convergence of the results obtained in short- and long-term creep tests allows the
method of short-term creep tests conducted under constant stress equal to the
operating one to be used in practice. A disadvantage of this method is the restriction
with regard to the applied test temperature levels arising from precipitation pro-
cesses that occur in the material. The temperature levels must therefore be selected
individually for each grade of material being tested.

Therefore, in the diagnostic practice, only short-term creep tests under constant
stress and at different levels of temperature significantly higher than the operating
one should be used to determine the residual life of the materials of components
operating under creep conditions (pipelines, steam superheater coils). Such tests are
recommended for use after exceeding the design service time, which is most often
equal to 100,000 h. When the design time is exceeded by 50% (1.5 of to), these tests
are obligatory.

The reliability of the obtained results of short-term creep tests depends on the
requirements for compliance with constant level of preset test temperature Tb over
the measurement length of the test specimen throughout the duration of the test.
The determination of residual life with an error of no more than 20% in relation to
the time determined based on long-term creep tests ensures that short-term creep
tests are carried out at the test temperature Tb (much higher than the operating

Figure 4.
Reliability of the estimation of time to rupture tr for the operating parameters based on the results of short-term
creep tests under constant test stress equal to the operating one σb = σr = const and at different test temperatures
Tb higher than the operating one.
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one) with an accuracy equal to or higher than �0.5°C over the measurement length
of the test specimen, regardless of what the test temperature level is.

3. Method for determination of the time of safe service for material
after long-term service under creep conditions beyond the design
service time

The main step in the proposed method for determination of the time of further
safe service is to determine the residual life. Its determination is based on creep test
results. These tests have been so far the only known method for determination of
service life for actual operating parameters of the materials in use. In creep tests, the
decisive factor for their duration is the time to rupture. It cannot be reduced in
the development of material characteristics. However, such a possibility exists for
the assessment of specific material both in the as-received condition and after
service. Nevertheless, the research methods used for this purpose have to be veri-
fied with results of long-term creep tests [16].

Figure 5.
The reliability of the estimation of time to rupture tr for the operating parameters based on the results of short-
term creep tests at a constant temperature equal to the operating one Tb = Tr = const and under different levels
of stress σb higher than the operating one. Tb, test temperature; Tr, operating temperature; σb, test stress; σr,
operating stress; tr, time to rupture; Rz av, average temporary creep strength (result of long-term creep tests);
tz(r)s, time to rupture for the operating parameters obtained in short-term creep tests as a result of extrapolation;
tr(r), time to rupture for the operating parameters obtained in long-term creep tests of up to 100,000 h.
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one) with an accuracy equal to or higher than �0.5°C over the measurement length
of the test specimen, regardless of what the test temperature level is.

3. Method for determination of the time of safe service for material
after long-term service under creep conditions beyond the design
service time

The main step in the proposed method for determination of the time of further
safe service is to determine the residual life. Its determination is based on creep test
results. These tests have been so far the only known method for determination of
service life for actual operating parameters of the materials in use. In creep tests, the
decisive factor for their duration is the time to rupture. It cannot be reduced in
the development of material characteristics. However, such a possibility exists for
the assessment of specific material both in the as-received condition and after
service. Nevertheless, the research methods used for this purpose have to be veri-
fied with results of long-term creep tests [16].
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The proposed procedure for determination of residual life and disposable
residual life, which is the time of safe service beyond the design time, is presented
as the algorithm presented in Figure 6. This algorithm consists of six consecutive
steps.

The first step is to select the representative areas for destructive testing. At the
designated area in the material of test specimen, the short-term creep tests should

Figure 6.
Procedure for determination of the time of further safe service beyond the design time according to creep strength
characteristics based on short-term creep tests under constant stress level.
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be carried out under constant stress on at least three different levels (step 2). Based
on the relationships obtained from the results of short-term creep tests, the curves
of temporary creep strength at a constant temperature are determined for a few
temperature levels (step 3). These creep strength curves allow for determination of
the parameter creep strength curve where the parameter is a function of tempera-
ture and time to rupture (step 4). The obtained parameter creep resistance curve
allows the residual creep strength to be determined for the operating parameters
(temperature and stress) of further service (step 5). When the residual creep
strength for the parameters of further service is known, the disposable residual life
can be determined. It is the safe time of further service for the adopted operating
parameters (step 6). The proposed procedure consisting of consecutive steps is
presented below on the example of the material after long-term service under creep
conditions far beyond the design time.

3.1 Selection of the representative areas for destructive testing and of the test
material (step 1)

The selection of the representative areas for destructive testing is made after
review of the previous service, results of measurements and diagnostic tests carried
out on the object, verification calculations and determination of the temperature,
and strain and stress distributions by the finite element method for the most stren-
uous areas [17–19].

The test materials selected in this way, with provision of the appropriate access
to components for cutting them out and the possibility for repair/replacement, were
an elbow and a straight section of the main primary steam pipeline made of 13 HMF
steel after approx. 200,000 h service.

3.2 Short-term creep tests (step 2)

The short-term creep tests were carried out for six levels of test temperature
Tb = 600, 620, 640, 650, 660, and 680°C under the constant level of test stress σb
with three different values of σb = 50, 80, and 100 MPa.

The obtained results of tests on the primary steam pipeline elbow made of
14MoV6–3 steel in the form of logtr = f(Tb) under σb = const, where tr is the time to
rupture in creep test, for three levels of stress σb1 = 50 MPa, σb2 = 80 MPa, and
σb3 = 100 MPa are shown in Figure 7.

3.3 Temporary creep strength curves at a constant temperature (step 3)

The extrapolation of the obtained relationships of log tr = f(tb) under σb = const
towards a lower temperature allowed for determination of residual life tre for
temperature equal to the extrapolation one.

The results of this extrapolation for one level of temperature Tb = const and
three levels of stress σb1 = 50, σb2 = 80, and σb3 = 100 MPa allowed the creep
strength curves to be plotted in the form of log σb = f (logtre) for Tb1 = 530,
Tb2 = 540, Tb3 = 560, and Tb4 = 580°C, which is presented graphically in Figure 8.

3.4 Parameter residual creep strength curve (step 4)

Based on the constant-temperature residual creep strength curves in the form of
log σb = f(logtre), the residual creep strength tre was determined, and on its basis,
the Larson-Miller parameter curve was determined in the form of σb = f(L-M).
Where: L-M = Tb (C + log tre); Tb, test temperature; C, material constant, tre,
residual creep strength (Figure 9).
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The proposed procedure for determination of residual life and disposable
residual life, which is the time of safe service beyond the design time, is presented
as the algorithm presented in Figure 6. This algorithm consists of six consecutive
steps.

The first step is to select the representative areas for destructive testing. At the
designated area in the material of test specimen, the short-term creep tests should

Figure 6.
Procedure for determination of the time of further safe service beyond the design time according to creep strength
characteristics based on short-term creep tests under constant stress level.
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be carried out under constant stress on at least three different levels (step 2). Based
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3.5 Safe time of service beyond the design time (step 5)

In contrast to the actual lifetime equal to the time to rupture of the material
subject to creep, which is the residual life tre, the disposable residual life tbe is of
practical importance. The disposable life is the time until which a structural com-
ponent can be safely operated under the assumed temperature and stress condi-
tions.

The disposable residual life is part of the residual life. To determine its share in
the residual life, defined as the time to the end of the secondary creep tIIe in relation
to the time to rupture tre, the rupture creep tests with measurement of elongation
during test at a constant temperature Tb = 500°C similar to the operating one were
carried out.

Figure 7.
The results of short-term creep tests on the material of primary steam pipeline elbow made of 13 HMF steel after
approx. 200,000 h service under creep conditions in the form of log tre = f(Tb) under σb = const.

Figure 8.
Residual creep strength curves RZe determined based on the results obtained from extrapolation of creep tests
carried out on test pipeline elbow material made of 13 HMF steel after 200,000 h service under creep
conditions.
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The results of the creep tests shown as creep curves ε = f(t) at Tb = const and the
ratio of the disposable residual life tbe to the residual life tre depending on the test
stress σb allowed to determine the tbe/tre ratio for the stress level equal to the
operating stress σb = σep = 50–60 MPa, which is written as tbe = 0.55tre (Figure 3).

By knowing the residual life, the disposable residual life can be determined as
the time of safe service for the adopted operating parameters. For the material of
elbow, the relationships between the disposable residual life tbe and the operating
temperature of further service Tep for the adopted constant level of operating stress
σep at the selected levels of operating temperature Tep = 540 and 550°C and under
stress σb = σep = 60 and 70 MPa are shown in Figure 10a and for the circumferential
welded joint at Tep = 530 and 540°C and operating stress σep = 50 MPa in Figure 6,
whereas the safe service time of the material of test primary steam pipeline elbow
and circumferential welded joint made of 13 HMF steel after approx. 200,000 h
service under creep conditions for the operating parameters of further service,
which was determined based on the above-mentioned relationships, is summarised
in Table 1.

Figure 9.
Residual life tre of the material of the test primary steam pipeline elbow made of 13 HMF steel after approx.
200,000 h service under creep conditions in the form of Larson-Miller parameter curve.

Figure 10.
Disposable residual life tbe of the material of primary steam pipeline elbow made of 13 HMF steel after
200,000 h service under creep conditions and stress σep = 60 and 70 MPa equal to the operating one depending
on operating temperature Tep.
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3.6 Estimation of exhaustion degree caused by creep (step 6)

The exhaustion degree for materials working under creep conditions was
defined in Chapter 3 of the study as the time of service until the time to rupture of
this material under the temperature and stress operating conditions (te/tr).

For the reviewed case, the residual life tre (Table 2, column 9) was determined
based on the developed relationship of log σ = f(tre) for the operating temperature
of service Te. It was determined for the level of operating stress σe of the test
components as shown in Figure 11.

To determine the operating stress level using the formula

where σe is the operating stress, gact min is the actual minimum wall thickness of
component, pe is the operating pressure of component, DOut is the nominal outside
diameter, and z is the weakening coefficient, it is necessary to know the specific
quantities in the formula.

Component Operating temperature Tep, °C Operating stress σep, MPa

55 60 70

Safe time of further service tbe, h

Elbow 540 127,000 104,000 56,000

550 62,000 51,000 28,000

Circumferential welded joint Operating temperature Tep, °C Operating stress σep, MPa

50 80

Safe time of further service tbe, h

530 143,000 48,400

540 77,000 26,000

Table 1.
Safe service time of the material of the test primary steam pipeline elbow and circumferential welded joint
made of 13 HMF steel after approx. 200,000 h service under creep conditions for the operating parameters of
further service.

Table 2.
Exhaustion extent te/tr of the material of test primary steam pipeline components made of 13 HMF steel after
200,000 h service under creep conditions for the operating parameters of service.
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Their designation and values for the test material of elbow and
circumferential welded joint are summarised in Table 2, columns 2–7. The table
also presents the operating stress σr values calculated for the test materials after
service (column 8).

The life tr is defined as the total time of the previous service te and residual life
tre for the parameters of the previous service (σe, Te), that is, tr = te + tre. Since the
exhaustion degree based on the above-mentioned definition can be written as te/tr
and tr = te + tre, then, in practice, te/tr = te/(te + tre). Using this relationship, the
exhaustion degree (Table 2, column 10) was determined based on the residual life
tre determined and knowledge of the previous time of service.

4. Method for determination of the minimum component wall thickness
necessary to transfer the actual service loads of the material after
long-term service under creep conditions with known creep strength
characteristics

The most important element necessary to determine the minimum required
component wall thickness goe, which will be able to transfer the required service
load (σep, Tep), is to have the characteristics of residual creep strength for the
material of test component after service in the form of log σ = f(tre) for the
operating temperature Tep. This is the first step in the adopted procedure. Step 2 is
to determine the residual creep strength RZe/Tep/tep for the adopted temperature of
further service Te and the assumed time of further service te based on log σ = f(tre)
at Tep = const. The value of RZe/Tep/tep obtained from the characteristics makes it
possible to determine the acceptable stress k for the parameters of further service
adopted in this way, which is step 3. To calculate the required minimum wall
thickness goe for the adopted parameters of further service, the nominal outside
diameter DOut of the component, the operating pressure pep, and the construction
weakening coefficient z should be defined, which is step 4. Step 5 is the determina-
tion of the required minimum wall thickness goe of the component for the adopted
parameters of further service.

And the last, sixth, step is to compare the obtained value of the calculated
required minimum wall thickness goe to the measured minimum actual thickness
gact min. If for the adopted time of further safe service tep:

Figure 11.
Residual life tre of the test primary steam pipeline components made of 13 HMF steel after 200,000 h service
under creep conditions for the operating stress σe and operating temperature Te.

61

The Procedure for Determining the Time of Safe Service beyond the Design Service Time Based…
DOI: http://dx.doi.org/10.5772/intechopen.84986



3.6 Estimation of exhaustion degree caused by creep (step 6)

The exhaustion degree for materials working under creep conditions was
defined in Chapter 3 of the study as the time of service until the time to rupture of
this material under the temperature and stress operating conditions (te/tr).

For the reviewed case, the residual life tre (Table 2, column 9) was determined
based on the developed relationship of log σ = f(tre) for the operating temperature
of service Te. It was determined for the level of operating stress σe of the test
components as shown in Figure 11.

To determine the operating stress level using the formula

where σe is the operating stress, gact min is the actual minimum wall thickness of
component, pe is the operating pressure of component, DOut is the nominal outside
diameter, and z is the weakening coefficient, it is necessary to know the specific
quantities in the formula.

Component Operating temperature Tep, °C Operating stress σep, MPa

55 60 70

Safe time of further service tbe, h

Elbow 540 127,000 104,000 56,000

550 62,000 51,000 28,000

Circumferential welded joint Operating temperature Tep, °C Operating stress σep, MPa

50 80

Safe time of further service tbe, h

530 143,000 48,400

540 77,000 26,000

Table 1.
Safe service time of the material of the test primary steam pipeline elbow and circumferential welded joint
made of 13 HMF steel after approx. 200,000 h service under creep conditions for the operating parameters of
further service.

Table 2.
Exhaustion extent te/tr of the material of test primary steam pipeline components made of 13 HMF steel after
200,000 h service under creep conditions for the operating parameters of service.

60

Creep Characteristics of Engineering Materials
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exhaustion degree based on the above-mentioned definition can be written as te/tr
and tr = te + tre, then, in practice, te/tr = te/(te + tre). Using this relationship, the
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long-term service under creep conditions with known creep strength
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component wall thickness goe, which will be able to transfer the required service
load (σep, Tep), is to have the characteristics of residual creep strength for the
material of test component after service in the form of log σ = f(tre) for the
operating temperature Tep. This is the first step in the adopted procedure. Step 2 is
to determine the residual creep strength RZe/Tep/tep for the adopted temperature of
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possible to determine the acceptable stress k for the parameters of further service
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• goe < gact min, the component can be allowed for further service.

• goe ≥ gact min, the component cannot be allowed to continue the operation at
the required parameters of further service for the adopted time tep.

If goe ≥ gact min and the component cannot be allowed for further service, a
shorter time of service should be adopted and the proposed procedure repeated. It
may turn out that with a shorter time of further service tep, for the adopted param-
eters of further service, the condition of goe < gact min will be met. This will allow
the test component to be operated for such a shorter time tep.

The proposed procedure in the form of an algorithm consisting of consecutive
steps is shown in Figure 12. Its application is presented on the example of the
primary steam pipeline elbow and circumferential welded joint made of 13 HMF
steel after 200,000 h service.

Figure 12.
Procedure for determination of the minimum wall thickness of a component after long-term service under creep
conditions necessary to transfer the required service loads based on the residual life characteristics of the assessed
material after service under creep conditions.
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4.1 Characteristics of residual creep strength

The temporary creep strength curve for the material of elbow after 200,000 h
service under creep conditions plotted based on results of the tests discussed in
Chapter 2 is shown in Figure 13 in the form of lg σ = f(tre) for the temperature of
further service Tep = 540°C.

4.2 Determination of residual creep strength for the adopted time of further
service

Based on the characteristics in point 2, the residual creep strength at 530 and
540°C for 10,000, 30,000, 50,000, and 100,000 h was determined for the mate-
rials of test primary steam pipeline components after 200,000 h service. The
obtained results are presented in Table 3.

4.3 Determination of the acceptable stress

The value of acceptable stress k is equal to the value of acceptable lower scatter
band �20% from the obtained mean value of residual creep strength for the
adopted time tep and temperature Tep. It is calculated from the following formula:

k ¼ 0:8RZe=Te=te:

The obtained values of acceptable stress k for the adopted levels of temperature
Tep = 530, 540°C, and times te = 10,000, 30,000, 50,000, and 100,000 h of further
service are provided in Table 4.

Component Designation of
properties

Residual creep strength Rze, MPa at the test temperature
Te = 540°C

Elbow Rze/10,000 105

Rze/30,000 89

Rze/50,000 82

Rze/100,000 68

Table 3.
Residual creep strength for the adopted levels of temperature Tep = 530, 540°C, and times tep = 10,000,
30,000, 50,000, and 100,000 h of further service of the materials of test elbow made of 14MoV6–3 steel after
200,000 h service under creep conditions.

Figure 13.
Temporary residual creep strength of the material of test elbow and circumferential welded joint made of
14MoV6–3 steel after 200,000 h service at 530°C under creep conditions.
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4.4 Definition of parameters of further service

The parameters of further service are defined to be the same as the previous
ones. To calculate the required minimum wall thickness, in addition to pressure pep
and temperature Tep of the component, it is also necessary to define its nominal
outside diameter DOut, nominal wall thickness gn, design pressure po, operating
pressure of further service pe, and construction weakening coefficient z. The
required values are summarised in Table 5.

4.5 Calculation of the required minimum component wall thickness for the
parameters of further service

The calculation of the minimum component wall thickness for the parameters of
further service goe was made based on the following formula:

goe ¼
pep �Dz

� �

2k� pep
� �

� zþ 2pep
h i

where goe is the minimum component wall thickness for the parameters of
further service, pep is the operating pressure of further service, DOut is the nominal
outside diameter, k is the acceptable stress, and z is the weakening coefficient.

Component Adopted time of further
service tep, h

Acceptable stress k, MPa for temperature of further
service Tep = 540°C

Elbow 10,000 84

30,000 71.2

50,000 65.6

100,000 54.4

Table 4.
Determined values of acceptable stress k for the adopted levels of temperature Tep and times te of further service
for the material of test primary steam pipeline component made of 14MoV6–3 steel after 200,000 h service
under creep conditions

No. Parameter Unit Value

1 Nominal outside diameter DOut mm 324

2 Nominal wall thickness gn mm 40

3 Minimum actual wall thickness gact min mm 36.8

4 Time of further service tep h 30,000

50,000

100,000

5 Temperature of further service Tep °C 540

6 Design pressure po MPa 14.2

7 Operating pressure of further service pep MPa 13.8

8 Weakening coefficient z — 1

Table 5.
Parameters of further service and geometrical dimensions of test pipeline elbow made of 14MoV6 steel after
200,000 h service.
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The values obtained for pressure po and pep and for the adopted different times
tep and temperature levels of further service Tep for the material of test primary
steam pipeline elbow made of 13HMF steel are summarised in Table 6.

Temperature of further service Tep = 540°C

Time of further service tep, h 30,000 50,000 100,000

Operating pressure of further service pep, MPa Required minimumwall thickness goe, mm

14.2 29.38 31.64 37.40

13.8 28.62 30.84 36.47

Table 6.
Required minimum wall thickness of primary steam pipeline elbow made of 14MoV6–3 steel for the adopted
parameters of further service.

Figure 14.
Comparison of the required minimum pipeline elbow wall thickness goe for the adopted parameters of further
service (pep,Tep) to the minimum actual wall thickness gact min measured on the component for the adopted
temperature of further service Tep = 540°C.
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The values obtained for pressure po and pep and for the adopted different times
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4.6 Comparison of the calculated required minimum wall thickness to
the actual minimum thickness based on measurements taken on the
component

The obtained results of calculations of the required minimum wall thickness for
the parameters of further service (Table 6) were compared to the actual minimum
thickness based on measurements taken on the component (Table 5, item 3) as
shown graphically in Figure 14.

These results meet the condition of goe < gact min except for the adopted tem-
perature of further service Tep = 540°C and the time of further service
tep = 100,000 h for which this condition is not met and the component could not be
allowed for further service of 100,000 h at 540°C for the other adopted operating
parameters.
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Chapter 6

Physical Background and
Simulation of Creep in Steels
Stan T. Mandziej

Abstract

The simulative accelerated creep test (ACT) was developed as a response to an
overall need of gaining in a short time useful physical data for determining long-
term behavior of materials exposed to operation under stress at elevated tempera-
tures in power generation and chemical processing industries. Additionally, the
recently frequent power plant shutdowns due to adding solar/wind power to the
net, call for creep-fatigue data, which standard creep tests cannot provide. In
response to these needs, a thermal-mechanical fatigue procedure‑ACT‑was
designed, taking into account physical phenomena causing microstructure trans-
formation during creep, in particular generation of dislocation substructures, their
role in nucleation of voids and cracks, intensification of carbide precipitation, and
decay of mechanical properties during long-time exposure to elevated tempera-
tures. The actual ACT procedure generates adequate data for calculating true
lifetime of the tested creep resisting material for a nominal stress.

Keywords: creep, physical simulation, dislocation substructures,
carbide precipitation

1. Introduction

Conventional “constant-load” creep tests of new steels and welds for thermal
power generation and chemical processing are very long lasting, thus delaying the
application of newly developed steels for years. Even more serious problem appears
with creep tests on heat-affected zones in welded joints of these steels, as welding
procedure seriously influences the creep properties and the HAZs are very often
considered as weakest links of the joints. While most of the design of components
and estimation of power plants lifetime is based on long-term creep data, which are
generally available for the plate and pipe creep resisting steels, in case of the welded
joints on these components, such data are not always easily found, for example, the
repair welds are very often not available, especially when repairs were performed
outside. To address all these issues, a simulative test was developed allowing to
obtain creep life data in less than 24 h. It has been implemented on the Gleeble
physical simulator [1]. It is based on detailed observations of microstructural phe-
nomena occurring in martensitic-ferritic steels and welds during exposure to creep.
The accelerated creep test is a low-cycle thermal-mechanical fatigue procedure
designed to transform the creep resisting steels and welds in the same manner like
true creep, only occurring in much shorter time.
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obtain creep life data in less than 24 h. It has been implemented on the Gleeble
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nomena occurring in martensitic-ferritic steels and welds during exposure to creep.
The accelerated creep test is a low-cycle thermal-mechanical fatigue procedure
designed to transform the creep resisting steels and welds in the same manner like
true creep, only occurring in much shorter time.
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2. Physical simulation of creep

Considering creep as a plastic deformation appearing at elevated temperature,
with small strains and very small strain rates [2], next to the short duration
demanded from the ACT are the following conditions:

1.The basic temperature and applied strains in the ACT must prevent odd
transformations like secondary dissolution of carbides or intensive formation
of nonequilibrium phases, as well as strain-induced precipitation.

2.The final deformation at fracture, in particular crosswise strain, must be like at
real creep‑just a few pct in total.

3.The depletion of steel matrix in alloying elements must be achieved similar to
that of crept steels, and the carbide phases or other precipitates at onset of
cracks must not be different.

4.As creep in the matrix of ferritic-martensitic steels is the phenomenon in
which thousands of grains or hundred of thousands of subgrains take part, the
portions of samples for ACT that undergo transformation must have adequate
“bulk” size, so the first creep voids and cracks in the test nucleate
predominantly in most vulnerable sites of microstructure.

Then the simulative test must be in agreement with the following observations:
The creep voids nucleate preferentially at grain boundaries of recrystallized

grains or recovered subgrains, in which oriented slip is observed (Figure 1), while
inside several creep voids, escape of slip lines can be seen (Figure 2). Such voids
very seldom nucleate at any larger precipitates.

In the substructure of the crept steels, a/2<111> screw dislocations dominate,
and these dislocations when not pinned to precipitates are highly mobile. In thin
foil of thickness about 260 nm, relatively medium density of such dislocations could
be seen (Figure 3), while in thicker foil of about 380 nm, their density is much
higher, especially when interacting with precipitates and on intersections of two
families of these screw dislocations, the a<001> edge dislocations could be identi-
fied (Figure 4). These last dislocations are mobile with Burgers vectors in {110}
planes [3].

When the sample taken from a crept material containing internal “clean” creep
voids not exposed to atmosphere is fractured below its ductile-to-brittle transition

Figure 1.
½ CrMoV steel crept for 22.5 years/16.6 MPa at 568°C; FeCl3 etched for slip lines, SEM SE-image.
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temperature, the voids open up, and on their walls, a characteristic pattern of criss-
crossing perpendicular lines can be seen (Figure 5) [4]. This evidence confirms the
micromechanism of creep microcracks nucleation by piling up mobile dislocations
in slip planes at grain boundaries [5] and, after identifying the dislocations and
their glide planes, tells that these slip planes are two perpendicular of {110} type.
The schematic two-dimensional drawing in Figure 6 is a model illustrating this
situation.

Figure 2.
½ CrMoV steel crept for 22.5 years/16.6 MPa at 568°C; FeCl3 etched, SEM SE-image; slip lines visible inside
creep void.

Figure 3.
½ CrMoV steel crept for 20.5 years at 568°C; precipitates and a/2<111> dislocations in ferrite; TEM, thin foil
�260 nm thick.

Figure 4.
½ CrMoV steel crept for 20.5 years at 568°C; a/2<111> dislocations interacting with precipitates; TEM, thin
foil �380 nm thick.
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The a<001> edge dislocations in steel ferrite matrix are known from earlier
work as effectively transporting interstitial elements, thus enhancing precipita-
tion rate. During “in-situ” heating experiments in TEM on HSLA steel specimens
containing preformed configurations of such dislocations, ultrafine precipitates
in fractions of seconds appeared in sites of these dislocations escape and annihi-
lation [6]. In prematurely failed P91 steel higher than average density of fine
precipitates appears near to cracks (Figure 7). And the generation of substruc-
tures containing large amount of such a<001> edge dislocations was observed
during deformation of dual-phase steels [7], and also they appeared in this pre-
maturely failed P91 steel (Figure 8).

Figure 5.
Creep crack surface with numerous criss-crossing slip lines, in½ CrMoV steel exploited for 22.5 years at 568°C;
SEM image, no etching.

Figure 6.
Schematic drawing of voids (a) and cracks nucleation by the voids coalescence (b) caused by dislocations piled
up at grain boundary.

Figure 7.
Microcrack developed near HAZ in P91 steel after service for �3 years at 568°C; light microscope image, FeCl3
etched.
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3. The simulative accelerated creep test

Taking into account the mentioned phenomena associated with creep and
implementing the factors speeding up microstructure transformation, the simula-
tive accelerated creep test was designed. It relies on the response of tested material,
and for intensifying transformation of microstructure, various programmed testing
procedures are used. The ACT was implemented on Gleeble physical simulator
using samples with central gauge portion of 12 mm length � 10 mm diameter,
mounted like in Figure 9. When the span between the “cold”mounting copper jaws
is 32–35 mm, the uniformly-heated zone of about 10 mm length is created in the
middle of the sample, due to direct resistance heating of the Gleeble balanced by
controlled heat flow toward the “cold” Cu jaws. Sizes of the ACT samples are given
in Figure 10. For testing base steel without weld, plain samples of the same geom-
etry shall be used.

The ACT samples mounted in the Gleeble’s “pocket jaws” assembly, like in
Figure 9, are subjected to programmed cycles of low-cycle thermal-mechanical
fatigue, run till failure or till predetermined stress or strain. Loading of the samples
is executed by displacement (stroke) control and response of the sample is recorded
as force and calculated engineering stress. The ACT procedure uses small
elastoplastic tensile and compressive strains applied to central portion of rod-like
samples (Figure 10) subjected to multiple thermal cycles at temperatures

Figure 8.
Substructure of ferrite containing a<001> edge dislocations in P91 steel after service for �3 years at 568°C;
TEM, thin foil.

Figure 9.
Mounting of the ACT sample in “cold” Cu-jaws set of Gleeble, with TC percussion welded in the middle of
gauge length.
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during deformation of dual-phase steels [7], and also they appeared in this pre-
maturely failed P91 steel (Figure 8).

Figure 5.
Creep crack surface with numerous criss-crossing slip lines, in½ CrMoV steel exploited for 22.5 years at 568°C;
SEM image, no etching.

Figure 6.
Schematic drawing of voids (a) and cracks nucleation by the voids coalescence (b) caused by dislocations piled
up at grain boundary.

Figure 7.
Microcrack developed near HAZ in P91 steel after service for �3 years at 568°C; light microscope image, FeCl3
etched.

72

Creep Characteristics of Engineering Materials

3. The simulative accelerated creep test

Taking into account the mentioned phenomena associated with creep and
implementing the factors speeding up microstructure transformation, the simula-
tive accelerated creep test was designed. It relies on the response of tested material,
and for intensifying transformation of microstructure, various programmed testing
procedures are used. The ACT was implemented on Gleeble physical simulator
using samples with central gauge portion of 12 mm length � 10 mm diameter,
mounted like in Figure 9. When the span between the “cold”mounting copper jaws
is 32–35 mm, the uniformly-heated zone of about 10 mm length is created in the
middle of the sample, due to direct resistance heating of the Gleeble balanced by
controlled heat flow toward the “cold” Cu jaws. Sizes of the ACT samples are given
in Figure 10. For testing base steel without weld, plain samples of the same geom-
etry shall be used.

The ACT samples mounted in the Gleeble’s “pocket jaws” assembly, like in
Figure 9, are subjected to programmed cycles of low-cycle thermal-mechanical
fatigue, run till failure or till predetermined stress or strain. Loading of the samples
is executed by displacement (stroke) control and response of the sample is recorded
as force and calculated engineering stress. The ACT procedure uses small
elastoplastic tensile and compressive strains applied to central portion of rod-like
samples (Figure 10) subjected to multiple thermal cycles at temperatures

Figure 8.
Substructure of ferrite containing a<001> edge dislocations in P91 steel after service for �3 years at 568°C;
TEM, thin foil.

Figure 9.
Mounting of the ACT sample in “cold” Cu-jaws set of Gleeble, with TC percussion welded in the middle of
gauge length.

73

Physical Background and Simulation of Creep in Steels
DOI: http://dx.doi.org/10.5772/intechopen.89651



characteristic of creep. In homogeneous samples, like plain steel bars or all weld
metals, often before the crack appearance on the surface, internal cracks are formed
perpendicular to the sample’s axis. In microstructurally inhomogeneous samples,
the cracks follow the “weakest links” like the HAZs of the welds. The ACT speeds
up microstructural changes by accumulating elastoplastic tensile and compressive
strains in the central portion of the sample during thermal cycling at temperatures
characteristic of creep. The compressive strains result in a decrease of yield strength
by generation of mobile dislocations, that is, the Bauschinger effect, and this accel-
erates creep [8]. Then, in the second part of the loading cycle, that is, changing the
load to tension, a relaxation time under constant load is applied, during which the
sample extends with strain rates equivalent to 10�5 to 10�8 per second, depending
on its stiffness (pseudoelasticity modulus E*) and yield strength.

The shape of the sample’s gauge portion after the ACT interrupted before
fracturing is given in Figure 11. When the heat flow is symmetric to both cold
clamping jaws and the tested material is homogeneous, centrally located slight
necking forms on the sample often coinciding with an internally nucleated crack
(Figures 11a and 12a). Figure 12b shows on cross-section of this sample the size of
transient zone (TZ) between the grip portion and the uniformly-heated central
zone (UHZ). In the case of testing cross-weld sample with weld HAZ, the crack

Figure 10.
Schematic drawing of cross-weld samples used for ACT, for testing all-weld-metal and for weld’s HAZ.

Figure 11.
Shape of the cross-weld, all-weld-metal sample after the ACT terminated before entire fracturing (a), and of
weld’s HAZ with the crack following the HAZ’s direction (b).
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appearing on the surface is often inclined to the longitudinal axis of the sample,
following the HAZ (Figure 11b).

4. Results of ACT

A characteristic of creep is the decrease of steel hardness with the progress of
time. Therefore, any creep test that results in the increase of hardness of sample
must be considered as nonreliable. Table 1 contains examples of initial values for
nonexploited materials, for creep exploited materials and for materials subjected to
ACT. In the first instance, it shows that during real creep the hardness is most
dependent on the time of exposure as well as on the applied stress. Then, the
important factor is the initial hardness. Finally, it shows that the drop of hardness
after just a few thousand seconds in the ACT follows the tendency of multiyear real
creep.

Usually, the tests are run till failure/fracturing, but they can also be stopped
anytime and specimens for metallographic, fractographic, and microanalytical
investigations can be taken before fracturing. Here, an example is given of the 9Cr-
1.5Mo-1.3Co-V-Nb-N-B (FB2) steel, which in as-delivered state has a high-
tempered coarse martensitic microstructure (Figure 13), while in its as-welded and
postweld heat-treated HAZ, such microstructure changes into fine grained,
nonacicular with distinguished grains of ferrite. In this pseudo dual-phase micro-
structure examined by ACT on crosswise samples, microcracks were found when
the ACT was interrupted at about 90% of its duration. Such cracks, as shown in
Figure 14, were nucleating in intercritically-reheated fine grain portion of heat-
affected zone, and they often initiated at specific locations of the HAZ, where two
subsequent heat cycles of multipass welding overlapped, giving dual-phase micro-
structure.

As the tests for different materials are run at different temperatures and the
response of material results in various stresses equivalent to the yield strength at
elevated temperature of the test, to compare the ACT results, the duration of the
test and its temperature can be included in the following parameter:

PACT ¼ 7 þ log tð Þ � T=100 (1)

where t = time of test in [ks] and T = temperature in [K].
The ACT result can be inserted onto a graph, having PACT on horizontal axis and

average tensile relaxation stress RS on vertical axis. Alternatively, a creep strength

Figure 12.
An internal crack formed in the sample perpendicular to loading axis (a) and size of transient zone between the
mounting portion and the gauge portion on the ACT sample (b).
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factor in ACT can be given as: FACT = PACT � RS/100 and used for comparing
materials tested at the same conditions.

During the ACT procedure, the data of stress, strain, strain rate, and tempera-
ture, as well as dilatometric information, can be recorded, out of which strain-time
and stress-time graphs are produced as shown in Figures 15 and 16.

No. Material—sample/exposure or test Hardness HV0.1/(HV30)

Initial or
(standard)

After exposure or
testing

1 1/2CrMoV pipe‑exp. 22.5 years at 568°C and 16.6 MPa (180) (131)

2 1/2CrMoV pipe‑exp. 20.5 years at 568°C and 3.8 MPa (180) 158

3 P91 antler‑exp. �9 years at 600°C and 16.5 MPa (250) 229

4 P91 weld‑exp. �9 years at 600°C and 16.5 MPa (265) 208

5 P91 rolled pipe‑exp. �3 years at 568°C (250) 231

6 P91 weld with PWHT‑exp. �3 years at 568°C (265) 258

7 P91 forged bottle‑exp. �3 years at 568°C (260) 243

8 12Cr1MoV‑exp. 16 years, 550°C, 15 MPa + ACT 600°
C, 19.5 ks

188 164

9 15Cr1Mo1V‑exp. 18 years, 550°C, 15 MPa + ACT 600°
C, 30.4 ks

176 157

10 P22 rolled pipe + PWHT/ACT 600°C, 9.5 ks 234 188

11 P22 weld metal + PWHT/ACT 600°C, 11.3 ks 238 202

12 P22 rolled pipe HAZ + PWHT/ACT 600°C, 6.4 ks 227 196

13 P91‑std. weld with PWHT/ACT 600°C, 28.3 ks 287 230

14 P91‑std. weld with PWHT/ACT 600°C, 82.6 ks 285 223

15 P91‑std. weld with PWHT/ACT 625°C, 37.6 ks 285 217

16 P91‑temper-bead weld, no PWHT/ACT 620°C,
51.3 ks

298 193

17 P92‑std. weld with PWHT/ACT 625°C, 21.3 ks 294 240

18 P92‑rolled pipe HAZ/ACT 625°C, 22.1 ks 268 228

Table 1.
Examples of hardness for steels subjected to creep and/or ACTested.

Figure 13.
High-tempered martensite of forged 9Cr-1.5Mo-1.3Co-V-Nb-N-B (FB2) steel in as-delivered state, FeCl3
etched.
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The results of ACT are usually plotted in the form of strain-time and stress-time
graphs, and data from these graphs are used to calculate creep strength and true
creep life. The “zero-stress” line on strain-time graph from ACT well resembles the
true creep graph from conventional creep tests.

Examples of results obtained at different ACT temperatures for various P91 weld
metals in as-welded state (AW) and postweld heat treated (HT) are given inTable 2.

Figure 14.
Microcracks in IC-HAZ of FB2 steel perpendicular to load axis of ACT sample, developed at �85% of test
duration at 625°C.

Figure 15.
Typical strain-time and stress-time graphs from ACT on a “soft” alloy, for example, postweld heat-treated P91
weld metal.

Figure 16.
Typical strain-time and stress-time graphs from ACT on a “hard” alloy, for example, as-deposited (without
PWHT) P91 weld metal.
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The result of P91-HT2 is complimentary to sample #16 from Table 1, to which
after temper bead welding the PWHT was applied for 2 h at 720°C in furnace, and
then the ACT was run. Longer durations of some tests (P91-HT2 and P91-HT5)
resulted from smaller loading displacements applied in such lower intensity ACT
program. The tests are usually run at prevacuum of about 10�3 Tr maintained in
the testing chamber of physical simulator; however, when clean fracture surfaces
are expected after the ACT, high vacuum of better than 10�5 Tr may be applied.
In these experiments on P91 steel, no difference in test duration due to vacuum
level was observed. Visible difference in test duration was noted when water mist
became introduced into the testing chamber; the result of P91-HT5m in Table 2
shows shorter test duration, lower tensile relaxation stress, and in consequence
lower creep strength factor. On cylindrical surface of this sample’s gauge portion,
numerous fine cracks appeared (Figure 17), which for the sample tested in high
vacuum could not be seen up to the macrocrack appearance on the surface
(Figure 18).

To verify the results of ACT by proving that the test adequately simulates
situations appearing in real creep, metallographic investigations were carried out.
Figure 19 shows dislocation substructure of P91 weld metal at half-life of the ACT.
In recovered postmartensitic subgrains criss-crossing, a/2 <111> screw dislocations
appear in vast amount and form planar arrays.

Material and
state

ACT temp.
[°C]

ACT time to fracture
[ks]

Tensile relaxation
stress

RS [MPa]

Creep strength
factor

FACT [MPa]

P91-AW1 625 22.0 305 228

P91-HT1 625 37.6 273 210

P91-AW2 620 38.0 395 303

P91-HT2 620 51.3 177 138

P91-HT3 600 28.3 325 240

P91-HT4 600 26.3 318 233

P91-HT5 600 82.6 336 262

P91-HT5m 600 57.2 266 203

Table 2.
Examples of ACT results.

Figure 17.
Cylindrical surface of gauge portion on P91 ACT sample after test at 600°C with the presence of water mist in
working chamber.
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In Figure 20, the fracture surface of ACT sample is shown, after the removal of
surface oxides by electropolishing and then etching. On this surface, the traces of
slip lines can be recognized, thus confirming the fracture nucleation by slip and
piling up dislocations in planar arrays.

The final verification has to be done on TEM images of the tested steel or
weld metal before and after the ACT, like on the examples presented here in

Figure 18.
Macrocrack on ACT sample tested at 600°C with high vacuum in simulator’s working chamber.

Figure 19.
Subgrains with recovered dislocation configurations at half-life in ACT, in P91 weld metal sample tested at
600°C; TEM, thin foil.

Figure 20.
Fracture surface of ACT sample of P91 steel showing high density of carbides, electro-polished and FeCl3 etched,
SEM image.
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Figures 21 and 22. These figures show the microstructure transformation in P91
weld metal from tempered lath martensite before the ACT to fully recrystallized
after the ACT equiaxed ferrite grains with coagulated and spheroidized carbides,
the last aligned in directions following prior martensite laths.

5. Combination of weld’s HAZ simulation with ACT

The ACT procedure appeared useful to study other high strength steels for
elevated temperature applications different than thermal power generation and
chemical processing.

Table 3 contains results of ACT on nuclear reactor pressure vessel steel grade
15Ch2MFA (Russian), of which creep resistance is not the most important property;
however, the strength of its HAZ after welding and PWHT is crucial. Physically-
simulated HAZs on this steel were earlier studied and reported, as regards their
microstructures and CVN impact strength [9]. The initial microstructure of
15Ch2MFA steel was high-tempered martensitic (Figure 23), and after the single-
cycle 900°C physical simulation of HAZ, it changed into a ferritic-martensitic
mixture in the middle of the simulated HAZ (Figure 24), with well-distinguished
equiaxed fine bright ferrite grains and darker-etching areas, details of which could
not be revealed by light microscopy.

Figure 21.
Arrays of subgrains with carbides in the initial microstructure of P91 weld metal before the ACT; TEM, thin
foil.

Figure 22.
Well-recrystallized ferrite grains with arrays of carbides, in P91 weld metal sample after completed ACT at
600°C; TEM, thin foil.
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More informative as regards components of this intercritical HAZ are TEM
images from thin foil specimens, which reveal small compact martensitic islands
with nondissolved carbides in the HAZ region representative to temperatures just
above the A1 (Figure 25) and larger fields of homogeneous acicular martensite
surrounded by ferrite grains (Figure 26) in the region closer to the 900°C peak

Material ACT
temperature

[°C]

Time to
fracture [ks]

Average tensile
stress [MPa]

Creep life for
100 MPa [h]

1 Base 15Ch2MF steel 625 10.18 203 4183

2 15Ch2MF, HAZ 1-cycle
simulated, no PWHT

625 8.81 235 2810

3 15Ch2MF, HAZ 1-cycle
simulated + PWHT

625 12.37 187 5547

4 15Ch2MF, HAZ 2-cycle
simulated + PWHT

625 8.12 264 9765

5 15Ch2MF, HAZ* 2-cycle
simulated + PWHT

625 10.66 183 5873

Table 3.
Creep life of simulated HAZs in 15Ch2MFA steel.

Figure 23.
Initial high-tempered martensitic microstructure of 15Ch2MFA steel.

Figure 24.
Simulated intercritically-reheated microstructure of 15Ch2MFA steel HAZ.
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simulated HAZs on this steel were earlier studied and reported, as regards their
microstructures and CVN impact strength [9]. The initial microstructure of
15Ch2MFA steel was high-tempered martensitic (Figure 23), and after the single-
cycle 900°C physical simulation of HAZ, it changed into a ferritic-martensitic
mixture in the middle of the simulated HAZ (Figure 24), with well-distinguished
equiaxed fine bright ferrite grains and darker-etching areas, details of which could
not be revealed by light microscopy.

Figure 21.
Arrays of subgrains with carbides in the initial microstructure of P91 weld metal before the ACT; TEM, thin
foil.

Figure 22.
Well-recrystallized ferrite grains with arrays of carbides, in P91 weld metal sample after completed ACT at
600°C; TEM, thin foil.
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More informative as regards components of this intercritical HAZ are TEM
images from thin foil specimens, which reveal small compact martensitic islands
with nondissolved carbides in the HAZ region representative to temperatures just
above the A1 (Figure 25) and larger fields of homogeneous acicular martensite
surrounded by ferrite grains (Figure 26) in the region closer to the 900°C peak

Material ACT
temperature

[°C]

Time to
fracture [ks]

Average tensile
stress [MPa]

Creep life for
100 MPa [h]

1 Base 15Ch2MF steel 625 10.18 203 4183

2 15Ch2MF, HAZ 1-cycle
simulated, no PWHT

625 8.81 235 2810

3 15Ch2MF, HAZ 1-cycle
simulated + PWHT

625 12.37 187 5547

4 15Ch2MF, HAZ 2-cycle
simulated + PWHT

625 8.12 264 9765

5 15Ch2MF, HAZ* 2-cycle
simulated + PWHT

625 10.66 183 5873

Table 3.
Creep life of simulated HAZs in 15Ch2MFA steel.

Figure 23.
Initial high-tempered martensitic microstructure of 15Ch2MFA steel.

Figure 24.
Simulated intercritically-reheated microstructure of 15Ch2MFA steel HAZ.
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temperature of the simulation cycle. In both cases, the ferrite interacting with
martensite contained very high dislocation density. More details of this microstruc-
ture in as-simulated state and after conventional tempering were given in previous
IIW-Document [9].

Creep life of the weld’s simulated HAZ on this steel was tested using the simu-
lated welding thermal cycle(s) followed immediately by ACT, applying setups as
shown in Figures 27 and 28. Various simulations of the welding thermal cycles
were carried out and then, by manipulation of the stress intensity in ACT, the

Figure 25.
Ferritic-martensitic microstructure with retained carbides in simulated HAZ region close to A1 (760°C)
temperature.

Figure 26.
Martensite grain and recrystallized ferrite, in simulated HAZ region close to peak (900°C) temperature.

Figure 27.
The ACT sample in Gleeble chamber during simulation of HAZ’s 1st cycle.
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strain-induced precipitation was achieved revealing potential of this steel to strengthen
in the HAZ. However, not only the stress intensity but also the locations of post
dual-phase microstructure generated by subsequent weld thermal cycles, that is, the
second cycle of 920°C peak after the first cycle of 1220°C peak, contributed to the
exceptionally high creep life of the HAZ in the case of sample #4 (result in row 4 of
Table 3). In classical welding HAZ simulation experiments, the thermal cycles are
executed having their peak temperatures in the same locations on the fixed sample
(see Figures 27 and 28), and in consequence, the intercritically reheated zone of the
second cycle does not overlap with the similar zone from the first cycle, as it
appears closer to the peak temperature location than in the first cycle (Figure 29)
[10], while in many true multibead welds, these overlap zones are vulnerable to
initiation of voids and cracks, in particular during creep. Result #4 from Table 3
shows an exceptionally high value due to the overlap of the intercritically reheated
HAZ portion of the second simulation cycle (peak 920°C) with the fine martensitic
microstructure of the previous simulation cycle (peak 1220°C).

The intercritically reheated zones after a single-cycle simulation at 1220°C
appear at about 1.0–1.5 mm closer to the cold Cu jaws, than at the simulation with
the peak temperature at 920°C, with the same span between the Cu jaws. To correct
this difference, distance plates (P) can be used in the clamping assembly of the
Gleeble, and the first thermal cycle, for example, 1220°C, was being executed with
both plates inside, while for the second cycle, for example, 920°C peak, one of the
plates is removed, and this type of simulation was marked HAZ*. It allowed
intercritical zones from both cycles to overlap and resulting microstructures of
HAZ* did not differ from those of real welds. To carry out the ACT after the HAZ*
cycle simulation, both distance plates have to be removed and thus the free span

Figure 28.
The same sample in Gleeble chamber during simulation of HAZ’s 2nd cycle.

Figure 29.
Thermal graph of two-cycle HAZ simulation on Gleeble [9].
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between jaws increased, to secure the uniformly heated hot working zone of about
10 mm length on the ACT sample, as shown in Figure 30. The test depicted on this
figure was carried out in a low vacuum of the working chamber, so the “hot”
portion of the ACT sample visibly oxidized.

The last row (#5) in Table 3 shows the creep life of two-cycle HAZ*-simulated
sample after ACT carried out at lower stress intensity, and the fracture on this
sample appeared eccentrically close to the location in which both intercritically
reheated zones overlapped. Thin foils for TEM observations taken as close as

Figure 30.
The HAZ-simulated sample in Gleeble chamber during the ACT, before cracking.

Figure 31.
High density of ultrafine precipitates in ferrite in the two-cycle 1220°C/920°C HAZ-simulated sample (4) with
PWHT, after ACT of high stress intensity; foil thickness �360 nm.

Figure 32.
Dislocations with fine precipitates in ferrite in a single-cycle 1220°C HAZ-simulated sample (3) with PWHT,
after ACT of normal stress intensity; foil thickness �450 nm.
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possible (i.e., �0.3 mm) to the fractures of samples (#4) and (#5) revealed sub-
stantial differences of ferrite substructures of the 15Ch2MFA steel HAZs, as to the
dislocation density and dispersion of ultrafine precipitates (Figures 31 and 32). This
strengthening of simulated weld HAZ in the 15Ch2MFA steel as well as increase of
its creep life can be related to the strain-induced precipitation forced by multicycle
intensive loading during ACT.

6. Evaluation of creep life from ACT data

The up-to-date ACT procedure includes evaluation of true creep life. Out of the
collected test’s rough data, the stiffness of material, that is, pseudoelasticity modu-
lus E* and then the creep life, can be calculated for a nominal stress, for example,
100 MPa. Some examples from recent research [11], on forged FB2 steel (9Cr-
1.5Mo-1.3Co-V-Nb-N-B) and a weld on it, are given in Table 4 in rows 1–4. In this
research, one of the main questions was how much the HAZ on samples taken from
real welds has been weaker than the base material, and ACT combined with the
HAZ simulation allowed to answer this.

The FB2 grade belongs to the family of new creep resisting steels, developed and
tested in EU R&D COST-522 and COST-536 collaborations. In these COSTs, also
conventional creep tests were carried out, and for comparison, some of their results
are given in Figure 33. The result creep life in ACT at 650°C on FB2 steel, that is,
8656 h, matches quite well with the upper black line of the graph presented.

An additional question was if by physical simulation of welding thermal cycles,
similar creep properties of HAZ can be obtained and the answer was not straight-
forward. Physical simulation of two HAZ thermal cycles “one on another,” with the
first peak temperature of 1220°C followed by the second one of 920°C peak and
PWHT “in situ” at 720°C for 15 min, gave in ACT an optimistic result of almost
25,000 h at nominal stress of 100 MPa and temperature of 625°C. The application of
the modified HAZ* simulation procedure, mentioned before for the 15Ch2MFA
steel, gave after ACT a result similar to creep life of HAZs in real FB2 welds, and the
result of this modified HAZ* simulation followed by ACT is included in row 6 of
Table 4.

The ACT samples for this research were taken from the FB2 material used for
the preparation of dissimilar weld joint from forgings of two rings (external diam-
eter 600 mm and thickness 200 mm) made of steel types COST FB 2 and COST F
[13]. The heat treatment after the forging of FB2 was 1070°C/6.5 h + 570°C/
12.5 h + 710°C/24 h. The weld was manufactured by automated TIG hot wire
method in a narrow gap with internal protection by argon, using filler material PSM

Material ACT
temperature

[°C]

Time to fracture
[ks]

Average tensile stress
[MPa]

Creep life for
100 MPa [h]

1 FB2 base 675 18.04 134 4156

2 FB2 base 650 19.99 149 8656

3 FB2 base 625 9.89 144 27,169

4 FB2 HAZ 625 8.11 196 16,670

5 FB2 HAZ 625 10.59 182 18,636

6 FB2 sim HAZ* 625 9.64 192 17,423

Table 4.
Creep life calculated from ACT data.
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Thermanit MTS 616. The thickness of the weld was 120 mm. The chemical compo-
sitions of the base material FB2 and the filler metal are given in Table 5.

From these welds, smooth cross-weld specimens were fabricated for long-term
conventional creep tests (CCT), which were carried out in air at temperatures
ranging from 550 to 650°C at stresses from 70 to 220 MPa. Samples from the same
weldment were subjected to ACT in order to simulate structure transformations
after long-term CCT. ACT was executed at VSB-Technical University Ostrava
(Czech Republic) on an HDS-20 physical simulator and partly in the laboratory of
the simulator manufacturer (DSI). ACT temperatures ranged from 575 to 650°C
(Figure 33).

In its initial, as-delivered state, the steel has a high-tempered martensite micro-
structure, as given in Figure 13. This microstructure, as seen on TEM images, shows
tempered former martensite laths, retaining high density of dislocations and having
chains of particles precipitated along the lath boundaries (Figure 34). Most of the
precipitates along the former lath boundaries were identified as carbides, while
some of the larger-than-average ones appeared to be Laves phase Fe2Mo. In
postmartensitic laths and in elongated ferrite grains, numerous recovery-type pla-
nar configurations of criss-crossing dislocations can be observed at larger magnifi-
cations (Figure 35).

The initial microstructure of the FB2-BM, as seen in light microscope (LM), is
highly-tempered martensite of acicular morphology (Figure 36). In the as-welded
HAZ, it is changed into a very fine-grained one, hard to resolve by light microscopy
(Figure 37).

Details of the HAZ microstructure are revealed on the following TEM pictures
taken from thin foil specimens. As the HAZ is expected to be the weakest part of the
weld and consequently of the ACT sample, to take the specimens for TEM obser-
vations from exact HAZ location just before their fracturing, the tests had to be run

Material Element content in wt.pct

C Mn Si Cr Ni Mo V Co W Nb N B Al

FB2 steel 0.13 0.34 0.05 9.60 0.17 1.48 0.20 1.32 — 0.059 0.016 0.0079 0.007

MTS 616 0.11 0.32 0.30 8.87 0.57 0.56 0.18 0.15 1.49 0.051 0.018 0.0036 0.009

Table 5.
Chemical compositions of FB2 and weld metal.

Figure 33.
Creep rupture plot showing the performance of FB2 parent material and weldments, relative to grade 92
(9Cr-2W) seamless pipe [12].
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till 85–95% of the expected time to fracture. Therefore, in the ACT program, a force
limiting stop was placed in the tensile relaxation portion of the testing cycle. Typical
force-time graph of ACT on plain FB2 steel (sample FB22) is given in Figure 38,
showing how the initial tensile relaxation force of �2200 kgf decreases to
�1400 kgf at 90% of the test duration.

In the initial, as-welded microstructure of HAZ, in its under-critical portion at
A1 temperature, the lath martensite recrystallizes, while near to colonies of
carbides, first traces of austenite form. Some ferrites get the shape of large laths
(Figure 39), while in other ferrite grains next to austenite with carbides, very high

Figure 35.
Criss-crossing dislocation arrays in high-tempered lath martensite in FB2-AD steel with carbides along former
lath border.

Figure 34.
High-tempered lath martensite microstructure of FB2 steel in as-delivered, i.e., forged and stress-relieved (AD),
state.

Figure 36.
FB2-BM microstructure in as-delivered state, before ACT, LM.
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showing how the initial tensile relaxation force of �2200 kgf decreases to
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In the initial, as-welded microstructure of HAZ, in its under-critical portion at
A1 temperature, the lath martensite recrystallizes, while near to colonies of
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(Figure 39), while in other ferrite grains next to austenite with carbides, very high

Figure 35.
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dislocation density is generated (Figure 40). In intercritical portion of HAZ, the
austenite forms more compact islands, while some of the carbides still remain
undissolved. Finally, above the A3 temperature, austenite becomes more fine-
grained homogeneous and close to the fusion surface with the weld metal

Figure 37.
FB2 weld’s HAZ microstructure in as-delivered state, before ACT, LM.

Figure 38.
Typical force-time graph from ACT on FB2 steel.

Figure 39.
Large ferrite lath in as-welded FB2 HAZ at location near to A1 temperature.
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coarse-grained, which transforms to acicular martensite on cooling. To take the
TEM thin foil specimens from the HAZs on ACT samples, from the first tested
cross-weld sample, the time to fracture was learned and the force stop equivalent to
90% of this was placed in the program. Applying ACT to the as-welded HAZ
microstructures forces their high tempering with very intensive precipitation of
carbides. The ferrite in the intercritical portion of HAZ, which contains very few
carbides, recrystallizes generating equiaxed grains, while along this ferrite, dense
bands with agglomerates of carbides are formed (Figure 41). Some largest pre-
cipitates in these bands look like undissolved carbides from the initial HAZ

Figure 40.
High dislocation density between nondissolved carbides in as-welded FB2 HAZ microstructure of FB2 in
as-delivered state, before ACT,TEM 15,000�.

Figure 41.
IC-HAZ in FB2 with recrystallized ferrite and precipitates, after ACT at 625°C.

Figure 42.
Agglomerates of precipitates in FB2 weld IC-HAZ after ACT at 625°C.
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microstructure, while numerous finer ones should be considered as of tempering
type (Figure 42).

In the HAZ portion representing above A3 temperature, that is, of mainly
austenitic as-welded microstructure, high density of partly spheroidized carbides
appear and the largest precipitates seldom appear (Figure 43), while in the HAZ
portion near to the fusion surface, the carbides in high-density colonies are partly
elongated and aligned in the directions of former martensite laths (Figure 44);
here, some larger precipitates do appear again.

ACT executed on the weld HAZ and interrupted before fracturing of sample
allows taking proper specimens for TEM observations, which in turn show clearly
how the separation of phases, ferrite and austenite, in the intercritical region pro-
duces during creep the microstructure vulnerable to premature failure.

7. Discussion

The simulative accelerated creep test was developed for martensitic-ferritic
creep resisting steels and welds, based on detailed substructure observations of
crept steels. Dislocation configurations governing the real creep were reproduced in
a low-cycle compression-tension multicycle procedure carried out at the testing
temperatures similar to those of real creep. This procedure applied on Gleeble
physical simulator caused in less than 12 h transformation of the initial tempered
martensite substructure into fully recrystallized ferrite with spheroidal or coagu-
lated carbides and adequate decrease of hardness similar to that after multiyear

Figure 43.
Carbides in FB2 HAZ at location above A3 temperature, ACT at 625°C.

Figure 44.
Carbides in FB2 HAZ at location near to fusion line, ACT at 625°C.
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exposure to real creep. The carbides and Laves phase precipitates, after ACT, did
not reach sizes of these after real creep, but their amount and density appeared
substantially larger. The more intensive nucleation of precipitates has been charac-
teristic of electro-thermal treatment [14] and this way the direct resistance heating
in Gleeble [1] plays a role in acceleration of the process. The larger density of
precipitates, despite their smaller sizes, results in a similar or even more substantial
depletion of matrix in alloying elements like in the long-term real creep. The strains
applied in each cycle of the ACT procedure are too small to homogenously deform
the tested material in any of the individual cycles to cause dynamic recovery or
recrystallization. The dislocation configurations generated in each deformation
cycle accumulate from cycle to cycle mainly in the preferentially oriented compo-
nents of microstructure and after reaching critical density annihilate, gradually
contributing to generation of voids and cracks, simulating the real creep in this way.
Finally, on the crack surfaces after ACT, very large amounts of precipitates are
present and also characteristic lines of dislocation escape appear. As to the chemical
compositions of precipitates after ACT, in an earlier study on P91 steel [15], the
microanalysis results from precipitates after ACT matched those of the crept steels
and complied with ThermoCalc equilibrium predictions.

Up to now, the ACT procedure was applied in a study on development of P24
grade welding consumables [16] and new steels for supercritical components of
power generation systems [17], as well as for determining remnant life of crept
steels and repair welds [18]. Finally, in combination with weld thermal cycle simu-
lation, it offered an opportunity of fast optimization for welding procedures to
address problems of weakening heat-affected zones of welds.

The ACT procedure does not force the material to fail by overloading. By cyclic
compressing and stretching of the tested material, ACT records response of the
material while choosing the most prone sites in microstructure for nucleation of
voids and cracks, thus well simulating the real creep. Programmed various amounts
of compressive and tensile strains in combination with thermal cycles affect the
intensity and duration of test as well as promote precipitation, making in intended
manner the ACT plausible for study of creep-fatigue situations, importance of the
last has been growing recently due to possible instability of grid by incorporating
various energy sources. The conventional standard long-term creep tests cannot
address this last issue.

8. Conclusions

1.Low-cycle thermal-mechanical fatigue of martensitic-ferritic creep resisting
steels, applying direct electric resistance heating, accelerates transformation of
microstructure and intensifies precipitation of secondary phases, causing
depletion of matrix in alloying elements similar to that occurring during the
real creep.

2.A substantial role in the accelerated microstructure transformation is played
by meta-stable a<001> edge dislocations, which effectively transport
interstitials, thus accelerating precipitation.

3.From the accelerated creep tests as well as from conventional case studies
appears that the applied stresses and accumulated strains speed-up weakening
of the matrix and promote local failures in the most vulnerable sites of
microstructure.
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4.Hardness measured at room temperature after ACT indicates the extent of
microstructure transformation; however, when the material will fail cannot be
predicted.

5.Calculation of true creep life from ACT is possible, taking into account
changing of stiffness of material at the elevated temperature of the test, its
flow stress, and duration of the test.

6.A combination of the weld’s HAZ physical simulation with the direct execution
of ACT allows speeding up the development of optimum welding technology.

7.In general, within the relatively short time of the ACT’s duration, large amount
of data can be generated, which are needed for the development of improved
new materials and technologies.

8.The simulative accelerated creep test can be a useful alternative to the existing
standardized long-term tests especially that it is giving adequate
transformation of microstructure in much shorter time than the conventional
tests and can also provide materials data relevant to creep-fatigue situations.
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