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Abstract

The aim of this work is to characterize and examine the relative importance of the mechanisms of creep-fatigue
interaction on the fatigue life of 316L-type austenitic stainless steel at high temperatures. The experiment were
performed at constant load amplitude with a stress ratio of 0.1, and the creep fatigue test was imposed by high
temperature with 5 minutes hold times at tensile maximum to predict fatigue life in terms of stress versus
number of cycles. The Basquin relation was used to verify how accurate the model is in predicting fatigue life.
The result shows that the lifetime of prediction curve is slightly lower than the experimental data by 23 percent.
The fatigue limit was successfully characterized and found to be 160.69 MPa. Meanwhile, the introduction of a
maximum tensile stress hold in cycling reduces the fatigue life compared to continuous cycling, which decreases
the number of cycles to failure. The variation of the fracture surface and microstructure pattern of the creep-
fatigue specimens were analyzed using scanning electron microscopy (SEM) and optical microscopy techniques.
Copyright © www.acascipub.com, all rights reserved.
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Introduction

Many engineering components in different industries are operated in conditions in which they are subjected to
low cycle fatigue at room and otherwise high temperatures. Components of engineering structures that operate
at high temperatures, such as jet engine, pressure vessels, nuclear reactors, and steam and gas turbines in oil and
gas plants, are subjected to severe thermal effects and suffer alternative loading. There have been enormous
research investments toward investigating the safety and performance of oil and gas plant piping.™ In the oil
and gas industry, steel has been widely used for the transportation of oil and gas. It is believed that steel
subjected to cyclic loading at high temperatures will result in severe failure of the pipe materials during
operation, requiring replacement of the steel. The most widely used type of steel in this industry is 316L
stainless steel, which exhibits good creep resistance and fatigue properties that make it a suitable candidate for
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structural materials in gas and oil plants. One of the causes of simultaneous fatigue and creep that occurs in the
oil and gas industry and other industries, such as power plants and aircraft engines, is their routine maintenance.
Steady operation predominantly contributes to experience fatigue, while start-up and shut-down operations with
‘hold’ or cruise periods contributing to creep.” Cylindrical components, such as pressure vessels, pipes, borers,
and driving shafts, are commonly used in engineering structures. Due to a wide range of uses, such as for
transmission or storage of fluid in pipes and high pressure vessels, these structures must be assessed with
different conditions to simulate different materials, temperatures and loading conditions. Therefore, these
components can be very sensitive to applications and environments. Sandhya et al.®! has extensively
investigated the creep-fatigue interaction behavior of austenitic stainless steel ™! but the creep-fatigue
interaction properties of the relatively new Alloy D9 have not been explored.

Life prediction techniques are important for assessing the service damage resulting from high pressure and
elevated temperature creep in any industry that is dependent on metal components. These techniques can be
based on either fatigue or creep models depending on the dominating failure mode. However, predictions under
certain conditions is complex and well-established models are deficient.*” The investigation and exploration of
deformation and failure mechanisms of creep-fatigue interactions are complex and depend on many tests and
material parameters, such as heat treatment, load history, stress and strain level, temperature, hold time,
frequency, chemical component, and microstructure.™ Due to popularity of cylindrical components and the
extensive usage of this type of geometry, it is crucial to investigate its high temperature crack initiation and
growth and crack propagation phenomena. The interaction of creep-fatigue crack growth might occur due to the
enhancement of fatigue crack growth caused by weakening of the matrix in grains or embrittlement of grain
boundaries and enhancement of creep crack growth in terms of acceleration of precipitation or cavitation by
cyclic loading.?***1 Over the years, many researchers have focused on tolerance design to determine the lifetime
of heavy duty pipes that operate under high mechanical pressure and temperature. The fracture surface are
examined using SEM and EDX in order to check the crack initiation of steel and its effect on the fatigue and
creep-fatigue damage mechanism at high temperatures. The life of a component under creep-fatigue loading is
considerably less than if creep or fatigue were to act alone. For safety considerations, the mode of failure of
pressure vessels and pipes, which include are crack initiation, crack propagation and fracture, often need to be
considered. Meanwhile, pipes subjected to high temperatures will result in a shorter life compared to the sum of
creep damage and fatigue damage incurred separately.

Materials

316L stainless steel is examined in this study, and an image and the dimensions of the specimen is shown in
Figure 1. The chemical composition of the material is presented in Table 1. Table 2 shows the mechanical
properties of a cylindrical structure of 316L stainless steel. The specimen is fabricated to be an hourglass
shaped specimen in accordance to ASTM 606 for fatigue test which has threaded ends inside for gripping
purposes.
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Figure 1: Fatigue specimen and its dimensions in mm
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Table 1: Chemical compositions (wt%) of Type 316L stainless steel™

Chemical Composition (%) Austenitic 316L Stainless Steel
Carbon C 0.020
Nickel Ni 11.21
Chromium Cr 17.38
Manganese Mn 1.860
Phosphorus P 0.027
Sulphur S 0.0054
Silicon Si 0.510
Molybdenum Mo 2.360
Nitrogen N 0.038

Table 2: Mechanical Properties of Type 316L Stainless Steel

Mechanical Properties Type 316L stainless steel
Yield Point, MPa 332
Tensile strength, MPa 673
Modulus of Elasticity, GPa 165
Strength at break, MPa 586
Elongation at break, mm 35.5
Experiment
Fatigue Test

In this study, 316L stainless steel was used to mimic a scenario of oil and gas plant piping in order to determine

good safety and reliability parameters. Fatigue tests were conducted at the Strength of Material Lab at Tenaga
Nasional Berhad Research (TNBR) in Bangi. The fatigue specimens were tested in a tension-tension fatigue test
using a Fast Track Hydraulic Universal Testing Machine Instron 8802 with 250 kN load capacity. All of the
specimens used for fatigue testing were monitored to determine the maximum stress and cycle to fail data. Each
specimen was attached to the jig at the actuator of the machine. All fatigue tests for the specimens were
performed at constant load amplitude, a constant frequency of 5 Hz and a stress ratio of R = 0.1 with a
sinusoidal load pattern. The resulting fatigue data, which includes the final data (raw data) was recorded by an
Instron 8802 model fatigue system.

Creep Test

Creep tests have been conducted using Zwick/Roell 030 machine at National Universiti of Malaysia. An initial
stress of 267 MPa and the high temperature of 565°C is applied and followed according to the ASTM E139-00
standard procedure for conducting creep test of metallic materials using constant load creep tests frames. The
specimen elongation was measured using a rod in tube extensometer where ceramic extension arms were
attached to the gage length area of the specimen. The axial creep strain was recorded with the help of an arm
ceramics touched to the gage length specimen. The furnace of creep machine has the ceramic inside which has
maximum temperature rating of 1200°C. Temperature for creep tests was maintained with three zone
resistance furnace which was capable of maintaining the temperatures within £2°C of the test temperature using
three thermocouples, whereas all at for each zone furnace. The experiment was taken a 168 hours test as the
longest practical test that could be performed considering the number of specimen to be tested, availability of
machine and time constraint.

Creep-Fatigue Test

The creep-fatigue tests were carried out similarly to the low-cycle fatigue test, except for the addition of a dwell
period at high temperature. For tests with tensile dwell periods, the specimen was held at peak tensile stress for a
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period, t, with a holding time of 5 minutes at 565°C. The tests were implemented on a closed-loop, servo-
controlled, electrohydraulic machine equipped with a resistance type advanced high temperature and
environmental system. The temperature of the furnace was controlled by an electronic controller with a type K
thermocouple. All the specimens were subjected to repetitive loads to impose a limit on the fatigue life of 10’
cycles, due to the cost and time constraint of the experiment and specimens. The final results for both of the
tests were plotted in graph to show stress versus life data.

Scanning Electron Microscope and microscopic analysis

The microstructures of the material and fracture surface analysis were conducted on both an optical microscope
(Leica MS5-M1 150 High Intensity Illuminator) and scanning electron microscope (SEM - Hitachi S-3400N).
Fractured surfaces on failed specimens were examined by SEM operating at 15 kV to establish the
micromechanics of material failure, identify the initiation site and determine the crack propagation mode. In
order to analyze samples using SEM, the analysis was conducted in accordance with ASTM 340-00. For
morphological analysis, fracture surfaces were cross-sectioned into proper sizes, which were mechanically
polished using a Digital Polisher Machine in order to analyze the microstructure.

Results and Discussion

Validation of the experimental data with a fatigue life model

The results are plotted in the S-N curve shown in Figure 2. From previous research, it should be noted that 316L
stainless steel undergoes hardening under cyclic loading.® The figures show no failures beyond 9 x 10° cycles
after the tests were terminated at 9 x 107 cycles. Figure 2 shows that the fatigue life for the experimental and
model results have a similar variation trend at the same cycles with different stresses. At higher stress, the model
fatigue predicted a shorter maximum stress compared to the experimental result. In order to access to validity
and utility of a particular model, the experimental data was compared with the Basquin model. In pure fatigue
loading, the Basquin analysis predicted a shorter maximum stress, as depicted in the figure, compared to the
experimental data. The predicted curve is slightly lower than the experimental data and is 23 percent different.
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Figure 2: Comparison o - N of experimental data with predicted fatigue lives for type 316L stainless steel at
room temperature

As shown in Figure 2, in the region between 10° to 10’ cycles, the difference in the fatigue limit of steel between
the experimental data and Basquin relation is approximately 28 MPa. The Basquin relation is a typical S-N
curve, and its expression is developed from log-log S-N graphs and is the most widely used equation. This
equation is usable in the stress-based approach to model fatigue analysis and design. The maximum tensile
stress for a Basquin relation is given by



International Journal of Metal and Steel Research Technology
Vol. 1, No. 1, July 2013, PP: 01- 11
Available online at http://acascipub.com/Journals.php

O-max = O-a = O-}(ZNf)b
@)

where

o, =586 MPa for fatigue strength coefficient (for most metals = o, the true fracture strength), b=-0.142""]

and 2N is the number of fully reversed cycles to failure. Fatigue tests were conducted using various stress

ranges. The fatigue life was calculated by using the Basquin model which is similar to experimental data for the
variation trend of the fatigue life curve of austenitic 316L stainless steel.

Maeng et al. and Kim et al.®>** noted that the susceptibility of lower fatigue strength could be induced/caused
by process fabrication, stress level and shape and has been characterized in this study. The fatigue limit was
experimentally observed in the range of 10°to 10 cycles at a maximum stress of approximately 335 MPa and
260 MPa for predicted data. Failures were observed from 9,000 cycles, and the imposed limit of testing was set
to end at 9 x 10’ cycles, due to time and cost limitations. According to other researchers, the lower fatigue limit
in predicted results compared with experimental results is due to the inherent micro-structural in homogeneities
in the material, differences in the surface and test conditions of each specimen, and other factors.l*®! Table 3
shows the fatigue life obtained in terms of the number of cycles to failure.

Table 3: The number of cycles to failure

Max
. . Applied
Load Maé?pplled CLIer Stress Mean Stress
Ratio (I\/TE’ZS) Ex(pe)r/icmeesn)tal (MPa) Stress Amplitude
(R) £ . Predicted (MPa) (MPa)
xperimental N¢ .
Basquin
Analysis
0.1 334.00 9,256 259.46 36.78 30.09
290.93 34,679 228.26 32.69 26.75
275.20 110,956 203.91 28.61 23.40
234.33 329,876 183.46 24.52 20.06
220.15 900,893 166.42 20.43 16.72
180.11 2,067,895 153.53 16.35 13.37
160.69 9,664,567 132.21 12.26 10.03

From the results in Table 3, a stress versus fatigue life is plotted to show the significant difference of fatigue life
at high stress compared to lower stress. For the predicted analysis, the fatigue life exhibits approximately a 19-
25 percent (28-75 MPa) reduction in life. In order to validate the experimental results, previously published
experimental data were used for comparison. For instance, the results were compared with the results found by

Kim et al."® and Maeng et al.* It is interesting to note that the o, from Kim = 100 MPa and the &, from

Maeng is = 73.5 MPa. The major difference in these observed o, is believed to be due to the different grain

sizes and shapes of the specimens as a result of machining into cylindrical or plate forms. According to Kim et
al.,'® experimental stresses increased as compared with the predicted results with the addition of nitrogen in
316L stainless steel due to the strong interaction between nitrogen and chromium. However, these effects were
not taken into account in the Basquin analysis. Predicted data of maximum applied stress was determined by

Basquin model where 586 MPa as G'f is the fatigue strength coefficient, b=-0.142 is Basquin exponent,*"! and

N is number of cycle to failure as shown in Table 3. In order to conduct the fatigue testing, the mean stress

and stress amplitude are required as the input data in machine operation set up to test the specimen from higher
load to lower load.
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Creep Deformation

Figure 3 shows that the strain versus time curves where the lifetime was extended by an increased duration of
the steady state creep region only. The creep behavior of material under 15 kN, 18 kN, 25 kN and 29 kN are
shown in Figure 3. As can be seen from the figure, the magnitude of the creep constants reflects the dominance
of secondary creep in the creep curves, particularly at the higher stress levels. The results of creep test under
different load has been compared by increasing in the load of strain versus time whereas has increased that slope
under 29 kN followed by 25 kN, 18 kN and 15 kN. It founds that increased strains might due to the applied load
on specimen at similar temperature.
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Figure 3: Isochronous & —t curve generated for Type 316L stainless steel at 565°C for different loading

Steady-state creep look like to found at beginning of primary stage in tested specimen as shown in the figure,
with the primary creep strain contribution to the overall strain being minimal. Besides, as can be seem clearly in
Figure 3, lifetime is decreased due to the increase of the strain rate for the creep tests at different applied stress.
Based on previous study, initially the creep strain was smooth with increase of deformation. It reached a
maximum value after increased load until a further constant was achieved. The maximum creep strain might
cause by the increasing in applied stress. Creep deformation is highly dependent on test temperature and stress
level. Therefore, we can conclude that the strain rate is increased by rising load. Creep deformation tests were
performed on tested specimen condition at 565°C under different stress levels to obtain creep constants for the
secondary creep stage using power law (Norton law) relationship to represent the creep deformation behavior.

e=Ac" %)
where,

& is strain rate, o is applied stress, A is the stress co-efficient and n is the stress exponent. The data collected
from the test have been fitted by power law curves in order to describe the specimen fatigue behavior. The

22
constant A and n of Equation (2) are 1x10" and 6.351 respectively which is obtained from fitted line in

power law (Norton law) of experimental data whereas to predict the value of strain rate, ¢. The value of
stress exponent depends on their creep deformation which subjected to the components. For example, stress
exponent is indicative of the rate controlling deformation mechanisms."¥ Figure 4 shows the comparison
between experimental data and fitted from the creep model generated for each condition using the constitutive
Equation (2). The accuracy of the creep constants can be judged from the quality of this model.

Figure 4 shows that the variation of minimum creep rate with applied stress for type 316L stainless steel at
565°C. The curve of variation creep rate versus applied stress is obeyed with a power law (Norton Law)
relationship. Furthermore, the creep ductility is higher at 300 MPa compared with the specimen at the 250 MPa. It
indicated that the specimen from higher stress had significantly lowered the resistance to creep deformation.
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Figure 4: Creep deformation data for Type 316 L stainless steel and fit generated using creep constant

Comparison between Continuous Fatigue and Hold Time Fatigue Tests

In this section, the experimental results of smooth specimens of steel under continuous fatigue and hold-time
creep-fatigue tests will be discussed. The results for 316L stainless steel will be discussed for structures
operating at high temperature, fatigue and creep damage that accumulates simultaneously based on creep fatigue
interaction concurrent with creep-fatigue interaction damage mechanics.
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Figure 5: Comparison of continuous fatigue and hold-time fatigue at high temperature

Figure 5 shows the maximum stress plot versus number of cycles to failure for this steel specimen in continuous
fatigue and hold times (5 minutes) at elevated temperatures. An introduction of a maximum tensile stress hold (5
minutes) in cycling is presented to identify percentages of creep mechanism occurs in creep fatigue tests in
Figure 5. It was observed that the introduction of hold times in tensile periods decreases the number of cycles to
failure. Furthermore, the time to failure is higher than during the continuous fatigue test. The fatigue life of this
metal decreases considerably with increasing temperature up to 565°C with hold time compared to the continuous
fatigue cycling. The fatigue life is shorter with a longer hold period.”” From continuous to hold times, the change
in fatigue life is lower at high temperatures. The fatigue life decreases with an applied tension hold at a temperature
of 565°C. The steel material shows an increase in the number of cycles to failure when different loads were
applied to the specimen and when a 5-minute hold period is introduced at peak tensile stress. The reduction in
life is less when a 225 MPa load is applied on the steel compared to continuous fatigue at 565°C. The
applicatiogl of a tensile hold period in cyclic loading has a marked detrimental effect on the fatigue life of
materials.
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Previous studies showed that the numerous hold time has been introduced. A 60 minute hold time lengths will
lead to the reduction in life cycle fatigue lifetime in high temperature and it will approaching the saturation
level. From literature review, the fatigue limits was found as 103-10* as it is subjected to 10 minutes of hold time
to compare with continuous fatigue as 10%-10°."% According to Conway,? beyond a certain hold period
duration the relaxed stress was so low and there was a little creep damage occurred for a longer hold time. The
absolute value of the maximum tensile stress drops significantly with increasing temperature at a certain
stress. The detrimental effects of hold times on 316L steel in air and elevated temperatures may result in a more
severe loss of life at high temperatures. The graph shows further reduction in life after a 5-minute tensile hold
time, indicating environmental damage and time-independent material, whereby steel is experienced the creep
mechanism take precedence over fatigue damage. Creep strain imposed on fatigue results in damage
accumulation for 316L stainless steel during hold-time loading compared to continuous fatigue loading.
Normally, the crack initiation times for steel are considerably shortened (about 15%), due to higher stress in the
process zone where damage occurs.??! The shorter initiation times for steel may be due to its higher creep
exponent and secondary creep rate. The maximum stress and cycles to failure in continuous fatigue steel is
higher than that of hold-time fatigue steel. The number of cycles to failure is 2,357,867 for hold-time fatigue
steel and 5,978,674 for continuous fatigue steel at 145 MPa. The fatigue for both of continuous and cycling with
hold time was 83.7 MPa and 48.9 MPa, respectively. A fatigue life increase of about 5% in creep fatigue steel at
continuous cycling was shown as compared to that of creep fatigue with a 5-minute hold time. The trend in
variation for 316L stainless steel from the figure suggested that the damage accumulation in steel is overcomed
by creep dominated for 5 minutes hold time loading as a minor decrease (10%) approach from pure creep to
continuous fatigue loading at a load ratio of 0.1. An intergranular mode of crack propagation at a load ratio of
0.1 is observable as the introduction of short hold times (<5 minutes) was applied.

Microstructural and Chemical Composition Study

There are three stages fracture modes associated with fatigue deformation modes where they were affected by
high fatigue sequence loading and propagation of grain boundary cavities within the bulk of the materials.!*
According to Kim et al.,™® crack initiation in fatigue is dependent on such conditions as stress amplitude, test
temperatures, and slip character of the material being tested. The crack nucleates at the surface of the specimen
and propagates further into the interior. Meanwhile, crack initiation in FSW 2024-T351 was influenced by stress
level, severity of surface irregularities, materials defects such as inclusions, and porosity according to Ali.[24

Fracture Creep-Fatigue Test Specimen

The specimens were tested at R = 0.1 in pure fatigue loading at 565°C for the creep-fatigue test and showed a
transgranular cracking mode, as shown in Figure 6(b). The SEM analysis showed that the crack growth was
transgranular and characterized by ductile fatigue striations.?® Damage within the grains and grain boundaries
could be observed for 5-minute hold-time experiments. In this stage, creep damage and void formation was
found, whereas they were a characteristic mode of failure. At a load ratio of 0.1, the fatigue test specimen shows
ductile fatigue striations, as shown in the figure. Figure 7(b) shows that the SEM fractographs of the 5-minute
hold-time test revealed extensive intergranular secondary cracking on grain boundary facets. Striations on the
fracture surface were absent. Fracture generally appears to be in mixed mode. It appears that the creep-failure
mechanism is the dominant mode of failure for higher hold time tests. The 5-minute hold-time fractograph
reveals dimpled rupture with evidence of secondary cracking, and the grain boundary facets are clearly visible.
The optical and scanning electron micrograph do not indicate bulk creep cavitation for specified load ratio of
0.1, implying that the deformation is dependent on matrix ductility and consequent tearing when uniaxial creep
ductility is exceeded.

The last stage, as shown in Figure 8, is the final mechanism in which separation of the specimen occurs by rapid
shear fracture through a heavily cavitated material region. Raj and Ashby!?®! noted that the mechanics of creep
crack initiation and growth complex are influenced by such parameters as grain size, temperature, strain rate and
distribution of second-phase particles at grain boundaries. Austenitic stainless steels are extremely susceptible to
intergranular corrosion when they are exposed to temperatures in the range of 425°C to 950°C.[" The dimpled
rupture indicates that more ductility and grain boundary cracking can be observed. According to Raj and
Ashby,”®! creep deformation is considerably produced during the hold time where it is plays a role in cavity
nucleation and growth and may go through to an intergranular failure mode. Dimples generally result from
microvoid coalescence at the grain boundary and are indicative of intergranular fracture.” The fatigue
striations are separated and absent, while microvoids coalescence at the boundary of the grains, as shown in
Figure 8(b).
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Figure 6: Optical and SEM observation of the fracture surface after hold tensile fatigue test at 565°C for the
primary stage (&) macroscopic surface (b) SEM micrograph
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Figure 7: Optical and SEM observation of the fracture surface after hold tensile fatigue test at 565°C for the
second stage (a) macroscopic surface (b) SEM micrograph
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Figure 8: Optical and SEM observation of the fracture surface after hold tensile fatigue test at 565°C for the
third stage (a) macroscopic surface (b) SEM micrograph

Conclusions

1. The fatigue limit of 316L stainless steel is successfully characterized and found to be 87.8 MPa and
39.2 MPa for continuous and 5-minutes hold fatigue tests. Meanwhile, a comparison between both the
experimental and predicted data yielded limits of 160.69 MPa and 132.21 MPa, respectively.

2. The fatigue crack growth mechanisms of this material are associated with creep fatigue caused by
temperatures, stress, and microstructure. The creep fatigue loading condition is a complex damage
mechanism, but it still can be understood at a microstructural level. At low stress, both the
continuous and cycling with hold time tests exhibit crack initiation and propagation in a
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predominantly transgranular fracture mode. However, this behavior is more apparently in cycling
with hold time tests due to creep effects. The anatomy of the cracks tends to shift from
transgranular to intergranular as the stress increases.

3. The SEM and EDX experiments showed that the cracks initiate and propagate in mixed mode at the
first initiation stage. Both experiments found that intergranular fracture modes dominate the secondary
stage at high temperatures. The experiment’s results indicate that a transition from the transgranular
mode at the early propagation stage to final intergranular fracture is influenced by the grain size at high
temperature.
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