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Low-cycle fatigue (LCF) tests are carried out on TP347H stainless steel at a strain rate of 8 x 103 s~! with
total strain amplitudes (Ag/2) of £0.4% and +1.0%, at room temperature (RT) and 550 °C. It is found that
the stress responses and dislocation structures under cyclic loading strongly depend on the value of strain
amplitude at 550 °C. Compared with those at the same strain amplitude at RT, the material shows a rapid
strain softening, and finally attains a stabilized state at Ag,/2 = £0.4% and 550 °C, but the one presents an
anomalous behavior, i.e., first a rapid hardening to the maximum stress, followed by a reducing softening
at Ag/2 =+1.0% and 550 °C. More cells resulting from dislocation cross-slip and planar structures due to
dynamic strain ageing (DSA) restricting cross-slip develop at low strain amplitude of +0.4% at the first
cycle. However, there are more complicated dislocation structures, such as cells, elongated cells, walls/
channels and planar structures at Ag/2 =+1.0%. The observations of scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) exclude the effects of martensitic transformation,
creep, oxidation, and precipitations on these stress responses and microstructure evolutions, which result
from DSA appearing at 550 °C.
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1. Introduction

Austenitic stainless steels (ASS) have been widely used as a
structural material in ultra-supercritical thermal power plants
and petrochemical industries. It is also a candidate material for
use in the cladding of nuclear fuel, heat exchangers, reactor pres-
sure vessels and primary pipes for the next generation nuclear
reactors. The components of high temperature systems are gener-
ally subjected to repeated thermal stresses due to the inevitable
existence of temperature gradients, especially at the moments of
start-ups or shut-downs, or during temperature transients. Hence,
it is important to consider low-cycle fatigue (LCF) in the design of
these components.

Many studies have been focused on LCF behavior of ASS at room
temperature (RT) and elevated temperatures [1-10]. During LCF of
ASS, there are many factors affecting the cyclic behaviors and
microstructure evolutions, such as martensitic transformation,
precipitation of carbides [1], and DSA [2]. At RT and temperatures
below 100 °C, plasticity-induced martensitic transformation would
occur under cyclic loading, the extent of which has been reported
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to be associated with the amplitude of plastic deformation, as well
as with the amount of cumulative plastic strain [3-7]. Plasticity-in-
duced martensitic transformation results in cyclic hardening. It has
been revealed that DSA during cyclic deformation and monotonic
tensile loading at elevated temperatures between 250°C and
650 °C usually has a significant influence on the stress response,
LCF life, and microstructures [2,8] of ASS. It is reported that the re-
gime of DSA under LCF loading is consistent with that in tensile
loading [9]. DSA is manifested in the form of serrated yielding on
the stress-strain hysteresis loops, the negative temperature depen-
dence of cyclic peak stress, the negative temperature dependence
of softening ratio, the negative strain rate sensitivity [9]. Even
though serrations are believed to be one of the manifestations of
DSA, recent studies on cyclically loaded 316L(N) have found that
DSA occurs before serrations occurs [2,10].

In the DSA regime, dislocation structures under cyclic deforma-
tion are different from those in the no-DSA regime, due to the
strong interactions between dislocations and impurity atoms such
as Cor N in the temperature range of 250-450 °C, Cr at higher tem-
perature 450-650 °C [2,11,12]. Under cyclic loading, dislocation
structures change from planar structures in the DSA regime to cell
ones in the no-DSA regime. In general, there are two types of pla-
nar structures observed in the DSA regime, that is, planar slip
bands [8,9,13,14] and corduroy structures, among which the
corduroy structures have been investigated in vacuum at
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250-450°C [15] and then recently found in air at 300 °C during
cyclic loading [16].

In the medium temperature range from 250 to 450 °C, Suzuki
atmospheres of solute atoms [11,16], or Snoek atmospheres char-
acteristic of short-range-order (SRO) restrict the dislocation
cross-slip [17], resulting in more planar character of dislocation
structures. Cr solute atom atmospheres in a low nitrogen ASS or
Cr-N SRO [13,18] in a high nitrogen 316 ASS effectively lock dislo-
cations in the high temperature range 500-650 °C, which results in
dislocation gliding on particular planes, manifested as planar
structures.

Solute atom atmospheres effectively lock dislocations, resulting
in higher immobile dislocation density and enhancing the degree
of inhomogeneity of deformation by the solute locking of slow
moving dislocations between planar slip bands during LCF [7,9].
The planar microstructures due to DSA are responsible for cyclic
hardening during the primary stress response stages and second-
ary cyclic hardening at the last stages on the cyclic stress re-
sponses. It has been reported that DSA reduces the lifetime of
LCF due to the DSA inducing cyclic hardening, which accelerates
crack initiation and propagation [7,9,14].

According to these studies [7,9,14], simple dislocation struc-
tures develop, i.e., planar structures in the DSA regime and cell
ones in the no-DSA regime. It is well known that the dislocation
structures depend on strain amplitude in LCF at RT [19]. In each re-
gime of cyclic stress—strain curve a dominant dislocation structure
was found [20]: planar dislocation arrays arranged in sheets at €,
(plastic strain amplitude) <0.01%, imperfect vein structure with
persistent slip bands at ¢, between 0.01% and 0.1%, and cells
and wall structures at &qp > 0.1%.

In this study, we focus on the effects of total strain amplitude on
the LCF of ASS at 550 °C where DSA happens. For the purpose of
comparison, LCF tests in the no-DSA regime at RT are also carried
out.

2. Experiment

The investigated materials were commercial niobium-stabilized
TP347H austenitic stainless steel pipes for power plants. All of the
specimens were solution-treated at 1100 °C for 10 min followed by
water quenching. The chemical composition of the alloy is shown
in Table 1. A microstructure with prior austenite grains with the
size of nearly 50 m is shown in Fig. 1. Tensile tests were conducted
at room temperature (RT) and 550 °C with an initial constant strain
rate of 1 x 1074571,

The dog-bone specimens with a 28 mm gauge length and 7 mm
gauge diameter were machined. The specimen surface was pol-
ished along the longitudinal direction with the emery paper down
to #1000 in order to remove surface defects, such as machining
marks and scratches. All the tests were carried out in air under a
fully-reversed, total axial strain control mode at the low total
strain amplitude Ag/2 = +0.4% and high Ag/2 = £1.0%, where Ag,
is the total strain amplitude, at a constant strain rate of
8 x 103s7! at RT and 550°C. A symmetrical triangular strain-
time waveform was employed, using an I[EHF-EM200k1-070-0A
testing system (Shimadzu) controlled by an extensometer (Epsi-
lon). The temperature variation along the gauge length of the spec-
imen in a three-zone-furnace did not exceed +2 °C.

Fig. 1. Optical micrograph of TP347H steel.

JSM-6360LV Scanning Electron Microscopy (SEM) was applied
to examine the fracture surface of the specimens. Transmission
Electron Microscopy (TEM) examinations were conducted with a
Philips Tecnail2 microscope, operating at 200 kV. TEM was used
to investigate the evolution of dislocation structures and carbides
under LCF conditions at RT and 550 °C. Samples for TEM were ob-
tained from thin slices cut at a distance of 2 mm away from the
fracture surface. The slices were electrolytically polished using a
double jet device with an electrolyte solution of 80 ml of methanol
and 20 ml of perchloric acid at —30 °C.

3. Results
3.1. Tensile and hysteresis loops

The typical engineering stress-strain curves for TP347H steel
tested at RT and 550 °C are shown in Fig. 2. As seen from Fig. 2, ser-
rations on the stress—strain curves occur at 550 °C, while this phe-
nomenon are absent in the whole range of the strain at RT.
According to previous descriptions of the oscillations [21], the ser-
rations at 550 °C observed in Fig. 2 appear to be a mixture of two
types A and B. Type A serrations of lower frequency occur due to
periodic locking of dislocations and show an abrupt rise in the load
followed by discontinuous drops to or below the general level of
the stress—strain curves. Type B serrations of high frequency oscil-
late about the general level of the stress-strain curves, which occur
in quick succession due to discontinuous band propagation arising
from the DSA of the moving dislocations within the Liiders band.
The occurrence of the serrations as a result of the interactions be-
tween Cr atoms and dislocations is a typical DSA manifestation in
the studied steel at 550 °C. In the present study, serrated yielding
was not observed in the stress-strain hysteresis loops during LCF
deformation, as shown in Fig. 3. This absence is thought to be a re-
sult that the strain amplitude of +0.4% and +1.0% used in LCF tests
is relatively smaller compared with the critical strain that is neces-
sary for serrated yielding to occur. According to other studies about
316L ASS [22], although no serrations occur on the loops, but DSA
happens at 550°C and at strain rate range 1x107%s '-
1 x 1072 571, In the following sections, DSA will be proved to occur
in other ways at 550 °C.

Table 1
Chemical composition of TP347H (wt.%).
Element C N P S Cr Ni Mo Mn Si Nb Fe
wt.% 0.05 0.016 0.0172 0.006 18.50 11.44 0.940 1.11 0.45 0.726 Balance
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Fig. 2. Tensile stress—strain curves.
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Fig. 3. Hysteresis loops at Ag/2 = +0.4% and +1.0% at 550 °C.

3.2. Cyclic stress response

The cyclic stress response at RT and 550 °C is shown in Fig. 4. It
can be seen that there are two typical stages for all conditions ex-
cept at Ag/2 =+0.4%, an initial cyclic hardening appeared at the
several cycles, followed by a continuous cyclic softening until a ra-
pid stress drop due to crack initiation and growth. It is interesting

500
—=—550°C 0.4%

= —=—RT-1.0%
% 400 4 —+—550°C 1.0%
= —v— RT-0.4%
(]
("]
9 300
7]
2
S 2004
o

100

10° 10' 10° 10° 10*

N, (Cycles)

Fig. 4. Cyclic stress-strain responses at RT and 550 °C with the different strain
amplitude.

to note that the specimen at Ag,/2 = +0.4% and 550 °C shows a slow
initial strain hardening, followed by a strain softening, and finally a
stabilized state.

At RT, cyclic softening is more remarkable at higher strain
amplitude of +1.0% than that at Agy /2 = +0.4%. However, rather
than at Ag/2 =+1.0%, the trend of cyclic softening at low strain
amplitude of +0.4% is more pronounced at 550 °C after an initial
hardening. At the same strain amplitude of +0.4%, softening at
550 °C is more than that at RT. However, compared with that at
RT and the same strain amplitude of +1.0%, the cyclic stress re-
sponse at 550 °C shows first a rapid hardening to the maximum
stress, followed by a reducing softening through the LCF life. It is
worth pointing out that a stabilized state develops after a strain
softening at Ag,/2 = £0.4% and RT, which indicates that some charg-
ing microstructures under LCF restrain the strain softening. Mar-
tensitic transformation, DSA, and carbides precipitations could
result in a primary rapid hardening, then a reducing strain soften-
ing, and finally a secondary hardening.

Fig. 4 also presents that the lifetime of the specimens at 550 °C
in the DAS regime is lower than that at RT and at the same strain
amplitude, which agrees with other reports that DSA reduces the
LCF life. However oxidation and creep also affect the LCF. These
will be distinguished by means of SEM and TEM in the following
sections.

3.3. Fracture features

Fig. 5 shows that fatigue cracks in all tested samples were initi-
ated at the slip bands connected to the specimen free surface in-
stead of the interior of the specimen, where there is no
pronounced effect of oxidation. Crack propagation is transgranular
under all LCF conditions, evidenced by striations on the fracture
surface in Fig. 5c. At the same time, there is no evidence of inter-
granular damage which could be induced by creep. The sudden
fracture region exhibits ductile characteristic of the steel, as shown
in Fig. 5d. By means of fracture morphology, it may be to rule out
the effect of oxidation and creep, consequently the reducing life-
time at 550 °C should result from the effect of DSA, which lead to
cyclic hardening, accelerates crack propagation, reducing the LCF
life.

3.4. Dislocation microstructure

Figs. 6 and 7 present dislocation structures under cyclic loading
at different strain amplitudes at RT. At Ag,/2 = +0.4%, dislocation
structures are characteristic of planar slip, i.e. stacking faults in
Figs. 6a and b, which are due to low stacking fault energy of
austenitic steels. There are many dislocation pile-ups in Figs. 6¢
and d. Because of low strain amplitude, no cell structures are
formed. In contrast, well-defined cell structures develop at
Ag2 = £1.0% in Fig. 7a. Dislocations gather in the cell walls, and
the density of dislocation are very low within cells, as shown in
Figs. 7a and b. Stacking faults are also formed near the grain
boundary in Fig. 7c, and twins appear in Fig. 7d.

Martensite is not found at all strain amplitudes at RT, since cyc-
lic loading does not satisfy the critical condition for strain inducing
martensitic transformation. According to the literature [23], My in
ASS is about 100 °C, where M, is the maximum temperature at
which the transformation can be induced by mechanical loading
in austenitic stainless steels. As a result, martensite will be not
formed at 550 °C.

It is clear that microstructures deeply depend on strain ampli-
tudes under cyclic loading at 550 °C, as shown in Figs. 8 and 9.
No carbide precipitates are found at high temperature of 550 °C.
Firstly, the duration of LCF tests is too short to precipitate for car-
bides. At the same time, because of low content of carbon in ASS,
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Fig. 6. TEM micrographs of the sample under LCF at A¢,/2 = +0.4% and RT (a) and (b) stacking faults, (c and d) dislocations pile-ups.

little carbides precipitate, while precipitates are often formed in
ferritic/martensitic steels with high content of carbon in LCF at
high temperature [24,25]. In the recent study of 316LN ASS, exten-
sive carbide precipitates, M,3Cg with high chromium content, were
observed under thermo-mechanical fatigue (TMF) loading in the
range of 300-650 °C in compared to isothermal LCF at the peak
temperature. The carbide precipitates were believed to be partly
responsible for the enhanced stress response obtained under TMF
in comparison with isothermal LCF. The mechanism of precipita-
tion under TMF is not clear. These observations show that rather
than plasticity-induced martensitic transformation and carbide
precipitates, microstructure evolutions at 550 °C should be respon-

sible for cyclic hardening, reducing softening at high A¢; and a sta-
bilized state at low Ag,.

As can be seen in Fig. 8a and b, incomplete cell structures are
observed at Ag/2 = +0.4%. At the same time, Fig. 8c and d shows
that planar slip bands are formed and many dislocation pile-ups
are observed near planar slip bands. A cell structure results from
the dislocation cross-slip, while planar structure develops due to
DSA restricting cross-slip.

There are complicated deformation substructures at
Ag2 = £1.0%, i.e. planar slip bands in Fig. 9a and b, dislocation tan-
gles in Fig. 9c, elongated cells and planar structures in Fig. 9d, a
complex of planar structures and wall/channel in Fig. 9e. It can
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Fig. 8. TEM micrographs of the sample under LCF at Ag,/2 = +0.4% and 550 °C (a) and (b) cells, (c) planar structures and (d) planar structures and pile-ups.

be seen that the account of planar structures due to interaction
between dislocations and solute atoms are more than those at
Ag2 = £0.4%, indicating that the effects of DSA are more pro-
nounced at high strain amplitude. The wall/channel structures,
which are often observed in 316L steel under loading at RT, devel-
op between planar slip bands. The dislocation density within the
walls is much higher than that within the channels, which creates
high plastic incompatibilities. These observed dislocation struc-
tures are different from those in other austenitic steels, i.e. 316L,
under cyclic deformation in the DSA regime.

Planar slip bands segregate the wall/channel structures shown
in Fig. 9e, indicating that dislocations in wall/channel are unable
to glide through planar structures, while planar slip bands can pass
through the gain boundary in Fig. 9b, which is suggested that pla-
nar structures are very stable. This may be attributed to that DSA
effectively restricts dislocation cross-slip, dislocation only gliding
on particular planes. Once planar structures are form, they can
act as obstacles to dislocation movement, which in turn results in
the hardening effect of the material. From Fig. 9c¢ and d, it can be
seen that the dislocation density is also higher due to solute atom
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Fig. 9. TEM micrographs of the sample under LCF at A¢,/2 =+1.0% and 550 °C (a and b) planar structures, (c) dislocations tangled, (d) cells and planar structures, (e)
complicated dislocation structures, i.e., wall/channel, cells, and elongated cells and planar structures.

atmospheres effectively locking than that at 550°C with
Aé&[2 = £0.4% and RT with Ag/2 = +1.0%.

4. Discussion

TP347H steels have shown a primary cyclic hardening followed
by a cyclic softening to sample failure, except that a stabilized state
developing after a strain softening at Ag,/2 = £0.4% at 550 °C. The
sample at high strain amplitude is characteristic of an anomalous
primary hardening and then reducing cyclic softening at 550 °C,
compared to that at the same strain amplitude at RT. DSA mainly
contributes to cyclic hardening, reducing softening at a high Ag,
and a stabilized state at low Ag, and 550 °C, rather than plastic-
ity-induced martensitic transformation and carbide precipitates.

Some studies [26] have shown that the microstructure of
austenitic steel during strain-controlled cyclic loading with strain
amplitude of +0.7% at RT evolves from a planar dislocation struc-
ture into wall/channel and cell structures as a function of the num-
ber of cycles. In the present study, the mixture of dislocation
structures also reserves the structures evolution history. The for-
mation of cells and elongated cell structures shown in Fig. 9d
may be mainly caused by two factors [20,26,27]. One is the sub-
division of grains by dominant slip systems during the first several
cycles. The other is the activation of cross slip and secondary slip
systems with the increasing of cycles.

At RT and at high strain amplitude of +1.0%, cells, a lower energy
structure due to mutual annihilation of dislocations by means of
cross-slip and secondary slip systems, are responsible for rapid
cyclic softening, while at low strain amplitude of +0.4%, planar
structures, i.e. twins and stacking fault, and dislocation pile-ups in-
stead of cells, result in more gradual cyclic softening compared to
Ag/2 = £1.0%. Dislocation rearrangement to cells easily formed at
high strain amplitude is in accordance with the previous studies
[19,20].

In present study, stacking faults are only observed in the sam-
ples under LCF at RT, rather than at 550 °C. Previous results
[2,11,12] show the existence of two temperature regimes in terms
of DSA, the first of which corresponds to a range (250-450 °C)
where DSA enhances planar slip in relation to carbon segregation
on stacking faults, while the second regime (450-700 °C) is associ-
ated with a DSA mechanism of Cr atoms locking dislocations. This
is consistent with the result that stacking fault energy will rise

with the temperature and disappear at temperature higher than
450 °C. Consequently, Cr atoms locking dislocations is the DSA
mechanism for the present work at 550 °C.

At high temperatures, edge dislocation climbing and screw dis-
location sliding are more effectively activated under cyclic loading,
dislocations move and annihilate with the opposite sign disloca-
tion, resulting in dynamic recovery, i.e. formation of cells and
sub-grains, which result in strain softening. Just as the tendency
of cyclic response at RT and Ag/2 =+1.0%, the low energy cell
structures are also responsible for rapid cyclic softening at 550 °C
at Agg/2 = £0.4% compared with the gradual softening at the same
strain amplitude at RT and the same temperature at Agf
2 =+1.0%. This also reveals that at initial cycles, strain amplitude
of £t0.4% may be so low that the effects of DSA are weak at
550 °C. With the accumulation of strain, the effect of DSA becomes
stronger, restricting the cross-slip and planar structure has been
observed in Fig. 8c and b. Once DSA solute atom atmospheres effec-
tively locking dislocations result in higher immobile dislocation
density and planar structures result in plastic incompatibilities,
which compensates for the structure discovery due to high tem-
perature. When the dislocation breeding and annihilation maintain
a balance, a stabilized cyclic state arrives in Fig. 4c.

At high strain amplitude Ag,/2 = +1.0% at 550 °C, an anomalous
initial hardening and then reducing cyclic softening at 550 °C, com-
pared with the same strain amplitude at RT, which indicates that
DSA effectively occurs throughout the LCF life. Therefore, the pla-
nar-slip resulting from effective DSA mechanism, and the signifi-
cant cross-slip due to high temperature, simultaneously happen.
This indicates that the cyclic stress response is governed by two
competitive processes, hardening from DSA resulting in structure
incompatibilities and higher immobile dislocation density and
softening from cell structures with low dislocation intensity. At
the anomalous primary hardening stage, planar-slip is dominant
and dislocation planarity appears in Fig. 9a and b, while at the cyc-
lic softening stage following the maximum cyclic hardening stress,
cross-slip is dominant, and cells and wall/channel structures are
formed. However in this stage DSA still works, reducing the extent
of cyclic softening compared to room temperature. Consequently,
more complicated dislocation structures are formed, i.e. cells, elon-
gated cells and wall/channel structures are embedded in planar
structures compared to those at strain amplitude +0.4%, shown in
Fig. 9e. It is well known that planar structures is due to solute
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atoms strongly locking dislocations, which keeps dislocation glid-
ing on particular planes. As for wall/channel structures, the activa-
tion of secondary slip planes strengthen interactions between
dislocations which are responsible for the formation of disloca-
tion-dense walls, while screw dislocations annihilate opposite sign
screw dislocations and shorten edge dislocations in primary slip
planes which result in dislocation-free channels [26,27], as shown
in Fig. 9e.

5. Conclusion

Low-cycle fatigue (LCF) tests were carried out on TP347H stain-
less steel at a strain rate of 8 x 10 3s~! and strain amplitude of
+0.4% and +1.0%, at room temperature (RT) and 550 °C. DSA widely
depends on strain amplitude under cyclic loading at 550 °C, and
dislocation structures are related with the stress responses.

e The material under LCF at low strain amplitude of +0.4% and
550 °C shows a slow initial strain hardening, followed by a
strain softening, and finally a stabilized state. While the mate-
rial at high strain amplitude of +1.0% is catachrestic of an anom-
alous primary hardening and then reducing softening through
the LCF life, compared with that at RT. These responses at differ-
ent amplitude at 550 °C are found to be related with the DSA
hardening mechanism which is manifested of planar dislocation
structures.

e At low strain amplitude of £0.4%, the tendency for planar struc-

tures due to dislocation planar-slip during LCF is extended to

higher cycle number.

At high strain amplitude, two main types of dislocation struc-

tures are formed, the first of which is planar structures resulting

from, and the second includes cells, elongated cells and wall/
channel structures due to cross-slip and secondary slip systems.
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