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A comparative study on the low-cycle fatigue properties of 316LN austenitic stainless steel with and without
a hold period at the maximum tensile strain was performed. Different hold periods (0 s, 60 s, 120 s, 300 s,
1800 s) at a constant strain amplitude of ±0.8% were employed in creep-fatigue tests at 550 �C. Dynamic
strain aging (DSA), creep and thermal recovery dominated the deformation and failure behavior. The
evolution process of DSA activity and stress relaxation caused by creep presented an opposite trend during
cycling. The amount of stress relaxation increased while the associated inelastic strain rate decreased with
increasing dwell time, which promoted the accumulation of intergranular damage per cycle and facilitated
the formation of dislocation cells. The enhanced process of cross-slip attenuated the DSA activity, which
compensated for the increased creep damage; thus, the fatigue life remained almost constant after the
introduction of a hold period of 300 s. Interestingly, the fatigue life showed a slight increase when the hold
period increased to 1800 s due to the increased thermal recovery process.

Keywords 316LN stainless steel, creep fatigue, dynamic strain
aging, stress relaxation, thermal recovery

1. Introduction

316LN austenitic stainless steel (SS) is now widely used as
the main structural material for piping systems in fourth-
generation sodium-cooled fast reactors (SFRs) due to its
excellent combination of mechanical properties and corrosion
resistance at high temperatures (Ref 1, 2). Pipelines are
generally subjected to repeated thermal stress due to the
temperature gradient that forms during start-up and shutdown
processes and under substantial thermal transient conditions.
Accordingly, low-cycle fatigue (LCF) failure has become an
important life-limiting factor of SFR nuclear power plants. In
addition, during the long-term service of SFRs at a high
temperature of �550 �C, the creep damage caused by mechan-
ical loads, such as internal pressure and dead weight, is
significantly enhanced, which accelerates damage accumulation
and degrades material performance (Ref 3, 4). More impor-
tantly, it has been widely demonstrated that the occurrence of

creep-fatigue interactions leads to a more dangerous situation in
terms of structural integrity at elevated temperatures than the
individual action of fatigue or creep (Ref 2-8).

The creep-fatigue interaction is a complex issue involving
the synergistic effects of temperature, strain cycles and various
time-dependent processes and is frequently used to simulate
real service conditions and establish damage evaluation criteria
for structures at high temperatures (Ref 9, 10). Although many
studies have been performed on the creep-fatigue behaviors of
304(L) and 316(L) stainless steels (Ref 10-13), much less
attention has been given to the creep-fatigue performance of the
nitrogen-alloyed 316LN SS. The addition of nitrogen will
enhance planar slip and retard DSA, decreasing the hardening
magnitude and potentially increasing the fatigue resistance (Ref
6, 9, 14). The limited published studies on the creep-fatigue
behavior of 316LN SS have been mainly carried out by
scholars in India Gandhi Centre for the Atomic Research,
Central Research Institute of Electric Power Industry and Korea
Atomic Energy Research Institute due to the wide utilization of
316LN SS in SFRs in India, Japan and Korea (Ref 2, 6, 9, 15).
The effects of the strain amplitude, hold period, dwell mode
and nitrogen content were reported (Ref 9, 10, 16-18). The
tensile hold period is more deleterious than the compressive or
symmetrical dwell period (Ref 3, 11, 12, 18, 19); thus, the
tensile hold period was employed in this current work.
Furthermore, the fracture mode changes from transgranular to
intergranular with the introduction of a hold period (Ref 6), and
the fatigue life decreases with increasing hold period (Ref 9,
20). In general, the rate of damage accumulation under creep-
fatigue interaction conditions is not equivalent to the rate of the
linear combination of the damage produced by creep and cyclic
mechanical loading alone (Ref 3). The complex mutual
interaction of various time-dependent damage mechanisms,
including dynamic strain aging (DSA), creep, and oxidation,
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accelerates damage accumulation and leads to a shorter fatigue
life (Ref 9, 20).

The activated temperature range of DSA is consistent with
the servicing temperature regime of SFRs (Ref 21, 22). The
phenomenon of DSA is the consequence of the interaction
between solute atoms and mobile dislocations during plastic
deformation and is influenced by different factors, such as
strain rate, temperature and chemical composition, which is
manifested by stress serrations in the cyclic stress–strain
hysteresis loop (Ref 22-25). DSA enhances the cyclic stress
response by hindering the movement of dislocations and
promoting planar slip bands, which improves the strength of the
material but weakens the material ductility and decreases the
fatigue life (Ref 26). As a critical damage mechanism of high-
temperature structures fabricated by austenitic stainless steel,
creep damage generally occurs at temperatures above 0.4Tm
(Tm is the melting point in K) (Ref 6, 16), which can produce
cavities to soften the material and promote the development of
elongated or equiaxed dislocation cells (Ref 3, 16). Creep
damage has a deleterious effect on the LCF endurance at
elevated temperatures, leading to a transition in terms of the
cracking mode from transgranular to intergranular (Ref 13, 17,
18). The mechanism proposed was that the formation of
vacancy clusters under an applied tensile stress led to the
nucleation of cavities at grain boundaries, which grew rapidly
by diffusion and linked together to form intergranular cracks
(Ref 11, 13, 27). Thermal recovery becomes significant at
temperatures ‡ 823 K in austenitic stainless steel and can
promote thermally activated dislocation motion by the cross-
slip of screw dislocations and climb of edge dislocations,
leading to the annihilation of dislocations (Ref 28). The thermal
recovery process is manifested by partial transformation of the
interiors of dislocation-dense slip bands into dislocation-free
channels, which is enhanced with increasing nitrogen content
or decreasing strain rate (Ref 29). Although many studies have
dealt with the influence of DSA, creep and recovery on the
deformation and failure behavior of stainless steel at high
temperatures, the interaction behavior between the three
processes and its impact on the creep-fatigue behavior of
316LN SS have been less discussed and are far from clear.

In this work, much attention was given to the interaction
behavior and its underlying mechanisms of the three frequently
occurring processes in 316LN SS: DSA, creep and thermal
recovery. Its influence on the cyclic deformation, failure mode
and life behavior was elaborately discussed through creep-
fatigue tests with different tensile hold periods based on
transmission electron microscopy (TEM) characterization tech-
niques.

2. Experiments

2.1 Material and Specimen

The chemical composition (in wt.%) of the 316LN SS used
in this work is 0.018 C, 0.002 S, 0.22 Si, 0.11 N, 0.023 P, 1.42
Mn, 17.20 Cr, 12.95 Ni, 0.018 Co, 2.19 Mo, 0.033 Cu, 0.068
Nb, <0.01 Ti and balance Fe. The microstructure of the as-
received material after solution heat treatment (1090 �C for 5.5
h), with an average grain size of approximately 229 lm
determined by the EBSD characterization, is shown in

Fig. 1(a). The geometry of the specimen used in all creep-
fatigue tests in this work is illustrated in Fig. 1(b).

2.2 Testing System and Experimental Details

Mechanical loads were applied by a computer-controlled
hydraulic testing machine (MTS 370.02) with an axial force
capacity of ±25 kN. An induction heating generator with a
power rate of 10 kW and an operating frequency of 15-35 kHz
was employed for specimen heating. A K-type thermocouple
with a diameter of 0.25 mm was spot-welded at the middle of
the specimen gauge section to control and measure the
temperature. A handmade induction coil was utilized to obtain
a uniformly distributed temperature field within the specimen
gauge section. Before each test, three K-type thermocouples
were used to adjust the position and geometry of the induction
coil. Then, only one thermocouple was utilized to reduce the
damage caused by the thermocouple welding spot. The desired
mechanical strain was applied to the specimen by a high-
temperature extensometer (Epsilon 7650) with a gauge length
of 12.5 mm. The LCF and creep-fatigue tests were performed at
a constant strain amplitude of ±0.8% at 550 �C with various
tensile hold periods: 0 s, 60 s, 120 s, 300 s, and 1800 s. The
fully reversed total strain control mode with a strain rate of
0.02%/s was used. The failure criterion in this work was a 10%
reduction in the maximum tensile stress, which generally
corresponds to the formation of macroscopic cracks (Ref 30).

2.3 Microscopic Characterization

The fracture surface morphology was observed by scanning
electron microscopy (SEM). Transmission electron microscopy
(TEM) at a voltage of 300 kV was utilized to observe the
dislocation microstructure. The samples used for TEM obser-
vations were sectioned parallel to the specimen axial direction,
mechanically polished down to 50 lm, and electrochemically
polished using an electrolyte of 10% perchloric acid in ethanol.

3. Results

3.1 Cyclic Stress Response

The effect of tensile hold periods on the cyclic stress
response of 316LN SS is shown in Fig. 2. The cyclic stress
response curve depicts the evolution of the stress amplitude
versus the number of cycles. The loading condition expressed
as �0 s� is the test without a hold period, i.e., a continuous LCF
test. All tests show initial cyclic hardening followed by cyclic
softening until the rapid stress drop associated with the
formation of macrocracks occurs. The initial cyclic hardening
is generally caused by the combined effect of DSA and the
multiplication and mutual interaction of dislocations (Ref 21,
22). The different evolution behaviors of dislocations and DSA
activity with various hold periods result in the difference in
cyclic stress response behavior. A detailed explanation is
provided in Sect. 4.1.

3.2 Deformation Mechanisms

3.2.1 Dynamic Strain Aging. Figure 3(a, b, c) shows the
half-life cycle hysteresis loop with a hold period of 120 s and
enlarged views of its tensile and compressive plastic regimes,
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where the prominent stress serrations can be observed clearly,
implying the occurrence of DSA. The definition of stress
serration is demonstrated in Fig. 4(a). The number of serrations
of every stress–strain hysteresis loop, an indication of the
frequency of periodic dislocation pinning and unpinning
processes, is used in this paper to quantitatively characterize
the DSA intensity (Ref 31). The number of serrations is
calculated by a MATLAB subroutine. Specifically, the stress
values of three consecutive points (for example, points C, D
and E in Fig. 4(b)) are compared, and the stress serration will be
counted when the stress value of the middle point is less than
the stress values of the two adjacent data points. As shown in
Fig. 5(a), the number of serrations presents a marked depen-
dence on the loading direction; specifically, more stress
serrations are observed in the plastic strain regime of the
compressive half-cycle than in that of the tensile half-cycle. A
similar result was also reported in Ref 31, which was attributed
to the difference in vacancy mobility affected by the hydrostatic
stress (Ref 22, 31, 32). The new discovery in this work is that
the number of stress serrations significantly decreases with
increasing hold period, as shown in Fig. 5(a). Figure 5(b)
presents the blown-up portion of the area marked in Fig. 5(a),
showing the evolution behavior of serration numbers during the
initial 100 cycles. The dashed vertical lines in Fig. 5(b) indicate

that the evolution of DSA reaches a stabilized stage. The
number of stress serrations reaches a stable state more rapidly
after the continuous reduction with the increase in hold period.

3.2.2 Stress Relaxation Behavior. The decrease in stress
with increasing time during hold period is called stress
relaxation. The relaxation of stress response is attributed to
the dynamic thermal recovery inside crystals (Ref 33). Specif-
ically, the recovery process during the hold period promotes the
annihilation of dislocations, leading to the occurrence of stress
relaxation, during which the creep deformation develops when
the relaxation strain rate decreases to the critical value of 10�4

s�1 (Ref 2, 20). Correspondingly, part of the elastic component
of the strain transforms to inelastic strain. The hold period
exerts a significant influence on the evolution behavior of stress
relaxation, as illustrated in Fig. 6, where a longer dwell time
corresponds to a larger amount of stress relaxation. However,
the opposite result was reported in Ref 9. Reddy et al. (Ref 9)
attributed the decrease in the amount of stress relaxation with
increasing hold period to the persistence of matrix hardening,
which was caused by the promoted tendency to planar slip and
enhanced strengthening effect due to the higher nitrogen
content, 0.22 wt.%, compared to the lower nitrogen content of
0.11 wt.% in the present work. In addition, irrespective of the
dwell time, the stress relaxation process includes two stages:
the initial fast relaxation and subsequent stable relaxation
stages, which is consistent with the conclusion provided by Sun
et al. (Ref 34).

The inelastic relaxation strain rate ein
�
, defined in Eq 1 below,

during the hold period of the half-life cycle is utilized to
determine the proportion of creep damage (Ref 2, 20).

ein
� ¼ _r

E
¼ Dr

Dt
� 1
E

ðEq 1Þ

where _r is the slope of the stress curve during the hold period
and E is the Young�s modulus acquired from the elastic phase in
the stress–strain hysteresis loop of the half-life cycle. In order
to determine the inelastic strain rate, which is defined in Eq 1 as
the ratio of derivative of stress to elastic modulus, the stress
value during the hold period needs to be calculated firstly based
on the empirical formula proposed by Feltham (Ref 35), as
shown in Eq 2.

r ¼ r0 � r0 � B00 lnðb � t þ 1Þ ðEq 2Þ

Fig. 1 (a) Microstructure of the as-received 316LN SS. (b) Geometry of the specimen (dimensions in mm)

Fig. 2 Cyclic stress response in creep-fatigue tests with various
hold periods
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Fig. 3 (a) Half-life cycle hysteresis loop with a hold period of 120 s and enlarged views of the (b) tensile plastic regime and (c) compressive
plastic regime.

Fig. 4 (a) Tensile plastic regime of the half-life cycle hysteresis loop with a hold period of 120 s and (b) enlarged view of the region within
the dashed lines in (a).
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where r0 is the stress value at the start of the hold period, t is
time, and b and B

00
are coefficients. The detailed values of the

parameters in Eq 2 are given in Table 1.
The stress relaxation behavior at the half-life cycle of creep-

fatigue tests and their fitting curves (Ref 35) are shown in
Fig. 7. The value of the inelastic strain rate, 10�4 s�1, is the
critical value for the occurrence of creep deformation (Ref 2,
20, 36). The point corresponding to the inelastic strain rate of
10�4 s�1is marked in Fig. 7(c, d). The proportion of creep
deformation is defined as the ratio of the duration with inelastic
strain rates less than 10�4 s�1 to the total duration of the hold
period in the half-life cycle. The minimum inelastic strain rate
obtained during the process of stress relaxation and the
proportion of the region with an inelastic strain rate lower
than 10-4 s-1 during the whole hold period are provided in
Table 2. Table 2 shows that the minimum values of the inelastic
strain rate during the whole stress relaxation period in the tests
with hold times of 60 s and 120 s are larger than 10�4 s�1,

which means that no significant creep damage develops.
Moreover, during the hold period of 300 s and 1800 s, the
duration with inelastic strain rates less than 10�4 s�1 is 89.83 s
and 1388.82 s, respectively. Therefore, it can be inferred that
marked creep deformation occurs when the dwell time
increases to 300 s and 1800 s, in which the time when the
inelastic strain rate is less than 10�4 s�1 accounts for 30% and
77% of the whole hold period, respectively.

The stress relaxation behavior of creep-fatigue tests during
the whole life and their fitting curves are shown in Fig. 8(a, b).
The stress relaxation increases rapidly in the first few cycles,
followed by a lower rate until the approximately stabilized state
is reached. The stress relaxation in the whole life has a
logarithmic relationship with the number of cycles and is
consistent with the evolution behavior of the cyclic stress
response, which implies that the stress response has a
significant influence on the stress relaxation behavior. The
result of fitting and the stress relaxation evolution of the first 20
cycles are shown in Fig. 8(b). The magnitude of stress
relaxation increases with increasing hold period.

3.3 Fatigue Life

Generally, the fatigue life degrades when a hold period is
introduced at the maximum tensile stress or strain for austenitic
stainless steel, owing to the creep mechanism associated with
stress relaxation (Ref 3, 18, 20, 21). However, there is no
significant change in the fatigue lives during creep-fatigue tests
with increasing hold period, as shown in Fig. 9(a). Interestingly,

Fig. 5 (a) Variation in the stress serration numbers in tensile and compressive plastic deformation regions with various hold periods and (b)
enlarged view of the region within the dashed lines in (a)

Fig. 6 Stress relaxation behavior during the hold period of the half-
life cycle

Table 1 Values of the parameters in the empirical
formula proposed by Feltham

r0, MPa B
00

b

60 s 382 0.007929 1.28
120 s 378.11 0.008559 0.4806
300 s 368.42 0.009557 0.1696
1800 s 377.91 0.01756 0.05225
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the fatigue life increases slightly to the level of the continuous
low-cycle fatigue test when the hold period increases to 1800 s.
A saturated state of fatigue life was achieved with increasing
hold period in Ref. 12, 37, 38. Sauzay et al. (Ref 39) pointed
out that this phenomenon was related to the decreased stress
amplitude. However, Fig. 2 shows that the reduction in stress
amplitude is not significant with increasing hold time, which is
not the reason for the minimal variation in fatigue life in the
present work. In addition, the time to failure calculated by the
number of cycles multiplied by the time of each cycle is
indicated in Fig. 9(b), demonstrating a linear increase with the
hold time, although the fatigue lives are similar.

3.4 Fractographic Morphology

Figure 10, 11 and 12 demonstrate the fracture surface
morphologies in creep-fatigue tests with dwell times of 60 s,
120 s and 1800 s, respectively. All the samples show the mixed
cracking mode; specifically, crack initiation and early crack
growth present an intergranular mode, while subsequent crack
propagation takes place transgranularly. Crack initiation is
dominated by oxidation (Ref 21), and the initial crack
propagation is promoted by creep, followed by fatigue-
dominated propagation and failure. Figure 10(b), 11(c) and
12(c) show that creep damage caused by the hold period leads
to intergranular propagation and that the proportion of inter-

Fig. 7 Stress relaxation and Feltham curve (Ref [35]) at the half-life cycle with hold periods of (a) 60 s, (b) 120 s, (c) 300 s, and (d) 1800 s

Table 2 Minimum inelastic strain rate and proportion of creep damage

The minimum inelastic strain rate, s21 The proportion of inelastic strain rates less than 1024 s21, %

60s 3.75910�4 0
120s 1.73910�4 0
300s 7.8910�5 30
1800s 1.4910�5 77
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Fig. 8 (a) Stress relaxation behavior of creep-fatigue tests during the whole life. (b) Fitting curves of the stress relaxation behavior during the
first 20 cycles

Fig. 9 (a) Fatigue life and time to failure in creep-fatigue tests with different hold periods and (b) linear relationship between the time to
failure and hold period

Fig. 10 (a) Fractographic morphology of the specimen with a hold period of 60 s and (b) enlarged view of the region within the dashed lines
in (a)
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granular cracks increases with increasing hold period. How-
ever, the appearance of substantial fatigue striations indicates
that the fatigue damage is still strong, even when the hold
period reaches 1800 s. This is probably because large-scale
diffusional growth of cavities is not possible in polycrystals in a
uniaxial state of stress (Ref 18).

3.5 Dislocation Microstructure Characterization

To understand the deformation mechanisms, TEM was
utilized to analyze the dislocation substructure within the
fractured specimens. Dislocation structures depend significantly
on the hold period (Ref 9). Figure 13 shows the TEM
characterization results of creep-fatigue tests with hold periods
of 120 s, 300 s and 1800 s. The planar slip of dislocations
characterized by the formation of well-defined planar slip bands
and a high density of dislocation tangles, as shown in Fig. 13(a,
b), accommodate plastic deformation. With the increase in the
hold period, the transition in terms of the dislocation slip mode
from planar slip to wavy slip occurs. The dislocation morphol-
ogy presents a wall/channel structure in the test with a hold
period of 300 s, as illustrated in Fig. 13(c, d). When the dwell
time reaches 1800 s, the formation of well-defined elongated
cells with a lower dislocation density within the cell interior is
demonstrated in Fig. 13(e, f), which corresponds to a greater
extent of recovery.

4. Discussion

4.1 Cyclic Hardening Analysis Based on DSA and Thermal
Recovery

For 316LN SS, the initial cyclic hardening behavior is
primarily attributed to the combined effects of dislocation-
solute atom interactions and dislocation-dislocation interactions
and is affected by the combined interactions between stress
relaxation and DSA. During the process of cyclic hardening,
the increased stress amplitude with an increasing number of
cycles results in a higher tensile stress at the start of stress
relaxation, which provides a larger driving force for dislocation
motion during the recovery process, consequently resulting in
an increase in the amount of stress relaxation, as shown in
Fig. 8(a). However, on account of the enhanced cross-slip of
screw dislocations, the pinning frequency of solid solute atoms
is reduced, which leads to a decrease in DSA activity, as
reflected by a considerable decrease in the number of serrations
with an increase in the duration of the tensile hold period, as
shown in Fig. 5(a). Variations in DSA activity and the extent of
thermal recovery result in different stress responses. The low-
cycle fatigue test without a hold period produces little recovery,
as well as the strongest DSA activity, thus leading to the
greatest effect of hardening and the highest stress response. In
the tests with hold periods of 60 s and 120 s, the application of

Fig. 11 (a) Fractographic morphology of the specimen with a hold period of 120 s and (b), (c), (d) enlarged views of regions within the dashed
lines in (a)
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a longer hold period tends to enhance the process of thermal
recovery and decrease the DSA activity, which causes similar
stress levels. With the hold period increasing to 300 s and 1800
s, the process of thermal recovery promotes the formation of
dislocation walls/channels and elongated cells, in addition to
the lower DSA activity, resulting in the lowest stress response.

4.2 Creep Damage Characterized by Inelastic Strain Rate

It is known that R-type creep cavities can form during
tensile stress relaxation by the clustering of vacancies at the
junctions between grain boundaries and second-phase particles
under the influence of tensile stress (Ref 3, 40-42). As a result,
a longer hold period can produce more vacancies and increase
their activity, leading to the enhancement of creep damage,
which provides more sites and time required for the formation
of R-type cavities (Ref 43). As shown in Fig. 14 and 15(a),
cavities are almost invisible along grain boundaries when the
duration of the hold period is less than 300 s. As the hold period
increases to 300 s, there are more cavities that connect to form
intergranular cracks, as presented in Fig. 15(b, c, d). When the
hold period increases to 1800 s, cavities are almost completely
connected, developing deep intergranular cracks, as demon-
strated in Fig. 16(a-d).

In general, the amount of stress relaxation is associated with
the intergranular damage caused by creep deformation during

the hold period. Therefore, the relaxed stress at the half-life
cycle is used to characterize creep damage during the whole life
(Ref 3, 20). However, Hales (Ref 36) proposed that the amount
of intergranular damage was directly related to the accumulated
inelastic strain during the hold period. In addition, a higher rate
of inelastic strain accumulation does not impart any significant
creep damage because of the insufficient diffusion of vacancies
required for the growth of grain boundary cavities (Ref 15).
Therefore, the inelastic strain rates associated with the rapid
relaxation period correspond to precipitation-free matrix defor-
mation, while those observed in the slow relaxation period
(inelastic strain rate < 10�4 s�1) are typical of creep
deformation (Ref 2, 20, 36). Therefore, the tests with a hold
period less than 300 s do not induce significant creep damage,
and with the increase in hold period, the proportion corre-
sponding to creep deformation increases, reaching 1388.82 s
when the hold period is 1800 s. The analysis of the inelastic
strain rate is also consistent with the SEM observations of
fracture and intergranular cavitation.

4.3 Interaction Between DSA and Stress Relaxation

Generally, austenitic stainless steels subjected to mechanical
cycling at elevated temperatures tend to develop a well-defined
cell structure. However, DSA promotes the planar-type dislo-
cation distribution as a result of the interaction between mobile

Fig. 12 (a) Fractographic morphology of the specimen with a hold period of 1800 s and (b), (c) enlarged views of regions within the dashed
lines in (a), (b), respectively
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dislocations and solute atmospheres (Ref 31, 44, 45). The
diffusion of substitutional Cr atoms is responsible for the DSA
behavior in the elevated temperature range because of their
greater mobility (Ref 20, 31, 44). Compared with the LCF test
at a constant temperature of 550 �C, creep-fatigue tests with the
introduction of a hold period include another time-dependent
effect, i.e., creep, which interacts with DSA. As a result, a
longer hold period can produce more creep damage, promoting
the development of dislocation cells through cross-slip, which
reduces the pinning of solid solute atoms by changing the
deformation mode from planar slip to cross-slip, as shown in
Fig. 13. In addition, with the introduction of a hold period in
every cycle, the process of dislocation rearrangement is
enhanced, leading to the more rapid formation of the low-
energy dislocation structure, as a result, the number of
serrations stabilizes rapidly, as shown in Fig. 5(b). The
evolution of DSA and stress relaxation presented in Fig. 17
shows a contrary trend during the initial stage. With the
increasing number of cycles, the increased stress amplitude
provides a larger driving force for dislocation motion during the
recovery process, consequently resulting in an increase in the
amount of stress relaxation. Meanwhile, the process of cross-
slip is promoted, causing decreased DSA activity. The DSA
activity and stress relaxation are basically stable when their
interaction reaches a relative balance.

4.4 Analysis of Fatigue Life

The minimal variation in creep-fatigue life between the hold
periods of 60 s, 120 s, and 300 s is attributed to the decreased
DSA activity. DSA can induce a marked influence on the LCF
behavior of stainless steels, such as promoting the planar slip of
dislocations and strengthening the matrix, accelerating crack
initiation and propagation and adversely affecting the cyclic
life. With the introduction of a hold period in creep-fatigue
tests, the combined effect of DSA and creep has a great
influence on fatigue life. With the increase in the hold period,

Fig. 13 Dislocation configurations of creep-fatigue tests with hold
periods of (a) 120 s, (c) 300 s, (e) 1800 s and (b), (d), (f) enlarged
views of the regions within the dashed lines in (a), (c), (e),
respectively

Fig. 14 Grain boundary morphology devoid of cavities with hold periods of (a) 0 s and (b) 60 s

Journal of Materials Engineering and Performance Volume 31(10) October 2022—8323



creep damage increases while DSA activity is reduced, which
results in a marginal reduction in the fatigue life after the hold
period is introduced, as shown in Fig. 9(a). However, when the
hold period increases to 1800 s, the fatigue life is slightly
increased due to the sufficient process of thermal recovery, as
shown in Fig. 13(e, f). The recovery process has a significant
effect on the cyclic deformation behavior of materials, which
can influence the evolution of the dislocation structure and
fatigue life (Ref 29). Thermal recovery promotes dislocation
motion by the cross-slip of screw dislocations and climb of

edge dislocations and thereby increases the tendency toward the
annihilation of dislocations, evolving into dislocations with low
internal energy (Ref 46). Planar slip band impingements on
grain boundaries during the process of DSA generate large
internal stresses, which are believed to have a detrimental effect
on the fatigue life. However, the recovery process reduces the
frequency of planar slip, which results in a more uniform stress
distribution within the grain interior, increasing the fatigue life
slightly. Levaillant et al. (Ref 47) reported a slight recovery of
fatigue life at a longer hold period, which was attributed to

Fig. 15 (a) Grain boundary morphology devoid of cavities with a hold period of 120 s; (b) presence of intergranular cavities with a hold
period of 300 s; and (c), (d) enlarged views of the regions within the dashed lines in (b)

Fig. 16 (a) Intergranular cavitation with a hold period of 1800 s and (b), (c), (d) enlarged views of the regions within the dashed lines in (a),
(b), (c), respectively

8324—Volume 31(10) October 2022 Journal of Materials Engineering and Performance



thermal aging effects. Indeed, Brinkman and Korth (Ref 48)
found that specimens subjected to aging treatment at 593 �C for
1000 h exhibited longer creep-fatigue lives than those without
pretreatment. Wareing (Ref 37) attributed the longer fatigue life
with the increase in hold period to the increase in cavity spacing
along the grain boundary caused by thermal aging of the
material, which was not observed in this present paper, possibly
due to the absence of intergranular precipitation.

5. Conclusions

The cyclic deformation behavior and failure mechanism of
316LN stainless steel were studied by performing a series of
creep-fatigue tests at 550 �C with various tensile hold periods
at a constant strain amplitude. Several conclusions were drawn:

(1) The amount of creep damage was characterized by the
inelastic strain rate. Creep damage only occurred when
the hold period reached 300 s, and the proportion of
creep damage increased with increasing hold period.

(2) Creep attenuated the pinning effect of solute atoms by
changing the mode of deformation from planar slip to
cross-slip; thus, the evolution trend of the amount of
stress relaxation was in contrast with the evolution of
the intensity of DSA with increasing hold period.

(3) The fatigue life remained approximately constant with
the increase in hold period between 60 s and 300 s,
which was ascribed to the decrease in DSA activity.
However, the fatigue life increased slightly when the
dwell time increased to 1800 s due to the increased ther-
mal recovery process.
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