ALOMARI et al.

CREEP AND CREEP-FATIGUE BEHAVIOR OF AN ADVANCED
STAINLESS STEEL (ALLOY 709) - APPLICATION TO SODIUM-
COOLED FAST REACTORS

ABDULLAH S. ALOMARI "“2* ZEINAB ALSMADI 2, NILESH KUMAR 23, K.L. MURTY 2
"Nuclear Science Research Institute, King Abdulaziz City for Science and Technology, Riyadh, Saudi
Arabia.

2Department of Nuclear Engineering, North Carolina State University, Raleigh, NC, USA.
3Metallurgical and Materials Engineering, The University of Alabama, Tuscaloosa, AL, USA.

*Email contact of corresponding author: asalomari@kacst.edu.sa

ABSTRACT

Sodium-cooled Fast Reactor (SFR) possesses highest technology readiness level for deployment among six Gen-IV
nuclear reactor designs intended to provide a low-carbon energy option and endure higher operating temperatures for longer
service life (60-80 years). Thus, advanced materials developed for Gen-IV reactors should be able to withstand the harsh
operating conditions allowing for safety improvement, efficiency enhancement and cost reduction. The advanced austenitic
stainless-steel Alloy 709 (Fe-25wt.%Ni-20%Cr) is of current interest for structural applications in the SFRs owing to its desired
set of properties including mechanical properties relative to conventional austenitic stainless steels. SFRs are subjected to on-
load periods at elevated temperatures and thermal transients during startups and shutdowns, resulting in creep, fatigue, and
creep-fatigue interaction as major considerations in the design of such high-temperature systems. In this work, high-
temperature creep, fatigue and creep-fatigue behavior of the Alloy 709 are characterized along with microstructural
examinations before and after mechanical testing. Creep tests were carried out at temperatures and stresses from 700 — 800 °C
and 40 — 275 MPa, respectively, and the creep data were found to follow creep-power law with true stress exponent and
activation energy of 4.9 + 0.2 and 299 + 15 kJ/mole, respectively. The microstructural observations of the crept specimens
revealed different types of precipitates including Z-phases and the evidence of dislocation-precipitate interactions together
with subgrain boundary formation. This suggests that high-temperature dislocation climb deformation is the rate-controlling
creep mechanism in the alloy. Additionally, Larson-Miller Parameter (LMP) and Monkman—Grant relationships were
developed using the creep rupture data.

1. INTRODUCTION

Towards achieving the worldwide goals of decreasing carbo dioxide emissions and meeting the increased
demand for electricity, next-generation nuclear reactors (Gen-IV reactors) are expected to be the primary source
of baseload power in many countries within next decades [1]. However, the increase demand in their operation
condition relative to the current fleet of nuclear reactors such as higher operating temperatures, longer lasting,
harsher environment and high dose of radiation, put forward several technical challenges for deployment which
need to be addressed for safer, more reliable, economically viable and sustainable operation [2]. Sodium-cooled
Fast reactor (SFR) is one of the leading advanced nuclear reactor systems and most ready for deployment among
other Gen-IV reactor concepts mainly due to large worldwide experiences accumulated over more than 40 years
[3]. SFRs can provide a low-carbon energy option to a diverse global power sources and support other missions
such as recycling the used nuclear fuel for closing the fuel cycle. The main challenges facing the SFRs
technologies are the insufficient plant availability and high capital cost of deployment [4]. Thus, advanced
structural materials with improved performance are needed for SFRs to enhance thermal efficiency, power output
and design lifetimes of the reactor components and to enable greater safety margins [3, 5]. Although the operating
temperature of the SFRs can reach as high as 550 °C, the service temperature for some structural components
such as boiler tubes can be exposed to higher service temperatures and thus, exhibit shorter lifetimes.

The Alloy 709 is an advanced austenitic stainless steel with base of Fe-20%Cr-25%Ni (wt.%) strengthened
by niobium, stabilized by nitrogen and alloyed with other minor elements. Due to various improved properties
including excellent high temperature creep performance coupled with corrosion/oxidation resistance and sodium
compatibilities relative to code-approved conventional steels such as 304SS and 316SS, the Alloy 709 has been
down-selected for SFR structural applications [6-10]. Several studies have been recently conducted to understand
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the performance of the Alloy 709 at high temperatures such as effect of serrated yielding on mechanical
performance and microstructures [11], tensile behaviour [12-15], creep and creep-fatigue properties [13, 16-23],
effect of irradiation and aging on microstructures [24-27], elastic characterises [28] and thermophysical properties
[29]. However, understanding high temperature deformation properties of the Alloy 709 are required to
incorporate such a new alloy in the ASME Boiler and Pressure code for reliable operation [30]. Specifically,
understanding creep and creep-fatigue interactions behaviour are essential for structural component operating
under cyclic and steady-state conditions. Therefore, it is important to investigate and understand the creep and
creep-fatigue interaction of the Alloy 709 at higher temperatures to generate enough amount of data in a reasonable
time and then extrapolate it to the service conditions expected in SFRs. Although some works have been found in
the literature to examine the behaviour of the Alloy 709 under creep-fatigue testing, the details mechanism are
still scarce. In this study, creep tests were carried out at temperatures ranging from 650 — 800 °C and creep-fatigue
tests were carried out under strain-controlled mode at constant strain rate of 2 x 10~ s and strain ranges varying
from 0.3% to 1.2% at temperatures of 650 °C and 750 °C with tensile hold times of 0, 60, 600, 1,800, and 3,600
seconds. Tests were followed by microstructural examination in order to infer the deformation micromechanisms
under such conditions.

2. EXPERIMENTAL METHODS AND MATERIAL

The Alloy 709 employed in this study has the chemical composition listed in TABLE 1. For creep tests,
rectangular pin-loaded samples were prepared with of 25.4 mm x 1.2 mm X 6.3 (gage lengths x thickness x width,
respectively) while cylindrical samples of 3 mm diameter gage section and 10 mm length were employed for
creep-fatigue tests. The experimental set-up for both creep and creep-fatigue tests are shown in Fig. 1 where
constant load lever arm machine (Fig. 1a) was used for creep tests and electrodynamic TestResources machine
(Model 810LE3) was employed for creep-fatigue tests (Fig. 1b). Details description for the experimental set-up
can be found elsewhere [16]. Creep tests were carried out at temperatures and stresses from 700 — 800 °C and 40
— 275 MPa.

TABLE 1. CHEMICAL COMPOSITION (WT%) OF ALLOY 709 USED IN THIS WORK.

Element Fe Ni Cr Mo Mn Si Nb N C Ti P B S
wt% Bal. 2498 1993 151 091 044 026 0.148 0.07 0.04 <0.014 0.0045 <0.001

FIG.1 (a) Constant load lever arm creep machine. (b) Electrodynamic TestResources creep-fatigue machine
(Model 810LE3) was employed for creep-fatigue tests
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3. RESULTS AND DISCUSSIONS
3.1. High-temperature Creep Deformation

3.1.1. Creep Curves and Deformation Mechanisms in The Alloy709

Creep strain as function of the time at applied stresses ranging from 40 — 275 MPa and temperatures of
700 °C, 750 °C and 800 °C are shown in FIG.2 for the Alloy 709. Typical creep curves exhibiting the three regimes
of primary, steady state and tertiary creep regimes were usually observed in the Alloy 709. Theoretically, the
primary regime is resulting from the increase in the hardening rate relative to the recovery process leading to the
increase in the creep rate. As the recovery rate at high temperatures becomes equal to the hardening rate, steady
state regime is formed where the creep rate is a constant as function of time. Finally, the sample enter the tertiary
regime where increase in the creep rate keeps going until fracture due to various fracture process including creep
cavities etc. The steady state creep region is of importance because the steady state creep rate corresponds to the
minimum creep rate which is a unique function of the stress and temperature. Further, the minimum creep rate is
also function of the time to rupture for most materials. To determine the steady state creep rate, one can
differentiate the creep strain as function of time and then determine the minimum creep rate. Typical creep strain
rate versus time at temperatures of 750 °C showing the values of the minimum creep rate at various stresses is
shown in FIG.3. For high stresses where the tests were performed up to rupture, minimum creep rate can be
defined as the point of deflection to the tertiary regime. At low stresses however, the tests were interrupted in the
steady state region and the values of the steady state creep rates were employed. The minimum creep rate, &, and
applied stress, ¢ can be related by a power law relation as follow,

: p 0.
¢, =Ao exp( RT]' (D
where n the stress exponent, Q. the activation energy for creep, R the universal gas constant and T the temperature.
The stress exponent and the activation energy for creep are considered to be indicative parameters to infer the rate
controlling creep mechanism. FIG.4 shows the minimum creep rate versus applied stress at various temperature
in log-log scale where an average value of the stress exponent was found to be 7.1 = 0.6. To determine the
activation energy, semi-log plot of the minimum creep rate versus the reciprocal temperature at various applied
stresses was plotted in FIG.4 and a value of the 446 kJ/mole for the activation energy for creep in the Alloy 709
was obtained. The value of stress exponent for the Alloy 709 was found be similar to those obtained for other
austenitic stainless steels [9, 16]. The values of stress exponent between 3-7 suggests that dislocation creep is the
rate controlling creep mechanism in this level of stresses and temperatures. For pure metals and class-M alloys
the activation energy is found to be close to that of self-diffusion or solute-diffusion depending on the rate
controlling dislocation motion either climb or glide process respectively [5]. However, in the Alloy 709, the
activation energy was found to be relatively higher activation energy relative to the self-diffusion of iron (~285
kJ/mole). This high anomalous value may originate from the interaction between the dislocation and precipitate
during glide and climb processes in precipitation of hardened alloys. During deformation, various types of
precipitates are formed in the Alloy 709 which can act as pinning obstacles for the moving dislocations [16].
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FIG.2 Creep true strain versus time at various applied stresses and temperatures of (a) 700 °C, (b) 750 °C and
(c) 800 °C. X: sample ruptured. O: test interrupted.
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FIG.4 The minimum creep rate versus applied stress at various temperature in log-log scale (up).

temperature at various applied stresses (below).

3.1.2. Larson-Miller Parameter (LMP) and Monkman—Grant relationships

Determination the activation energy using Semilog plot of the minimum creep rate versus the reciprocal
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To establish the Monkman-Grant relation for the Alloy 709, the variation of the creep life #ras function of
the minimum creep rate at different temperatures is shown in FIG.5. The Alloy 709 was observed to flow the

Monkman-Grant relation expressed as,
-a _
ént, =Chg, (2)

where o and Cyg are constants. In this alloy, a and C are determined to be close to 1 and 0.1, respectively. Further,
the applicability of the Larson— Miller parameter (LM) for the Alloy was demonstrated using the relation between
creep life and the applied stress, as

LMP =T [C +log(t,)], 3)

where the temperature T is in K, the creep life, trin hr and C is a constant found to be ~ 20. The applied stress vs
LMP at different temperatures are shown in FIG.6 where LMP parameters were observed to be independent of
the temperature at a given stress. The estimated temperatures in K for 100,000 hours rupture life using LMP are
also shown in the top x-axis FIG.6
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FIG.5 Establishing the Monkman-Grant relation for the Alloy 709.
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FIG.6 Establishing the Larson—-Miller parameter (LMP) plot at different temperatures for the Alloy 709.

3.2. High-Temperature Creep-Fatigue Behavior of The Alloy 709
3.2.1.  Creep-Fatigue Life of The Alloy 709
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Strain-controlled creep-fatigue tests were performed on the Alloy 709 at 650 °C and 750 °C and 2x1073 s
! strain rate with strain ranging from 0.3% to 1.2% and tensile hold times of 0, 60, 600, 1,800, and 3,600 seconds.
As shown in FIG.7, the creep-fatigue life of the Alloy 709 was found to decrease with increasing hold time
(FIG.7a), strain range (FIG.7b) and temperature (FIG.7c), until it reached saturation where number of cycles to
failure does not change with increasing hold time or strain range at a given hold time. The saturation behaviour is
important for design considerations since hold times that follow it do not contribute to further damage [17-19].
Creep-fatigue life decreases with increasing tensile hold times due to the interaction between surface-initiated
fatigue cracks and interior creep cavitation damage developed at grain boundaries and also, increasing the strain
range results in decreasing the creep-fatigue life of the alloy due to the increase in corresponding stress amplitude,
during which the critical crack length for failure decreases.
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FIG.7 Creep-fatigue life of the Alloy 709 at different hold times (a), strain ranges (b) and temperatures
(©).
3.2.2.  Creep-Fatigue Interaction Diagram
According to the ASME Code, Section III, Subsection NH, constructing and plotting the creep-fatigue
interaction diagram of the Alloy 709 is established following the linear damage summation (LDS). The linear

damage summation rule is applicable over a wide variety of conditions with the availability of application data,
and it is used to recognize which damage developed more rapidly until fracture. The creep-fatigue criterion is

given by [17-19]:
n + {£:| <D @)
Sl 2

J



FR22: IAEA-CN-291/39

where n and Ny are the cycle number of type j and the permissible cycles number of type j, respectively, and At
and 7, are the actual time at stress level k£ and the permissible time at the same stress level, respectively, and D is
the permissible combined damage fraction and it usually equals one. Creep damage fraction is determined using
time-fraction method based on a linear correlation between the rupture time (), temperature (7), and applied stress
(0) using Larson-Miller Parameter (LMP) and a power-law integration of the stress relaxation curve. Therefore,
creep damage is calculated as following [17-19]:

—m

. b, lbm o \l=bm
D _M((th +1,) (¢,) ) )

where ¢, is the stress relaxation hold time in seconds, 4 and m are fitting parameters in the LMP as a function of
stress and b,, #, and b, are fitting parameters in the power-law integration of the stress relaxation curve. More
details are found in the work of Alsmadi, et al. [17-19]. FIG.8 depicts the creep-fatigue interaction diagram of the
Alloy 709 plotted at different hold times, strain ranges and temperatures, where creep damage is plotted as function
of fatigue damage. As shown, both fatigue and creep damages decrease with increasing the hold time, in which
data points lie above and below the ideal failure criterion. Data points lying above the ideal failure criterion
represent a strong creep-fatigue interaction, while the ones lying below it may represent a weak creep-fatigue
interaction. Furthermore, high values of creep damage means that cavitation damage is enhanced by cyclic
loading, while high values of fatigue damage means that crack propagation is enhanced by cavitation damage.
The creep—fatigue damage envelope elucidates the average trend of the interaction between creep and fatigue
damages depending on the material and the microstructure [17-19].
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FIG. 8 Creep-fatigue interaction diagram of the Alloy 709 at at different hold times, strain ranges and
temperatures.

3.2.3.  Microstructural Characterization of The Alloy 709

Creep-fatigue deformation is a combination of creep deformation and fatigue deformation and is described
as a mixed mode crack growth of pure transgranular fatigue cracks and intergranular creep cavities developing
independently on the grain boundaries. FIG.9a shows the fractographs of the fracture surface of the Alloy 709
under low-cycle fatigue (LCF) damage (no hold time) at 1.0% strain range and 750 °C using scanning electron
microscopy (SEM), while FIG.9b shows the fractographs of the Alloy 709 under creep-fatigue damage at 1.0%
strain range and 60 seconds hold time at 750 °C. In pure fatigue tests (FIG.9a), high density of fatigue striations
is observed due to crack propagation indicating that fatigue is the dominant damage mode. On the other hand,
striations start to disappear with increasing hold time under creep-fatigue tests indicating that the dominant
damage mode is comprised of both creep and fatigue damages. Also, the density of creep cavities (red circles)
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increases with increasing hold time where they are observed at grain boundaries. In creep-fatigue damage,
cracking mode changes from mixed mode (intergranular and transgranular) to intergranular mode with increasing
hold time, where intergranular cracks (white arrows) become more dominant than the transgranular cracks (red
arrows).

4.

FIG.9 Fractographs of the fracture surface of the Alloy 709 under low-cycle fatigue (LCF) (no hold time)
(a) and creep-fatigue at 60 seconds hold time (b). Both at 750 °C and 1.0% strain range.

CONCLUSION

Creep behaviour in terms of creep curves characterises and deformation mechanisms were examined for

the advanced austenitic stainless-steel Alloy 709 (Fe-25wt.%Ni-20%Cr) at temperatures and stresses from 700 —
800 °C and 40 — 275 MPa, respectively. The following conclusion were made:

Typical creep curves exhibiting the three regimes of primary, steady state and tertiary creep regimes were
usually observed in the Alloy 709.
The minimum creep rate was found to increases with temperature and applied stress.

The average values of the stress exponent and activation energy for creep were found to be 7.1 £ 0.6
and 446 klJ/mole, respectively.
Based on the indicative creep parameters, dislocation creep was inferred to be the rate controlling creep
mechanism.

The Alloy 709 was found to follow Monkman-Grant relation of 6‘:; t 5 =C ma » Where a and C are

determined to be close to 1 and 0.1, respectively.
Larson— Miller parameter (LM) for the Alloy 709 was established and the temperatures in K for 100,000
hours rupture life using LMP was estimated.

Strain-controlled creep-fatigue tests were performed on the Alloy 709 at 650 °C and 750 °C and 2x107 ™!
strain rate with strain ranging from 0.3% to 1.2% and tensile hold times of 0, 60, 600, 1,800, and 3,600 seconds.
The following conclusion were made:

The creep-fatigue life of the Alloy 709 was found to decrease with increasing hold time, strain range and
temperature until saturation.

The creep-fatigue interaction diagram of the Alloy 709 was plotted according to the ASME Code, Section
III, Subsection NH, following the linear damage summation (LDS), at different hold times, strain ranges
and temperatures.

Both fatigue and creep damages decreased with increasing the hold time, in which data points lie above
the ideal failure criterion represent a strong creep-fatigue interaction, while the ones lying below it may
represent a weak creep-fatigue interaction.

The creep—fatigue damage interaction diagram explains the average trend of the interaction between
creep and fatigue damages depending on the material and the microstructure.
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In pure fatigue tests, transgranular fatigue cracks are the dominant damage mode while in creep-fatigue
tests, the dominant damage mode is comprised of both intergranular creep cavities and transgranular
fatigue cracks.
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